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Symposium Program:
Thursday 02/06/2016
09:00 – 10:00
10:00 – 10:10

10:10 – 10:50

10:50 – 11:30
11:30 – 12:00
12:00 – 12:30
12:30 – 12:45

12:45 – 13:00

13:00 – 14:00

14:00 – 14:30

14:30 – 14:45

14:45 – 15:00

15:00 – 15:15

15:15 – 15:30

15:30 – 15:45

15:45 – 16:00

Registration (Coffee)
Welcome
CHAIRS: ηαθόποσλος Βαζίλειος, ηεριώηης Θεόδωρος
ΓΗΔΡΔΤΝΧΝΣΑ ΣΑ ΠΟΡΧΓΖ ΤΛΗΚΑ – ΜΗΑ ΠΟΡΔΗΑ ΣΖ ΓΝΧΖ ΚΑΗ
ΣΟ ΥΡΟΝΟ
Φίλιππορ Πομώνηρ
DYNAMIC GRAVIMETRIC GAS/VAPOR SORPTION STUDIES ON MOFS
& ZEOLITES
Dr. Vladimir Martis
Coffee Break
CHAIRS: Φροσδάκης Γεώργιος, Γοσρνής Γημήηριος
ADSORPTION PROCESSES IN NANOPOROUS MATERIALS
Theodoros Steriotis
IONIC LIQUID MODIFIED POROUS MATERIALS FOR GAS
SEPARATION AND CAPTURE
Georgios Romanos
PYROLYTIC CHAR/TiO2 COMPOSITE PHOTOCATALYSTS WITH
ENHANCED PERFORMANCE TOWARDS ORGANIC POLLUTANTS
OXIDATION AND REDUCTION OF Cr(VI)
V. Makrigianni, A. Giannakas, M. Antonopoulou, I. Deligiannakis and I.
Konstantinou
Lunch
CHAIRS: Μποσρλίνος Αθανάζιος, Χαραλαμποπούλοσ Γεωργία
NANOMATERIALS FOR ENERGY PRODUCTION AND
ENVIRONMENTAL TECHNOLOGIES
Ioannis Deligiannakis
OPTIMIZATION OF A COLD PLASMA REACTOR FOR THE REMOVAL
OF LIQUID HYDROCARBONS FROM SOIL LAYERS
C.A. Aggelopoulos and C.D. Tsakiroglou
INTERACTIONS OF ZERO VALENT IRON NANOPARTICLES (NZVI)
WITH TETRACHLOROETHYLENE (PCE) IN POROUS MEDIA
K. Terzi, A. Sikinioti-Lock, C.A. Aggelopoulos and C.D. Tsakiroglou
Pd@SiO2-GA NANOHYBIDS FOR H2 PRODUCTION AT AMBIENT
TEMPERATURE AND PRESSURE: SYNTHESIS AND CATALYTIC
MECHANISM
Panagiota Stathi, Maria Louloudi, Yiannis Deligiannakis
A BOTTOM-UP SYNTHESIS OF TRANSPARENT FLEXIBLE CLAYCARBON DOT HYBRID FILMS
A. Kouloumpis, K. Dimos, F. Arcudi, I. B. Koutselas, M. Prato, P. Rudolf and D.
Gournis
FLAME-SPRAY-PYROLYSIS PRODUCTION OF CeO2 NANOPARTICLES
DECORATED WITH Au-NANOCLUSTERS: SYNTHESIS, CATALYSIS
APPLICATION
Y. Georgiou, E. Mouzourakis, I. Karympali, E. Aikaterini and Y. Deligiannakis
A LOW-COST RECYCLED-TIRE PYROLYTIC CARBON, PTC350®,
OPTIMIZED VIA A PHYSICAL PROCESS FOR ARSENITE (AsIII)
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ADSORPTION
E. Mouzourakis, Y. Georgiou, M. Louloudi, I. Konstantinou, Y. Deligiannakis
16:00 – 16:30 Coffee Break
CHAIRS: Ασγερόποσλος Απόζηολος, Σριανηαθσλλίδης Κωνζηανηίνος
ON THE USE OF SWELLABLE POLYMERS AS STRUCTURE DIRECTING
16:30 – 16:45 SCAFFOLDS IN POROUS SOLIDS DESIGN
C.A. Papatryfonos, and C.R Theocharis
16:45 – 17:00
17:00 – 17:15

17:15 – 17:30

17:30 – 17:45

17:45 – 18:00

18:00 – 18:15

18:15 – 18:30
18:30 – 18:45
18:45 – 19:00
19:00

10:00 – 10:40

10:40 – 11:20
11:20 – 11:45
11:45 – 12:15

ΠΡΟΡΟΦΖΣΗΚΑ ΤΛΗΚΑ ΑΝΘΡΑΚΑ
Αθανάζιορ Μποςπλίνορ
POROUS ASSEMBLIES OF CARBON-BASED NANOSTRUCTURES:
APPLICATIONS
D. Tasis, G. Trakakis, J. Parthenios, C. Galiotis and K. Papagelis
ΚΑΗΝΟΣΟΜΑ ΝΑΝΟΤΝΘΔΣΑ ΤΛΗΚΑ ΑΠΟΣΔΛΟΤΜΔΝΑ ΑΠΟ
ΝΑΝΟΓΟΜΔ ΑΝΘΡΑΚΑ ΚΑΗ ΠΟΡΧΓΖ ΤΛΗΚΑ ΣΤΠΟΤ ZIF
Θ. Σζούθηρ, Υ. Σαμπαξήρ, Η. πανόποςλορ, Θ. ηεπιώηηρ, Φ. Καηζαπόρ, Γ.
Υαπαλαμποπούλος και Π. Σπικαλίηηρ
NOVEL METAL ORGANIC FRAMEWORKS BASED ON TETRAHEDRAL
LINKERS AND HIGH CONNECTIVITY METAL CLUSTERS
Giasemi K. Angeli, Constantinos Tsangkarakis, Ioannis Spanopoulos and
Pantelis N. Trikalitis
RETICULAR EXPANSION OF ETB-MOFS FOR METHANE STORAGE
I. Spanopoulos, C. Tsangarakis, C. Tampaxis, E. Klontzas, T. A. Steriotis, G. E.
Froudakis, and P. N. Trikalitis
OXALAMIDE BASED METAL-ORGANIC FRAMEWORKS
A. Margariti, A.D. Katsenis, T. Friscic, E. Moushi, A. Tasiopoulos, E.J. Manos,
T. Lazarides and G.S. Papaefstathiou
METAL-ORGANIC FRAMEWORKS FOR SENSING APPLICATIONS
G.D. Tarlas, E. Moushi, A. Tasiopoulos, A.D. Katsenis, T. Friscic, V. Bon, S.
Kaskel and G.S. Papaefstathiou
Cu(II) FRAMEWORKS FROM A “MIXED-LIGAND” APPROACH
A.M. Fidelli, V.G. Kessler and G.S. Papaefstathiou
MAGNETIC POROUS CARBON NANOCAGES FOR WATER TREATMENT
E.Petala, V. Kostas, K. Dimos, K. C. Vasilopoulos, J. Tuček, C. Aparicio, M. A.
Karakassides and R. Zbořil
End of day 1
Friday 03/06/2016
CHAIRS: Πεηράκης Γημήηριος, Ρωμανός Γεώργιος
SOFT FILLINGS IN NANOPOROUS SOLIDS: FROM FUNDAMENTALS TO
FUNCTIONALITIES
Patrick Huber
NANOPOROUS AND NANORELIEF POLYMER MATERIALS;
CHARACTERIZATION AND APPLICATIONS
Apostolos Avgeropoulos
Coffee Break
CHAIRS: Μηηρόποσλος Αθανάζιος, Θεοτάρης Χάρης
NMR STUDIES OF DIFFUSION IN POROUS MEDIA
Georgios Papavassiliou
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12:15 – 12:45

12:45 – 13:00
13:00 – 14:00

14:00 – 14:30

14:30 – 15:00

15:00 – 15:15

15:15 – 15:30

15:30 – 15:45
15:45 – 16:15

16:15 – 16:45

16:45 – 17:00

17:00 – 17:15

17:15 – 17:30

17:30 – 17:45

17:45 – 18:00

18:00 – 19:00
19:00
20:30

CURRENT TRENDS IN CEMENT & CONCRETE TECHNOLOGY:
BUILDING FOR THE FUTURE
Marios Katsiotis
Ζ ΣΔΥΝΗΚΖ ΦΑΜΑΣΟΚΟΠΗΑ ΦΧΣΟΖΛΔΚΣΡΟΝΗΧΝ ΑΠΟ ΑΚΣΗΝΔX (XPS) Χ ΔΡΓΑΛΔΗΟ ΜΔΛΔΣΖ ΠΟΡΧΓΧΝ ΤΛΗΚΧΝ
Λαμππινή ύγκελλος
Lunch
CHAIRS: Καηζαρός Φώηιος, Γεληγιαννάκης Ιωάννης
HETEROGENISED HYBRID MATERIALS: MOLECULAR CATALYSTS
FOR INDUSTRIAL & ENVIRONMENTAL TECHNOLOGIES
Maria Louloudi
HIERARCHICAL ZEOLITE CATALYSTS FOR BIOMASS FAST
PYROLYSIS
P.A Lazaridis, S.A. Karakoulia, K.S. Triantafyllidis
ΑΝΑΠΣΤΞΖ ΣΖΡΗΓΜΔΝΧΝ Δ ZrO2 ΚΑΣΑΛΤΣΧΝ ΝΗΚΔΛΗΟΤ ΓΗΑ
ΠΑΡΑΓΧΓΖ ΑΝΑΝΔΧΗΜΟΤ ΝΣΗΕΔΛ
Γ. Εαθειπόποςλορ, Ν. Η. Νικολόποςλορ, Δ. Κοπδούληρ, Κ. Μποςπίκαρ, Α.
Λςκοςπγιώηηρ και Υ. Κοπδούληρ
ΜΔΟΠΟΡΧΓΖ ΣΗΣΑΝΗΑ ΠΑΡΑΚΔΤΑΜΔΝΖ ΜΔ ΣΖ ΜΔΘΟΓΟ ΣΖ
ΖΛΔΚΣΡΟΣΑΣΗΚΖ ΗΝΟΠΟΗΖΖ (ELECTROSPINNING) ΓΗΑ ΣΖΝ
ΦΧΣΟΚΑΣΑΛΤΣΗΚΖ ΑΠΟΗΚΟΓΟΜΖΖ ΣΖ ΑΚΔΣΟΝΖ
Γ. κούπαρ, Γ. Σάηζη, N. Todorova, Υ. Σπάπαληρ και Σ. Βαϊμάκηρ
ΜΔΛΔΣΖ ΣΖ ΔΠΗΓΡΑΖ ΤΠΔΡΖΥΧΝ Δ ΚΑΣΑΛΤTΗΚΑ ΤΛΗΚΑ
Α. Καπύδηρ, Α. Μαςπογιώπγος, Μ. Λοςλούδη
Coffee Break
CHAIRS: Μποσργανός Βαζίλειος, Λάνηαβος Αθανάζιος
DESIGNING NANOPOROUS MATERIALS FOR GAS STORAGE AND
SEPARATION. A MULTI-SCALE THEORETICAL STUDY
George Froudakis
RECONSTRUCTION OF MIXED MATRIX MEMBRANES WITH
IMMOBILIZED ENZYMES
N. Bali, E. D. Skouras, and V. N. Burganos
MODELING OF HIERARCHICAL ZEOLITES FOR SMALL
HYDROCARBONS ADSORPTION
Marianna Kotzabasaki, Emmanuel Klontzas, Kostas S. Triantafyllidis and
George E. Froudakis
INCREASING POROSITY AND THERMAL STABILITY OF NiFe2O4 FOR
THERMOCHEMICAL PROCESSES
Η. Teknetzi, P. Nessi, V. Zaspalis and L. Nalbandian
POROUS SURFACES FOR DROPLET ACTUATION AND MOBILITY
MANIPULATION USING BACKPRESSURE
N. Vourdas, G. Pashos, G. Kokkoris, A.G. Boudouvis and V.N. Stathopoulos
NAFION® NANOCOMPOSITE MEMBRANES WITH ENHANCED
PROPERTIES AT HIGH TEMPERATURE AND LOW HUMIDITY
ENVIRONMENTS
L. Boutsika, A. Enotiadis, I. Nicotera, C. Simari, G. Charalambopoulou, E.
Giannelis, T. Steriotis
Poster Session
End of day 2
Symposium Dinner
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Saturday 04/06/2016
SPECIAL SESSION DEDICATED TO PHILIPPOS POMONIS
CHAIRS: Καρακαζίδης Μιταήλ, Ναλμπανηιάν Λώρη
ADSORPTION STUDY AND APPLICATION OF BOX-BEHNKEN DESIGN
FOR THE REMOVAL OF TWO ORGANOPHOSPHORUS PESTICIDES BY
10:00 – 10:30
LOW COST POROUS MATERIALS, USED TEA AND NEEM LEAVES
M. Azharul Islam, Vasilios Sakkas, Triantafyllos A. Albanis
10:30 – 10:45

Ζ ΜΔΘΟΓΟ I-POINT
Αθανάζιορ Λάνηαβορ

10:45 – 11:00

POROUS STRUCTURES AS ACTIVE MICROFLUIDIC COMPONENTS
P. Marakis, N. Vourdas, E. Tsampasis and V.N. Stathopoulos

11:00 – 11:15
11:15 – 11:45

11:45 – 12:15

12:15 – 12:30

PREPARATION, CHARACTERIZATION AND EVALUATION OF IRONIMPREGNATED CARBON FELTS AS CATHODIC ELECTRODES USING
TO ELECTRO-FENTON SYSTEM
S.D. Sklari, K.V. Plakas, V.T. Zaspalis and A.J. Karabelas
Coffee Break
CHAIRS: Αλμπάνης Σριανηάθσλλος, Λοσλούδη Μαρία
NANOPOROUS PILLARED GRAPHENES: FROM SYNTHESIS TO
APPLICATIONS
Dimitrios Gournis
MESOPOROUS LaFeO3 PEROVSKITES SYNTHESIZED VIA TEMPLATED
ASSEMBLY METHOD USING AMINOACIDS
A.M. Margellou, I.T. Papadas, D.E. Petrakis, G.S. Armatas and P.J. Pomonis

12:30 – 12:45

ΤΠΟΣΖΡΗΕΟΜΔΝΟΗ ΠΔΡΟΒΚΗΣΔ LaCοO3 Δ ΠΔΗΡΟΜΟΡΦΖ ΗΛΗΚΑ
Δ.Θ. Σζαούζη, Γ.Δ. Πεηπάκηρ και Φ.Η. Πομώνηρ

12:45 – 13:00

ΒΡΑΒΔΤΖ ΦΗΛΗΠΠΟΤ ΠΟΜΧΝΖ
Σπιανηάθςλλορ Αλμπάνηρ

13:00 – 13:10 ΒΡΑΒΔΤΖ ΚΑΛΤΣΔΡΧΝ ΔΡΓΑΗΧΝ ΝΔΧΝ ΔΡΔΤΝΖΣΧΝ
13:10

P1

P2

P3

Closing of Symposium

POSTERS
ELECTROCHEMICAL REMEDIATION OF HEXAVALENT CHROMIUM BEARING
WASTEWATER BY CAPACITIVE DEIONIZATION
Konstantinos Dermentzis
SMALL-ANGLE NEUTRON SCATTERING FROM PHENOL-FUNCTIONALIZED MULTIWALL CARBON NANOTUBES IN NMP AND DMSO SOLUTIONS
E.P. Favvas, K.L. Stefanopoulos, A.A. Stefopoulos, A.Ch. Mitropoulos, D. Lairez
A COMPUTATIONAL STUDY OF ETHANETHIOL CONVERSION REACTIONS
CATALYZED BY ACIDIC ZEOLITE
D. K. Papayannis, A. M. Kosmas, N. Tsolakis

P4

ΤΝΘΔΖ ΚΑΗ ΚΑΣΑΛΤΣΗΚΖ ΓΡΑΣΗΚΟΣΖΣΑ ΣΧΝ ΠΗΝΔΛΗΧΝ NiAl2-xFexO4
Π.. Κώνζηαρ, Γ.Δ. Πεηπάκηρ

P5

ΔΠΗΦΑΝΔΗΑΚΖ ΥΖΜΗΚΖ ΣΡΟΠΟΠΟΗΖΖ ΜΑΚΡΟΠΟΡΧΓΟΤ ΑΝΘΡΑΚΑ
ΣΡΗΓΗΑΣΑΣΖ ΓΟΜΖ (3-DOM): ΔΦΑΡΜΟΓΔ ΣΖΝ ΟΞΔΗΓΧΣΗΚΖ ΚΑΣΑΛΤΣΗΚΖ
ΣΔΥΝΟΛΟΓΗΑ
Α. ημαιοθοπίδος, Β. Κώνζηαρ, Μ. Καπακαζίδηρ και Μ. Λοςλούδη
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P6

P7

P8

P9

P10

P11

P12

P13

P14

AΝΑΠΣΤΞΖ ΚΑΣΑΛΤΣΧΝ Ni-M-Al2O3 (ΟΠΟΤ Μ: W,V,Cr) ΓΗΑ ΣΖΝ ΜΔΣΑΣΡΟΠΖ
ΦΤΗΚΧΝ ΣΡΗΓΛΤΚΔΡΗΓΗΧΝ Δ ΑΝΑΝΔΧΗΜΟ ΝΣΗΕΔΛ
Υ. Ζ. Παπαδόποςλορ, Δ. Κοπδούλη, Κ. Μποςπίκαρ, Α. Λςκοςπγιώηηρ και Υ. Κοπδούληρ
GAS SEPARATION PROPERTIES OF TWO FLEXIBLE Al-MOFs: EFFECT OF LINKER
SUBSTITUTION
E. Gkaniatsou, N Kumar, C. Sicard, F. Nouar, N. Steunou, C. Serre, M. Prakash, N. A. Ramsahye, G.
Maurin, V. Benoit, S. Bourrelly, P. Llewellyn, P. Normad, P. Billemont, G. De Weireld, A.
Sabetghadam, B. Seoane, J. Gascon, F. Kapteijn, I. Dovgaliuk, D. Safin, Y. Filinchuk
RAPID, GREEN AND INEXPENSIVE SYNTHESIS OF HIGH QUALITY UiO-66 AMINOFUNCTIONALIZED MATERIALS WITH EXCEPTIONAL CAPABILITY FOR REMOVAL OF
HEXAVALENT CHROMIUM FROM INDUSTRIAL WASTE
Sofia Rapti, Anastasia Pournara, Debajit Sarma, Ioannis T.Papadas, Gerasimos S. Armatas, Youssef
S. Hassan, Mohamed H.Alkordi, Mercouri G. Kanatzidis and Manolis J. Manos
UNRAVELLING THE MECHANISM OF WATER SENSING BY THE Mg2+DIHYDROXYTEREPHTHALATE MOF (AEMOF-1)
Eleutheria Papazoi, Theodore Lazarides and Manolis J. Manos
ADSORPTION AND REMOVAL OF SELECTED PESTICIDES AND A TYPICAL DYE FROM
AQUEOUS SOLUTION BY ACTIVATED CARBONS PRODUCED FROM AGRICULTURAL
WASTES ON STATISTICAL
M. Azharul Islam, Vasilios Sakkas, Triantafyllos A. Albanis
PHOTOCATALYTIC PERFORMANCE OF N,S CO-DOPED TiO2 FOR THE DEGRADATION
OF ORGANOPHOSPHORUS FLAME RETARDANTS UNDER SOLAR AND VISIBLE LIGHT
M. Antonopoulou, A. Giannakas, F. Bairamis, M. Papadaki and I. Konstantinou
ΠΑΡΑΚΔΤΖ ΧΛΖΝΧΝ TiO2 ΤΝΓΤΑΕΟΝΣΑ ΣΖΝ ΣΔΥΝΗΚΖ ΣΖ
ΖΛΔΚΣΡΟΣΑΣΗΚΖ ΗΝΟΠΟΗΖΖ ΚΑΗ ΣΖΝ ΜΔΘΟΓΟ ΣΖ ΔΠΗΣΡΧΖ ΜΔ
ΔΜΒΑΠΣΗΖ ΓΗΑ ΓΗΑΠΑΖ ΤΓΡΧΝ ΡΤΠΧΝ
Γ. Σάηζη, Η. Γεληγιαννάκηρ, Γ. Πεηπάκηρ, Γ. κούπαρ, Σ. Βαϊμάκηρ
ΠΡΟΟΜΟΗΧΖ ΣΖ ΠΡΟΘΖΚΖ ΤΝΓΔΣΗΚΧΝ ΜΔΧΝ Δ ΠΟΡΧΓΖ ΤΛΗΚΑ ΚΑΗ
ΠΡΟΒΛΔΦΖ ΓΗΑΠΔΡΑΣΟΣΖΣΑ ΜΔ ΣΖ ΜΔΘΟΓΟ LATTICE-BOLTZMANN
Δ. Γ. κούπαρ, Α. Κ. Καλαπάκηρ και Β. Ν. Μποςπγανόρ
GAS SORPTION STUDIES OF FUNCTIONALIZED FCU TYPE MOFS
C. Tsangarakis, I. Spanopoulos, C. Tampaxis, T. A. Steriotis and P. N. Trikalitis

ΠΑΡΑΓΧΓΖ ΝΑΝΟΦΤΑΛΗΓΧΝ ΜΔ ΣΖ ΥΡΖΖ ΤΚΔΤΧΝ ΜΔ ΓΗΑΦΟΡΔΣΗΚΔ
P15 ΚΔΦΑΛΔ
Δ.Γ. Μισαηλίδη, R.I. Kosheleva, Γ. Μπόμηρ, Α. Βαπούηογλος, Δ. Φάββαρ και Α. Μηηπόποςλορ
OH-IRMOF-16 AS POTENTIAL DRUG CARRIER FOR GEMCITABINE DELIVERY. A DFT
P16 STUDY
Marianna Kotzabasaki, Emmanuel Klontzas and George E. Froudakis
P17

P18

P19

P20

P21

THE ANTIOXIDANT EFFECT OF HYBRID NANOMATERIALS: THERMODYNAMIC STUDY
Eleni Bletsa, Maria Louloudi and Yiannis Deligiannakis
A BOTTOM-UP SYNTHESIS OF HYBRID MAGNETIC THIN FILMS CONSISTING OF
SINGLE MOLECULE MAGNETS AND CLAY NANOPLATELETS
N. Chalmpes, A. Kouloumpis, A. Geitona, K. Dimos, K. Raptopoulou, V. Psycharis, Y. Sanakis, M.
A. Karakasssides, G. Papavasileiou and D. Gournis
METAL-SUBSTITUTED POROUS CARBON CUBOIDS: SYNTHESIS &
CHARACTERIZATION
K. M. Lyra, E. Thomou, K. Spyrou, V. Kostas, K. Dimos, F. Κ. Katsaros, M. A. Karakassides and D.
Gournis
SYNTHESIS AND CHARACTERIZATION OF A NOVEL HETEROBIMETALLIC In(III)-Pd(II)
METAL-ORGANIC FRAMEWORK
I. Bratsos, C. Tampaxis, I. Spanopoulos, N. Demitri, D. Vourloumis, G. Charalambopoulou, P.
Trikalitis, T. Steriotis
HYDROGEN STORAGE PROPERTIES OF PRISTINE AND MODIFIED SINGLE WALL
CARBON NANOHORN STRUCTURES
Marie-Louise Saboungi, Dimitra Giasafaki, Christos Tampaxis, Georgia Charalambopoulou,
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Theodore Steriotis
PORE AND GAS SORPTION PROPERTIES OF A NEW SERIES OF PYRIDINE CONTAINING
P22 METAL ORGANIC FRAMEWORKS
Patrick Gamez, Christos Tampaxis, Georgia Charalambopoulou, Theodore Steriotis
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1. Introduction
Crystalline metal organic frameworks (MOFs) and zeolites are an important class of porous materials which
can be used in adsorption, separation and catalysis. Most of their applications rely on the fact that pores have
dimensions which are comparable with the size of the molecule which can be adsorbed. Hence, their
sorption properties can be tailored to a specific adsorbent by adjusting pore size, framework structure and
composition. They are widely used as selective adsorbents for the removal of carbon dioxide, water vapor
and other impurities form hydrocarbon mixtures, or as catalysts which adsorb and convert hydrocarbon
molecules. There are also promising materials for thermochemical energy storage applications, whereby
heating and cooling technologies use thermo-adsorptive effects. Adsorption by these microporous materials
in the presence of water vapor is studied in order to provide information on adsorption capacities and energy
requirements for regeneration of adsorbents. In order to gain deeper understanding of their adsorption
capacities after several water adsorption/desorption cycles, isotherm measurements over a wide range of
vapor pressures and temperatures have to be performed.
This paper highlights a new experimental method for determining gas or vapour adsorption isotherms on
MOFs and zeolites. Using a novel dynamic flow configuration, this gravimetric experimental system can
measure both competitive multicomponent adsorption processes as well as adsorption a very low partial
pressures where static adsorption is inaccurate. This method can not only be used across a wide range of
temperatures, but is well suited for adsorption studies using gases as well as vapours at high partial
pressures.
Adsorption data obtained using condensable vapours from room to high temperatures, vapour adsorption
data for very low partial pressures as well as data for competitive two component adsorption will be
presented for a number of MOFs and zeolites highlighting this unique experimental approach.

2. Figures

Date: 11 Dec 2011
Time: 10:46 am
File: 13x water 25c 13x water 25c 15-07-2014 18-07-56_DVS.xlsb
Sample: Sample: 13x water 25c

DVS Drying Curve

Temp: 25.0 °C
Meth:
MRef: 25.1157

Drying Mass

27.5

27

Mass/mg

26.5

26

25.5

25

24.5
0
DVS - The Sorption Solution

50

100

150
Time/mins

200

250

© Surface Measurement Systems Ltd UK 1996-2014

Fig. 1 Left shows scheme of Gravimetric Vapor Sorption Analyzer (DVS vacuum). Fig. 1 Right shows
drying curve of 13X zeolites which was in-situ degassed under high vacuum and 370oC.
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Fig. 2 Left shows 13X water adsorption/desorption isotherms at 25oC. Inset shows 13X water sorption
kinetics at 25oC. Fig. 2 Right shows Sylosiv A10 water adsorption/desorption isotherms at 40oC. Inset
shows A10 water sorption kinetics at 40oC.
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Fig. 3 Left shows Sylosiv A10 water adsorption/desorption isobars at 0.95kPa. Fig. 3 Right shows changes
in total mass variation between 40 and 140oC in MIL-101 during water vapor adsorption and desorption at
5.6 kPa over 21 cycles.
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SUMMARY
Tire pyrolytic char/TiO2 (PC/TiO2) and
activated char PC-TiO2 (ACT) composites
were prepared and characterized by various
techniques. The ratio TiO2:PC (w:w) largely
affected the performance of PC/TiO2 catalysts.
An optimal ratio at w:w = 0.1 was found.
PC/TiO2 catalysts showed a better photocatalytic efficiency compared to ACT catalysts.
Pyrolytic char acts as a very efficient electronacceptor from TiO2 particles under UV-Vis
irradiation. This resulted in decreased electronhole pair recombination and subsequently in
enhanced reduction of metal ions such as
Cr(VI) and the enhanced production of OHradicals for the oxidation of organic pollutants.
INTRODUCTION
Activated carbon (AC), as a support for TiO2,
is the most common type of adsorbent that has
been used in photocatalysis in order to promote
the catalytic efficiency of TiO2 [12-16]. The
enhancement is attributed to the so-called
synergistic effect e.g. the adsorbent may adsorb
a large amount of pollutant, thus facilitating the
proximity/reaction of pollutant with the TiO2
surface. However, the presence of micropores
in activated carbon hinders the diffusion of
pollutant toward the TiO2 surface, while TiO2
deposition may block the micropores of AC
reducing its surface area.
Pyrolytic char from tire-rubber and other
industrial or agricultural by-products, a newest
type of adsorbent similar to carbon black, was
studied as another support in order to improve
the photo-efficiency of TiO2 [1].

Experimental: The as-prepared catalysts were
characterized by XRD, SEM, N2-porosimetry,
UV-Vis DRS, EPR, PZC [1-2]. The irradiation
of phenol/catalysts suspensions was carried out
using a Suntest XLS + apparatus (Atlas,
Germany)
simulating
natural
sunlight
irradiation. The photocatalytic performance of
the PC/TiO2 catalysts has been assessed for the
photooxidation of phenol and the reduction of
Cr(VI) in aqueous solutions [1-3].
Results and discussion: Fig. 1 shows the XRD
patterns for the prepared PC/TiO2 composites.
A graphite-type, partially ordered phase was
obtained in the case of pyrolytic char calcined
at 500 ˚C and anatase phase with tetragonal
141 space groups was obtained for TiO2. EPR
data (Fig. 2) reveal that [i] incorporation of
TiO2 on PC matrix affects severely the photoinduced hole/electron pairs; [ii] there is a loss
of electrons from the TiO2 crystal and
simultaneous accumulation of holes (h+). The
pyrolytic carbon matrix acts as a sink for the
photo-induced electrons which migrate from
the TiO2 crystal into the PC matrix resulting in
an increased h+ lifetime. The apparent firstorder rate constant (kapp) for phenol
degradation first increases with increasing
PC/TiO2 ratio, but then decreases. In contrast
the phenol adsorption equilibrium constant
(KL) increases with increasing PC/TiO2 ratio
[1]. An increase in the removal efficiency of Cr
(VI) with an increase of PC/TiO2 concentration
up to a certain concentration was observed
(Fig. 4), above that the reaction rate levels off
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and with a further increase the removal started
to decrease probably due to light scattering and
screening effects On the other hand, increasing
% (v/v) methanol concentration has a positive
effect on the removal efficiency (Fig. 4) [3].
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Figure 3. Rate constant (kapp) of phenol and the
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Figure 1. XRD patterns for composite catalysts
PC/TiO2, pure TiO2blank and Char500. The bar
graph (bottom) corresponds to anatase crystal
phase.*signalizes (101) brookite reflection.

Figure 4. 3-D response surface plots for Cr (VI)
reduction: (a) Cr (VI) vs. catalyst’s concentration;
(b) % (v/v) methanol vs Cr (VI) concentration.

Figure 2. Light-minus-Dark EPR spectra for CT
0.2/2 recorded at 77 K with continuous UV-Vis
irradiation. Black line: powder sample. Red line:
under isopropanol vapor. Blue line: in presence of
Cr(VI) [0.5 mM] solution in water (pH 2).
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C.A. Aggelopoulos and C.D. Tsakiroglou
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SUMMARY
A cold plasma plane-to-grid dielectric barrier
discharge (DBD) reactor was designed for the
efficient remediation of polluted soils at
atmospheric pressure. A synthetic NAPL
composed of equal mass fractions of n-C10, nC12 and n-C16 was mixed with soil at a high
initial NAPL concentration equal to 100 g/kgsoil. The NAPL was removed after a few
minutes of plasma treatment, depending on
NAPL composition, air flow rate and applied
voltage. NOx and O3 were detected as the main
gaseous plasma active molecules, with the NOx
concentration being an increasing function of
the applied voltage and air flow rate. The total
carbon content of initial NAPL detected in
exhaust gas in the form of COx increased from
25.5% to 99% when the air flow rate decreased
from 4.0 to 0.15 L min-1, minimizing the
release of VOCs and environmental
fingerprint.
INTRODUCTION
The subsurface pollution by non-aqueous
phase liquids (NAPLs) could affect the human
health through the direct contact, food chain,
and groundwater contamination. To mitigate
the subsurface pollution, various soil
remediation methods have been proposed: soil
vapor
extraction,
thermal
desorption,
bioremediation, etc [1]. Due to some
drawbacks of conventional remediation
technologies (high energy demand, secondary
air and groundwater pollution) it is of crucial
importance to develop cost-effective and
highly efficient methods of soil remediation. It
has recently been realized that certain
Advanced Oxidation Processes (AOPs)
constitute promising technologies for pollution
control. Among the various AOP methods, the
non-thermal plasma of electrical discharges is
considered as a highly competitive technology
for the removal of organic pollutants [2]. In the
present work, the non-thermal dielectric barrier

discharge (DBD) was examined as an
advanced oxidation process (AOP) for the
remediation of soils polluted by a synthetic
NAPL.
MATERIALS AND METHODS
The NAPL was a mixture of n-decane, ndodecane, and n-hexadecane all mixed at equal
mass concentrations (w/w). All reagents were
purchased from Merck (purity>95%). The soil
was a well-sorted silicate sand with narrow
grain size distribution (125-250 μm). The
pollution of soil samples was carried out as
described earlier [3], and the initial NAPL
concentration was set at 100 g/kg-soil. The
experimental setup used along with a detailed
representation of the DBD reactor and
remediation process can be found elsewhere
[4].
The soil treatment time varied from 30 s to 5
min. After having completed the soil treatment
by plasma, the NAPL was extracted from the
soil sample and the extracts were analyzed by
GC-FID in order to quantify the composition
of residual NAPL in soil.
During the plasma treatment the exhaust gases
of reactor were analyzed to monitor the
concentration of active molecules generated by
plasma (NO2, NO and O3) and the
concentration of the NAPL oxidation products
(CO and CO2). The NOx and ozone
concentrations were measured by using
Teledyne T201 and 400E analyzers,
respectively. The concentrations of CO and
CO2 were detected during the soil treatment
process by using the Teledyne 300E and T360
analyzers, respectively.
RESULTS AND DISCUSSION
Soil samples of weight 7.5 g (dry mass), and
thickness ~3.0 mm were treated by plasma. For
all NAPL compounds, the removal efficiency
increased with the treatment time (Fig.1) while
the removal rate gradually decreased in
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agreement with recently published results
[3,4].

The effect of the air flow rate on the NAPL
conversion to CO, CO2 and VOCs is shown in
Fig.3. At high air flow rates (i.e. 4.0 L min-1),
the greatest percentage of initial NAPL was
detected primarily as VOCs (=74.5%) and
secondarily as oxidation products (CO=17.5%,
CO2=8%). At lower values of the air flow rate,
the NAPL conversion to VOCs decreased
significantly, and its corresponding conversion
to CO and CO2 increased. It’s worth
mentioning that at very low air flow rates (i.e.
0.15 L min-1), the NAPL conversion to CO2
and CO were 59% and 40%, respectively,
whereas the NAPL conversion to VOCs was
minimized.

Figure 1. Removal efficiency of each NAPL
compound as a function of the plasma treatment
time

The effect of gas flow rate on the NAPL
removal efficiency is shown in Fig.2. It seems
that the NAPL remediation efficiency
increased with the air flow rate increasing. As
the air flow rate increases, the O2 and N2
molecules will collide more frequently with
high-energy electrons by generating active
species (e.g. O3, NOx, atomic oxygen, etc) that
are capable of oxidizing molecules of
pollutants in gas or liquid phase.

Figure 3. Carbon content of the initial NAPL
transformed to CO, CO2 and VOCs, due to DBD
treatment, as a function of the air flow rate

Acknowledgements: This research has been
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Figure 2. The NAPL removal efficiency as a
function of the plasma treatment time for different
air flow rate

The concentration of CO and CO2 was also
measured on-line during the soil treatment by
plasma. Given that, no oxidized products were
detected in the soil at the end of treatment, it is
assumed that the rest of the initial NAPL was
released as volatile organic compounds
(VOCs) in the gas phase.
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SUMMARY
Nanoscale zero-valent iron (nZVI) is
commonly used for the in situ groundwater
remediation. The goal of this work is to study
the capacity of nZVI to dechlorinate trapped
ganglia (source zone) of tetrachloroethylene
(PCE). Visualization experiments of PCE
dissolution and remediation are performed on a
glass-etched pore network by the continuous
injection of distilled water and nZVI
suspension, respectively. The transient
variation of the mass of PCE ganglia is
measured with image analysis.
INTRODUCTION
The injection of nZVI suspensions in the
saturated zone is one of the modern methods
for the in situ remediation of groundwater
contaminated by chlorinated hydrocarbons [1].
The nZVI acts as a strong reductant to
chlorinated compounds such as PCE, its high
surface to volume ratio may enhance the local
reaction rate by some orders of magnitude and
make the overall remediation process very fast.
However, the great challenge is to preserve the
stability and longevity of nanoparticles by
preventing their aggregation and oxidation
with the use of coatings. In addition, it is still
unclear which is the critical step controlling the
overall rate of PCE source zone dechlorination,
by accounting for the PCE dissolution, the
dissolved PCE reaction with suspended nZVI,
and bulk PCE reaction with nZVI deposited on
interfacial regions [2].
MATERIALS AND METHODS
Suspensions of nZVI coated by carboxylmethyl-cellulose (CMC) were prepared at
concentration 1 g/L with the protocol reported
in [3]. The hydrodynamic diameter distribution

and ζ-potential of nanoparticles were mesured
with Dynamic Light Scattering (DLS), their
specific surface area was measured with BET,
whereas their morphology and size range were
characterized from transmition electron
microscopy (TEM) images. The iron
concentration breakthrough curves were
measured by injecting nZVI suspensions in the
glass-etched pore network and analyzing the
effluents with atomic adsorption spectroscopy
(AAS). In PCE dissolution (control) and
remediation tests, initially, the pore network
was saturated with water, whereas a small
amount of colored PCE was distributed
randomly in the form of trapped ganglia.
Distilled water or 1 g/L nZVI suspension was
injected at constant flow rate (0.025 and
0.05mL/min) through a syringe pump, and
successive images were taken with the aid of a
CCD camera placed on a stereoscope. The
PCE mass was regarded proportional to the
projected area of residual ganglia, measured
with image analysis.
RESULTS AND DISCUSSION
The pH of nZVI suspension at concentration
1g/L was~ 8. TEM images revealed that nZVI
of size ~5nm were surrounded by CMC. The
hydrodynamic diameter of CMC-coated nZVI
was ~50 nm and the ζ-potential was ~ -49 mV,
confirming a stable suspension. The PCE
dissolution evolved as a uniform erosion
process and the transient data (Fig. 1) were
fitted with a linear model [4] so that an areabased mass-transfer coefficient, km1, was
estimated (Table 1). On the other hand, the
PCE remediation by injected nZVI suspension
resembled a non–uniform PCE ganglia erosion
process (Fig. 2).
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Figure 1. Successive snap-shots of PCE ganglia
dissolution under the injection of distilled water at
flow rate 0.05 mL/min

transfer coefficient of PCE dissolution was
estimated from the linear slope of the transient
change of the total PCE area. Accordingly, by
regarding the overall PCE remediation as an
“enhanced” dissolution process, an enhanced
mass-transfer coefficient was estimated from
the measured remediation rate of PCE ganglia
(Table 1).
Table 1.Estimated parameters of PCE
dissolution/remediation processes
mL/min

0.025

0.05

Dissolution (distilled
water) km1 (m2 s-1)
Dissolution
(CMC solution)
km1 (m2 s-1)
Remediation
(CMC-coated nZVI)
km1,enh (m2 s-1)

1.06x10-8

2.20x10-8

-

3.1x10-8

1.82x10-8

3.44x10-8
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Figure 2. Successive snap-shots of PCE ganglia
remediation under the injection of nZVI suspension
at flow rate 0.05 mL/min.

During the PCE remediation, the interfacial
configurations of PCE ganglia transit from
clearly convex to saddle- shaped surfaces
(Fig.2) due to potential changes of wettability
which might be attributed to the transient
deposition of CMC-coated nZVI on the
water/PCE
interfaces.
Regarding
the
mechanism of PCE elimination, there are two
alternatives: (1) the PCE dissolves in aqueous
phase, the suspended nZVI react very fast with
dissolved PCE molecules in a thin boundary
layer created at the upstream interfacial
regions, and the dissolution rate is enhanced
substantially by leading to the non-uniform
gangla erosion (Fig.2); (2) the nZVI deposited
on the upstream PCE/water interfacial regions
may react directly with PCE molecules of the
bulk phase, leading to the non-uniform gradual
retraction of the interface reflected in the
“erosion” process observed (Fig.2). The mass-
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SUMMARY
Pd-based nanohybrid that is highly efficient for
H2 generation from SF/FA mixture. The
nanohybrid is prepared by a two step protocol
consisting of [a] synthesis of Gallic-acid
functionalized SiO2 nanoparticles, GA@SiO2,
[ii] synthesis of a Pd0-GA@SiO2 nanohybrid
where Pd nanoparticles were formed in situ via
reduction of Pd ions by GA radicals.
INTRODUCTION
Molecular hydrogen is a future energy
source/carrier, actively investigated as an
alternative to fossil fuels [1]. Among the
hydrogen production technologies catalytic
decomposition of formic acid (FA) and sodium
formate (SF) or their mixtures are gaining
increased attention. The reason for interest on
FA/SF mixtures is that they can be used as
hydrogen source for catalytic reactions at near
ambient In this text, noble metal nanoparticles
(NPs) have attracted considerable interesting
[2]. Several studies have presented Pd NPs
supported in matrixes as H2 producing
catalysts. Herein we report a Pd-based
nanohybrid that is highly efficient for H2
generation from SF/FA mixture. Herein we
report a Pd-based nanohybrid that is highly
efficient for H2 generation from SF/FA
mixture. Pd0 nanoparticles were formed in situ
via reduction of Pd ions by GA radicals. The
aim of the present work was [a] to develop a
novel synthetic route from the production of
stable Pd0@SiO2–GA monohybrids, with
optimal/controlled dispersion of the Pd0 NPs
on the SiO2 matrix [3].
MATERIALS AND METHODS
Immobilization of Gallic Acid on silica has
been obtained by formation of amide bonds
between the amino group of the aminopropyl
silica (SiO2-NH2) and the carboxylic group of
Gallic Acid Pd0 NPs were also synthesized by
GA in aqueous solution. The prepared

nanohybrids were characterized with Uv-Vis ,
XPS, EPR and XRF spectroscopy. The
morphology, size and structure of particles and
the dispersion of the NPs were investigated
using XRD and TEM.
The catalytic experiments were carried out in
double-wall thermostated reactor; the amount
of the evolved gasses was measured with an
automatic gas burette. The catalytic efficiency
of the system was investigated quantitively by
monitoring the total amount of gasses produced
at different experimental conditions. Full
thermodynamic analysis of the catalytic system
was performed, reaction temperatures in the
range 60°C to 90°C were studied.
RESULTS
The reduction of Pb2+ions to form Pd0↓(s)
nanoparticles is evidenced by the color change
in the solution

Figure 1.Left panel: Photos of the prepared
materials.

XRD: X-Ray diffraction data are presented in
Figure 2 for Pd0-GA and Pd0@SiO2-GΑ
respectively. The XRD data show strong
reflections indicating the formation of
crystalline nanoparticles.
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Figure 2. XRD patterns of the prepared
catalystsPd0-GA (red line), Pd0@SiO2-GA
(black line)
Figure 3 shows typical TEM images of as
prepared Pd0-GA nanoparticles, Figure 3A, and
Pd0@SiO2-GA, Figure 3A. Both samples
correspond to quasi spherical NPs with an
average diameter dTEM=12nm in the case of
Pd0-GA nanoparticles, and dTEM=6.5nm in the
case of Pd0@SiO2-GA, listed in Table 1.

(Times New Roman 10 pt)

From these catalytic results we can conclude
that the highest kinetic rate and maximum gas
volume was obtained using 90% SF+10FA as a
hydrogen source. In the following we discuss
the thermodynamic study of this catalytic
system.
Accordingly, the Arrhenius fit in Figure 6D
shows that a significance lowering of Ea is
occurring in gas-production by Pd0@SiO2-GA
compared with Pd0-GA. The Ea=42kJ/mole in
Pd0@SiO2-GAis almost 22% lower than the
Ea=54kJ/mole in Pd0-GA.
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Figure 7. Gas evolution by catalysts at
different temperatures. (A) Pd0@SiO2-GA , (B)
Pd0-GA. (C) Gas production rate/ mg of
Pdvsreaction temperature. (D) Arrhenius plot
for the catalytic reaction.

A physicochemical mechanism is discussed
which entails that the superior H2 production
rate of the Pd0@SiO2-GA system is due to two
factors [i] fine dispersion of the Pd0
nanoparticles on the SiO2 surface optimizes the
kinetics of the reaction, [ii] GA moieties
grafted on the SiO2, but not capped by Pd0
particles, act as cocatalytic centers. These
factors result in an overall lowering of Ea by
12.1 kJ/mole. The results reveal that the SiO2GA matrix plays a dual role i.e. to impose the
fine dispersion of the Pd0 nanocatalsyts on its
surface, and provide surface-grafted GA
moieties as cocatalytic agents that promote the
HCOOH deprotonation.
REFERENCES
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SUMMARY
A bottom-up layer-by-layer (LbL) approach
which combines Langmuir-Schaefer (LS) with
self-assembly (SA) technique was used for the
production of new class of highly ordered
hybrid C-dots (CDs) intercalated clay
structures. Hybrid multilayer films were
characterized by photoluminescence, UV-Vis,
X-ray diffraction, X-ray photoelectron and
Raman spectroscopies and atomic force
microscopy.
INTRODUCTION
Herein, we report the intercalation of CDs in
synthetic laponite and the development of
luminescent, transparent, flexible films. A
facile and low cost layer-by-layer procedure
that includes the formation of a hybrid clay
multilayer
film
hosting
hydrophilic
luminescent carbon nanodots within its
interlayer spacing. This method uses the clay
nanosheets as a template for the grafting of Cdots particles in a bi-dimensional array, and
allows for perfect layer-by-layer growth with
control at the molecular level. [1]
EXPERIMENTAL
For the bottom-up approach a LangmuirBlodgett trough (KSV 2000 Nima Technology
model) was cleaned with ethanol and DI water.
Laponite suspensions in ultrapure water (0.02
mg mL−1) were used as subphase and a Pt
Wilhelmy plate was used to monitor the
surface pressure. For the formation of laponite
film in the air-water interface, 50 μL of a 0.2
mg mL−1 dimethyldioctadecylammonium
bromide
(DODA)
solution
in
chloroform/methanol 9/1 (v/v) were spread,
onto the subphase. After a waiting time of 15

min to allow solvent evaporation, the hybrid
DODA-laponite layer was compressed until the
target surface pressure of 20 mN m−1 was
reached, forming a dense DODA-laponite
Langmuir layer. This pressure was maintained
throughout the deposition process. Layers were
transferred onto the hydrophobic quartz
substrates by the LS technique (horizontal
dipping. After the transfer of DODA-laponite
layer to substrates, the hybrid laponite film was
dipped by the self-assembly technique into an
aqueous solution of CDs (0.2 mg mL-1) for the
formation of a hybrid laponite/carbon-dots
monolayer. A hybrid multilayer film (DODALap-CDs) was formed, by repeating this
bottom-up procedure, as shown in Scheme 1.
The substrates after each deposition step were
rinsed several times by dipping into ultrapure
water and dried with nitrogen flow. [1]

Scheme 1. Schematic representation of the
synthetic procedure for the DODA-Lap-CDs
multilayer film

RESULTS-DISCUSSION
The X-ray diffraction pattern of the produced
DODA-Lap-CDs hybrid multilayer (80 layers)
is shown in Figure 1, in comparison with LapCDs hybrid prepared in bulk. The DODA-LapCDs hybrid multilayer shows a 001 diffraction
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peak at 2θ=3.4o which corresponds to a d001spacing of 25Å. This value is much higher
compared with the corresponding value of the
Lap-CDs hybrid (d001=19Å) indicating the
successful intercalation and the presence of the
CDs and DODA within clay nanosheets.

Figure 1. XRD patterns of DODA-Lap-CDs hybrid
multilayer (80 layers)

XPS spectroscopy employed for the surface
analysis of the DODA-Lap-CDs films (Figure
2). Elements as carbon, nitrogen, oxygen,
silicon and magnesium were detected in survey
spectra while fitting interpretation of the C1s
spectrum exposed the presence of five major
contributions. The peak at 284.6 eV which
contributes with 51.5% to the total C1s
intensity derives from C-C and C-H bonds.
This is much larger in the LbL film than in the
bulk synthesized hybrid because of the

presence of DODA. 29.7% of the total C1s
intensity is due to C-O and C-N bonds giving
rise to the peak centered at 285.4 eV and the
peak derived from C-O-C groups at 286.4 eV
contributes 9.4%. The small contributions at
287.3 eV band (5.4%) and at 288.5 eV (4.0%)
are assigned to C=O/C=N groups and C(O)O
groups, respectively.

Figure 2. C1s core level photoemission spectrum of
DODA-Lap-CDs film.
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ABSTRACT
In the present work we report a new type of
catalysts, prepared by Flame Spray Pyrolysis
(FSP), consisting by well dispersed Au
nanoclusters (NCs) on cerium dioxide (CeO2)
matrix.

The so-prepared [x%Au-CeO2(x= 0.1,0.25 and
0.5)] nanoclusters (NCs) were characterized by
Transmission
Electron
Microscopy
(TEM),powder-X-ray Diffraction ( p-XRD) ,XRay Fluorescence (XRF), Fourier transform
infrared spectroscopy (FT-IR), UV-Visible
diffuse reflectance spectra(UV-VIS DRS) and
Electron Paramagnetic Resonance(EPR).
The x%Au-CeO2 nanomaterials have been
used successfully as a solid-phase catalyst for
the reduction of 4-nitrophenol(4-NP) to 4
aminophenol (4-AMP) by sodium borohydride
(NaBH4) at room temperature (RT). It is shown
that at the limit of low Au content, the catalytic
efficiency was maximized, indicating that Aunanoclusters
are
superior
than
Aunanoparticles.
1. INTRODUCTION
In an FSP process, the exclusive use of highly
exothermic liquid precursors (hereby referred
to the mixture of metal precursor and solvent),

particularly that based on organic solvents
gives rise to self-sustaining flames.
Furthermore in FSP, a liquid containing the
desired metal oxide precursors is sprayed into a
flame. Rapid droplet heating results in a
complex precursor release into the gas phase
where conversion to the oxides occurs.
Diffusion controlled condensation results in
small primary particles that further grow by
collision and sintering. [1],[2].
Nitrophenols are considered to be amongst the
most prevalent organic pollutants in wastewaters generated from agricultural and
industrial sources, these include companies that
manufacture explosives, dyes and other
products. The US Environmental Protection
Agency has reported nitrophenols as one of the
most hazardous and toxic pollutants.
Therefore, the development of an effective and
environmental friendly method to remove them
from water is of great importance. On the other
hand, 4-AMP is an important intermediate for
the manufacture of antipyretic and analgesic
drugs.
Catalysis using noble metals, including Au, is
an area of considerable scientific exploration
particularly with respect to developing new
gold catalysts [3],[4]. Au nanoparticles
supported on nano many matrices can serve as
the electron relay between 4-nitrophenolate ion
(oxidant) and BH4− (reductant), and electron
transfer occurs via the Au-NPs [5] . Although a
few studies on the catalytic properties of
supported metal catalysts in colloidal solutions
have been reported [6] , relatively less efforts
have been made on the fabrication of
nanoclusters by FSP.
2. Experimental Section
2.1. Catalyst Preparation
CeO2 NPs loaded with 0.1, 0.25 and 0.5 wt%
of Au (0.1%Au@CeO2 0.25%Au@CeO2 and
0.5%Au@CeO2 ) were prepared by single step
FSP and collected on glass-fiber filters [7].
Hydrogen tetrachloroaurate (III) hydrate
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(Aldrich, purity > 99%) and Cerium (III)
acetate hydrate (Aldrich, purity > 99%) were
used as gold and cerium precursors,
respectively. The total precursor (Cerium
acetate and hydrogen tetrachloroaurate
hydrate) concentration in a 0.5:0.4:0.1 mixture
of acetic acid (Aldrich, purity > 99%),
isooctane (Aldrich, purity > 99.5%) and
butanol respectively (Aldrich, purity > 99.5%)
was 0.2 M. The precursor solution was fed
through the FSP nozzle at X = 5 mL min-1,
dispersed to a fine spray by Y = 5 L min-1
oxygen (Pan Gas, purity > 99%), hereafter
referred to as the FSP X/Y feed ratio, and
combusted to produce high-purity NPs.
2.2. Catalytic study
(i) Kinetic study using CeO2 (70 μL, 0.5 g L-1)
(ii) Kinetic study using 0.1%Au@CeO2
(50 μL, 0.5 g L-1), (iii) Kinetic study using
0.25%Au@CeO2 (50 μL, 0.5 g L-1), (iv)
Kinetic study using 0.5%Au@CeO2 (30 μL,
0.5g L-1) and for each kinetics used: NaBH4
(1 mL, 0.3 M) and 4-NP (1.7 mL, 0.2 mM)
were all mixed together and the same
procedure was followed to monitor the
reaction.

demonstrates that the reaction is of the firstorder in 4-NP reduction. Thus, the kinetic
equation of this catalytic reaction could be
described as follows:

Fig.1. −ln(C/C0) as a function of reaction time for
the reduction of 4-NP over 0 x%Au-CeO2

To exclude the effect of Au loading on reaction
efficiency, and also for comparison with the
results reported by other groups on AuNP
based catalysts, an intrinsic reaction rate
constant, k, was introduced by further
normalizing kapp with Au content [8]:

3. Results
3.1. 4-NP to 4-AMP reduction
The x%Au-CeO2 were evaluated as catalysts
for the reduction of 4-NP to 4-AMP in the
presence of NaBH4. The addition of excess
BH4- in the presence of the catalyst resulted in
a decrease in absorption at λ 400 nm and the
formation of a new absorption band around λ
310 nm, which is attributed to the formation of
4-AMP .
In the absence of catalyst, no decrease of the
absorbance peak at λ 400 nm is observed, even
after several hours. Although it has generally
been accepted that the absorbance band at λ
310 nm signifies the formation of 4-AMP, it
should be noted that the mechanism of this
reaction probably involves more complicated
intermediates present on the surface of the
nanoparticles.
3.2. Catalytic activity of x%Au-CeO2
Fig. 1 plots the −ln(C/C0) (circle) vs. reaction
time, where C0 and C are the initial
concentration of the 4-NP ions and the
concentration at time t, The linear correlation
between −ln(C/C0) and reaction time

where M is the dosage of Au (μmol) in the
catalyst. The data in Figure 1, show that the
catalytic performance of Au-nanoclusters are
impressively superior than those reported
recently by others on Au-containing
nanocatalysts [8].
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RESULTS AND DISCUSSION
Initially, to evaluate the effect of thermal
oxidization
on
the
PtC
matrix,
thermogravimetric analysis was performed in
an oxidative environment i.e. under O2.
After acid treatment (Fig.1), smooth TG steps
are observed between the exothermic
combustions. These are due to functional
groups attached in the surface and lowbonding energy groups which are removed out
of the material by washing with the acid. The
weight loss in this case is 92.3% w:w at
T=235oC to 564oC. At temperatures 327oC and
445oC the combustion of matrix carbon and the
associated functional groups is observed. At
T= 526oC the collapse of the remaining carbon
matrix is observed.
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MATERIALS AND METHODS
The char was derived from the pyrolysis of
used rubber tires at 450 °C in oxygen-free
atmosphere under vacuum for 4 h. Initially the
pyrolytic tire char (PtC) was suspended in
HNO3 (2M) for 2 h to clean the surface from
metal traces remaining from the pyrolysis
process. Then the solid was separated by
centrifugation, the supernatant was decanted,
and the solid was washed with deionized water
several times until the pH of the suspension
was 7. The solid was collected by
centrifugation and dried at room temperature.
Hereafter this material is codenamed as PtCacid.
Subsequently PtCacid was calcined at the
temperatures of 350oC under N2 for 30
minutes, to study the effect of thermal
treatment. The calcination was performed
under N2 atmosphere since the goal was
twofold [a] to eliminate surface carboxylates
that –as we show herein- inhibit AsIII uptake8,
[b] to avoid oxidative destruction of the carbon
matrix, and more importantly the graphite, [c]

to optimize the formation of the ZnS and FeC3
phases. PtC referred to as-received untreated
material. Acid-treated PtC is codenamed as
PtCacid while the thermally treated materials is
codenamed as PtC350-30.
Various techniques such as BET, TGA, FTIR,
powder-XRD, and Analytical determination of
AsIII were used to characterize the materials.

DTA (uV)

INTROCUCTION
Here we present an innovative concept, where
a low-cost two-stage protocol involving acidcleaning of the PtC surface and calcination at
T=350ºC, allows production of pyrolytic char
(PtC) that is optimal for AsIII uptake from
aqueous solutions at environmentally-pertinent
pH values 4-8.5. An optimized material, herein
codenamed PtC350, was developed via a
detailed screening of the calcination protocol in
conjunction with AsIII uptake. As we show
herein PtC350 bears ZnS, and Fe3C
nanostructures formed in situ during the
calcination process. These nanostructures act
together with the graphitized PtC surfaces as
efficient AsIII adsorbing sites. PtC350 achieves
AsIII-uptake capacity of 31.2 mg g-1 at pH 7
that is ~700% improved versus raw pyrolytic
tyre carbon.

20
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900

Figure 1. TGA of material PtCacid.

N2-adsoprtion (B.E.T) data are shown in
Table1. The shape of the adsorption isotherms
gives information about the porous structure of
the carbon materials. There is a comparison
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Table 1. Pores size analysis PtC, PtCacid and
PtC350-30.
Materials

Surface Area

Mean Pore Radius

PtC

32,868 m2/gr

14,727 nm

PtCacid
PtC350-30

2

66,325 m /gr
2

2,2125 m /gr

10,076 nm
31,405 nm

From the p-XRD line-width (Sheerer equation)
the ZnS crystallites are estimated to have
dimensions in the range of 30nm. Moreover,
the peak at 43o can be assigned to Fe3C. Their
size cannot be estimated accurately, however,
due to the overlap of ZnS peak at 47o. A rough
estimate using the Sheerer method gives Fe3Ccrystal sizes in the range 20-30nm. Overall the
present BET, FTIR and XRD data reveal that
mild-calcination under N2 has two main
effects: [i] it enhances the pore size of PtCacid
to 30nm, that as we show hereafter has a
beneficial effect on AsIII uptake. [ii] PtC
contains S=O and S-S centers but not ZnS nor
Fe3C. [iii] the thermal treatment samples under
N2 at 350oC results in formation of ZnS and
Fe3C crystals.
Adsorption kinetic data of AsIII uptake by PtCbased materials are presented in Fig.2 for
contact times ranging between 0 and 240min.
The plots represent the amount of AsIII
adsorbed onto PtC-based materials vs. time at
pH 7.

30
III
As Adsorption(mg gr-1)

between the isotherms for PtC versus PtCacid.
PtC predominantly exhibits an isotherm,
characteristic of mesoporous materials[1].
PtCacid and PtC350-30 show the same isotherm
type. The ensuing pore-size distribution is
presented in Table1 shows an average pore
radius of 14.7 nm. After acid treatment, the
average pore radius has been decreased to 10.1
nm for PtCacid. The final calcined material
(PtC350-30) the pore radius das been increased to
31.4 nm. In conclusion, acid treatment seems
not to significantly alter the porous structure of
the pyrolytic carbon i.e. due to mild acid
conditions used. In the other, hand thermal
treatment has a definitive effect in the material,
despite the short time and the low temperature.

25
20
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PtCAcid

15
10
5
0
0

40

80

120
160
Time (min)

200

240

Figure 2. AsIII adsorption in pH 7 for materials
PtC, PtCacid and PtC350-30.

The maximum AsIII adsorption capacity for
the PtC-based materials was evaluated by
isotherm experiments at pH 7. The maximum
AsIII adsorption capacity by the PtC, PtCacid
and PtC350-30 was evaluated by fitting the
experimental data with the Langmuir
adsorption isotherm[2] (Eq. 1).
qe =

q m * K ads * C e
1 + K ads * C e

(1)

where qm, the maximum AsIII adsorption
capacity of the material (mg g-1).
CONCLUSION
In present work a low cost material which
consider being waste of the industry, used to
create an improved material PtC350-30 following
a single low-cost two-step procedure. The
PtC350-30 has the capacity to absorb significant
amount of AsIII in water compare with others
material reported in the literature [3].
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SUMMARY
In this work, the synthesis of ceria with the use
of swellable polymeric gels as scaffolds is
investigated with a parallel examination of the
effect of Ce(III) and Ce(IV) used as precursors.
Cerium(III)
nitrate
hexahydrate
and
ammonium cerium(IV) nitrate were used as
precursors and urea as the precipitating agent.
Randomly cross linked polymeric gel
DMAEMA50PEGMA50EGDMA1,
was
synthesized by radical polymerisation to be
used as removable scaffold as it showed
superior
physicochemical
characteristics
compared to other kinds of gels that were also
synthesized for this use. The comparison of
ceria synthesized with Ce(III) and Ce (IV)
precursors shows that both modified and
unmodified materials exhibit differences in
regards to their porosity, surface texture and
thermal stability.
EXTENTED ABSTRACT
Up to now, many researchers have reported
several kinds of CeO2 nanostructures prepared
by using structure directing agents. Most of
these materials useful functions depend not only
on the composition but also strongly on the
structure and morphology of the materials.
Hence the synthesis of CeO2 has attracted
intense interest and great efforts have been
made to obtain metal oxide structures with
different morphologies. Many reports in
literature show that a large variety of materials
are being selected to be used as supports to
synthesize porous metal oxides.
There are many reports in literature regarding
the use of organic materials as supports for
ceria synthesis with either Ce(III) or Ce(IV)
precursors.

Biotemplates such as cellulose or chitosan
[1-2] and surfactants like CTAB [3] have been
used as templates in order to improve the
surface properties of the synthesized ceria. In
the same area, work has been conducted in the
porous solids group of the University of
Cyprus including the synthesis of porous
materials with the use of humic acid and
CTAB as templates and Ce(IV) as precursor
[4-5].
These reports do not investigate the influence of
the different cerium precursors on these
materials. As this study proposes a novel
alternative methodology of using swellable
polymeric gels as scaffolds, it is essential to
have a detailed knowledge regarding the
precursor’s effect on the final product. This
would be necessary for a better evaluation of
the parameters influencing the products surface
texture so as to improve and adjust the synthesis
methodology accordingly to the desired
synthesis material.
Results
The N2 adsorption/desorption isotherms and
DFT pore size distribution of synthesized CeO2
with the use of scaffold and pristine CeO2
using Ce(III) as precursor are shown in Figure
1 and Figure 2 respectively

Figure 1. Comparison of the pore size distribution
of modified and unmodified CeO2with the use of
Ce(III) as precursor.
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The comparison of the DFT pore size
distribution of both Ce(III) and Ce(IV)
modified materials is shown in figure 5.

Figure 2. Comparison of N2
Adsorptioin/Desorption isotherms of modified and
unmodified CeO2with the use of Ce(III) as
precursor.

The N2 adsorption/desorption isotherms and
DFT pore size distribution of synthesized CeO2
with the use of scaffold and pristine CeO2
calcined at 600 0C for 3 h using Ce(IV) as
precursor are shown in Figure 3 and Figure 4
respectively

Figure 3. Comparison of the pore size distribution
of modified and unmodified CeO2with the use of
Ce(IV) as precursor.

Figure 4. Comparison of the isotherms of modified
and unmodified CeO2with the use of Ce(IV) as
precursor

Figure 5.Comparison of the pore size distribution
of both modified CeO2with the use of Ce(III) and
Ce(IV) as precursors.

Conclusions:
The synthesized ceria is strongly affected by the
use of the removable scaffold as the final
product. Nevertheless, the type of the precursor
used, plays a key role on the way the material is
formed into the polymeric scaffold resulting to
differences on the porosity of the modified
materials. Additionally, the polymeric gel used
scaffold has a greater influence on the final
product when Ce(III) is used. When Ce(III) is
used, unmodified ceria has a much lesser volume
compared to its corresponding unmodified
Ce(IV) material. This is reversed when ceria is
modified with the polymeric scaffolds which
shows that Ce(III) is influenced in a different
way compared to when Ce(IV) is used.
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POROUS ASSEMBLIES OF CARBON-BASED NANOSTRUCTURES:
APPLICATIONS
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SUMMARY
Over the last years, huge scientific effort has
being carried out to fabricate polymer
nanocomposites containing carbon nanotubes.
Due to the unique combination of mechanical,
electrical and thermal properties of nanotubes,
they are able to play a significant role as filler
materials for nanocomposites. In this work, a
well-known method at the industry of
composites has been optimized and tested, by
producing prepregs from carbon nanotubes
films, the so-called buckypapers.
MAIN TEXT
Buckypapers are thin sheets of randomly
entangled CNTs, which are highly porous
networks and they can be prepared by vacuum
filtration of well-dispersed CNT suspension.
Final properties of buckypapers (porosity,
structural integrity, thermal and electrical
conductivity, etc) can be affected by various
factors, such as chemical modification of
carbon nanotubes, grafting ratio, solvent and
the type of nanotubes.
Our approach consists of four steps: Firstly,
two different chemical modifications of the
nanotube surface have been performed and
studied (oxidation and epoxidation), to avoid
agglomerations of the nanotubes and to achieve
a strong bonding with the matrix. Then, after
the dispersion of the modified nanotubes into
an appropriate solvent, the suspension has been
filtrated and dried to form buckypapers. The
next step is the production of prepregs, by
immersing the buckypapers into a liquid epoxy
resin-hardener solution and refrigerating in low

temperatures (-20 °C). Finally, using an
autoclave processing, nanocomposites are
produced by these prepregs, as in common
composites.
The
properties
of
the
nanocomposites are strongly affected by the
properties of the initial buckypapers. Also, the
production of hybrid nanocomposites of
nanotubes-graphene
oxide
(GO)
was
investigated, by the addition of small quantities
of GO plates during buckypaper production.
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Figure 1. Flexural properties of matrix and
nanocomposites

The mechanical properties of the resulted
composites show a significant improvement.
The flexural stress and Young modulus exhibit
an enhancement of 71% and 93%, respectively,
for epoxidized nanocomposites compared to
the neat epoxy, while the oxidized
nanocomposites show an increase at the
corresponding values of 47% and 138%
(Figure 1). Regarding the thermal properties,
the high thermal conductivity of the
buckypapers increases the thermal conductivity
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of the epoxy based nanocomposites from 0.3
Wm-1K-1 to 2-6 Wm-1K-1. Also, the electrical
conductivity of the produced nanocomposites
is enhanced many orders of magnitude
compared to neat resin.
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ΝΑΝΟΔΟΜΕΣ ΑΝΘΡΑΚΑ ΚΑΙ ΠΟΡΩΔΗ ΥΛΙΚΑ ΤΥΠΟΥ ZIF
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ΠΕΡΙΛΗΨΗ
Στην παρούσα εργασία αναπτύχθηκαν και
μελετήθηκαν πρωτότυπα νανοσύνθετα υλικά
αποτελούμενα από κρυστάλλους τύπου ZIF-8
και νανοδομές άνθρακα. Η ανάπτυξη των
νανο-σύνθετων υλικών πραγματοποιήθηκε
μέσω της in-situ ανάπτυξης των ZIF-8 δομών
στην
επιφάνεια
κατάλληλα
χημικά
τροποποιημένων νανοδομών άνθρακα. Τα
αποτελέσματα κατέδειξαν την επιτυχή
προσκόλληση καθώς και την πλήρη και
ομοιογενή επικάλυψη της επιφάνειας των
νανοδομών άνθρακα με νανοκρυστάλλους
τύπου ZIF-8.

Στην παρούσα μελέτη πραγματοποιήθηκε η
σύνθεση και μελέτη καινοτόμων νανοσύνθετων υλικών που προήλθαν από την insitu ανάπτυξη δομών τύπου ZIF-8 στην
επιφάνεια νανοδομημένων με βάση τον
άνθρακα υλικών. Τα αρχικά υλικά, τα
ενδιάμεσα χημικά παράγωγα καθώς και τα
τελικά νανοσύνθετα υλικά μελετήθηκαν
ενδελεχώς με ένα συνδυασμό πειραματικών
τεχνικών
χαρακτηρισμού
(συμπεριλαμβανομένων powder XRD, Raman,
XPS, SEM, ΤΕΜ, ΤGΑ, FT-IR), σε
συνδυασμό
με
λεπτομερείς
μετρήσεις
ποροσιμετρίας.

ΕΙΣΑΓΩΓΗ
Τα πορώδη υλικά τύπου ZIF (Zeolite
Imidazolate Frameworks) αποτελούν μια πολύ
ελκυστική
κατηγορία
της
ευρύτερης
οικογένειας των πορωδών σκελετικών υλικών
τύπου MOF (Metal-Organic Frameworks).[1]
Λόγω του μοναδικού συνδυασμού πορώδους
και θερμικής/χημικής σταθερότητας που
εμφανίζουν, τα υλικά ZIF έχουν προταθεί ως
πολλά υποσχόμενοι προσροφητές ή/και σαν
νανοδομημένα
υλικά
για
διαχωρισμό/αποθήκευση αερίων (CO2, H2,
CH4 κ.α.).
Τα νανοδομημένα με βάση τον άνθρακα
υλικά (νανοσωλήνες άνθρακα, γραφένιο κ.α.)
από την άλλη, έχουν συγκεντρώσει τα
τελευταία χρόνια το έντονο ενδιαφέρον της
επιστημονικής κοινότητας για ένα εύρος
δυνητικών εφαρμογών.[2, 3] Μεταξύ άλλων
ιδιαίτερα ελκυστικών ιδιοτήτων, ξεχωρίζουν η
μεγάλη ειδικής τους επιφάνεια (η οποία στην
περίπτωση του γραφενίου έχει θεωρητικά
υπολογιστεί στα 2.630 m2 g-1), η δυνατότητα
χημικής τροποποίησής τους, η σταθερότητά
τους και η δυνατότητα χρήσης τους σαν νάνουποστρώματα για την ανάπτυξη νανοσύνθετων υλικών.

ΑΠΟΤΕΛΕΣΜΑΤΑ-ΣΥΖΗΤΗΣΗ
Αρχικά μελετήθηκε η ανάπτυξη νανοσύνθετων
υλικών
γραφενίου/ZIF-8
(εν
συντομία
ZIF@Graph). Σημειώνεται πως το γραφένιο
που χρησιμοποιήθηκε στην παρούσα μελέτη,
ήταν εξαιρετικά υψηλής ποιότητας και
προέκυψε
από
την
απ’ευθείας
αποφυλλοποίηση συνθετικού γραφίτη με
χρήση υπερήχων[4] χωρίς την χρήση
οξειδωτικών μέσων. Μετρήσεις Raman
επιβεβαίωσαν την επιτυχή αποφυλλοιποίηση
του αρχικού γραφίτη προς την ανάπτυξη
μεμονωμένων ή μικρού αριθμού (<4)
φυλλιδίων γραφενίου. Συγκεκριμένα, το
φάσμα των φυλλιδίων γραφενίου, εμφάνισε το
τυπικό προφίλ που συναντάται εκτεταμένα
στην βιβλιογραφία για υψηλής ποιότητας
φύλλα
γραφενίου.
Στην
συνέχεια
πραγματοποιήθηκε χημική τροποποίηση των
φυλλιδίων γραφενίου με χρήση ευρέως
χρησιμοποιούμενων χημικών μεθόδων με
σκοπό την εισαγωγή ομάδων βενζοϊκού οξέως
στο γραφιτικό πλέγμα του γραφενίου. Όπως θα
συζητηθεί διεξοδικά, ο ρόλος των χημικών
ομάδων που εισάγονται είναι κρίσιμος για το
μετέπειτα στάδιο που ακολουθεί και
περιλαμβάνει την in-situ ανάπτυξη των νάνο-
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Σχήμα 1. Διαγράμματα περίθλασης ακτίνων-Χ
σκόνης (a) νάνο-σύνθετων ZIF@Graph υλικών και
(b) υλικού αναφοράς ZIF-8.

Μετρήσεις ηλεκτρονικής μικροσκοπίας (SEM,
TEM) αποκάλυψαν την πλήρη και ομοιογενή
επικάλυψη των φυλλιδίων γραφενίου με ZIF-8
κρυστάλλους μεγέθους ~30 nm (Σχήμα 2).

πλήρη επικάλυψη της επιφάνειας των
νανοσωλήνων με νάνο-κρυστάλλους ZIF-8.
Intensity (a.u.)

κρυστάλλων ZIF στην επιφάνεια του χημικά
τροποποιημένου γραφενίου. Ακολούθησε η
ανάπτυξη των δομών ZIF-8 παρουσία του
χημικά τροποποιημένου γραφενίου στο
διάλυμα των αντιδρώντων. Το διάγραμμα
περίθλασης
ακτίνων-Χ
των
τελικών
νανοσύνθετων ZIF@Graph υλικών (Σχήμα 1)
επιβεβαίωσε την επιτυχή σύνθεση ZIF-8
κρυστάλλων τύπου sod, ενώ με χρήση της
εξίσωσης Scherrer το μέσο μέγεθός τους
υπολογίστηκε σε 30 nm.
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Σχήμα 3. Διαγράμματα περίθλασης ακτίνων-Χ (a)
νανοσύνθετων ZIF@CNT και (b) υλικού αναφοράς
ZIF-8 (αριστερά) και εικόνες ΤΕΜ των πρώτων
(δεξιά).

Τα νάνο-σύνθετα εμφανίζουν υψηλές τιμές
ειδικής επιφάνειας όπως καταδειχθηκε από
μετρήσεις προσρόφησης Ν2 στους 77 Κ ή/και Ar
στους 87 Κ. Αντιπροσωπευτική ισόθερμος
φαίνεται στο Σχήμα 4 για το υλικό ZIF@Graph.
Τα αποτελέσματα δείχνουν ότι το πορώδες του
ZIF-8 διατηρείται πλήρως στα τελικά
νανοσύνθετα
υλικά.
Επιπλέον,
πραγματοποιήθηκαν μετρήσεις προσρόφησης
CO2 σε διάφορες θερμοκρασίες από όπου
υπολογίστηκε η ενθαλπία προσρόφησης (Qst).
Χαρακτηριστικά, το δείγμα ZIF@Graph
προσροφά 30 cm3/g στους 273 K, εμφανίζοντας
Qst 20 kJ mol-1.

Σχήμα 2. Εικόνες SEM (αριστερά) και TEM (δεξιά)
των νανοσύνθετων ZIF@Graph υλικών.

Με ανάλογη μεθοδολογία πραγματοποιήθηκε
και η ανάπτυξη των νανοσύνθετων υλικών
αποτελούμενων από νανοσωλήνες άνθρακα
και ZIF-8 δομές (εν συντομία ZIF@CNT).
Συγκεκριμένα
νανοσωλήνες
άνθρακα
πολλαπλού
τοιχώματος,
τροποποιήθηκαν
χημικά με σκοπό την εισαγωγή χημικών
ομάδων βενζοικού οξέως. Οι χημικά
τροποποιημένοι
νανοσωλήνες
χρησιμοποιήθηκαν στην συνέχεια σαν
μονοδιάστατα (1-D) υποστρώματα για την
ανάπτυξη νανοδομών τύπου ZIF-8. Μετρήσεις
περίθλασης ακτίνων-Χ κόνεως (Σχήμα 3)
επιβεβαίωσαν
των
επιτυχή
ανάπτυξη
κρυσταλλικής φάσης ZIF-8 τύπου sodalite, με
το μέσο μέγεθος κρυστάλλου ~20 nm.
Επιπλέον
μετρήσεις
ηλεκτρονικής
μικροσκοπίας κατέδειξαν την ομοιογενη και

Σχήμα 4. Ισόθερμος προσρόφησης/εκρόφησης Ν2
των υλικών ZIF@Graph στους 77 Κ.

EΥΧΑΡΙΣΤΙΕΣ
Η παρούσα μελέτη υποστηρίχθηκε από την
Ευρωπαϊκή Επιτροπή μέσω υποτροφίας Marie
Curie στα πλαίσια του προγράμματος πλαισίου
FP7-PEOPLE-2012-IEF.
ΒΙΒΛΙΟΓΡΑΦΙΑ
1. R. Banerjee et al, Science 319 5865 (2008).
2. K.S. Novoselov et al, Nature 490 7419
(2012).
3. M Prato et al, Accounts of Chemical
Research 41 1 (2008).
4. T. Tsoufis et al, RSC Nanoscale 7 19
(2015).

7ο Πανελλήνιο Συμπόζιο Πορωδών Υλικών

NOVEL METAL ORGANIC FRAMEWORKS BASED ON TETRAHEDRAL
LINKERS AND HIGH CONNECTIVITY METAL CLUSTERS
Giasemi K.Angeli, Constantinos Tsangkarakis, Ioannis Spanopoulos
and Pantelis N. Trikalitis
Department of Chemistry, University of Crete, Voutes, 71003 Heraklion, Greece

The exploration of new metal organic
frameworks (MOFs) has been one of the most
rapidly developing fields of porous materials
due to their potential applications in energy
and environment related sectors as gas
storage/separation, catalytic and sensing
materials [1].
Their structural diversity gave rise to
numerous exploratory works, which were
aiming to the symmetry guided design of
MOFs with desired characteristics [2].
Recently, a great effort has been made
in order to synthesize porous MOFs based on
high connectivity metal clusters (i.e., > 8)
because simple, edge transitive nets can be
easily targeted. With proper ligand design, it is
therefore possible to target and synthesize a
specific
network
with
desired
pore
characteristics. These kind of tailor-made
porous materials are ideal to study important
gas sorption properties including CO2 capture
and CH4 storage [3].
Recent literature contains intriguing
examples of MOFs assembled from Zr(IV),
Hf(IV), Y(III) and rare-earth metal clusters
exhibiting high nuclearity and connectivity
such as the twelve connected hexanuclear
M6O4(OH)4(-CO2)12 clusters with linear,
trigonal or tetragonal ligands.
In this work, we report the synthesis
and characterization of new porous MOFs
based on Y(III) and Tb(III) using carboxylatebased organic linkers with tetrahedral
topology, as well as our first attempts for the
successful activation of these solids and their
gas sorption properties.

Figure 2: X-ray powder diffraction pattern of the
sulphone functionalized Y-MOF (top) and the nonfunctionalized analogue (middle). The PXRD
pattern of the reported Zr–MTBC MOF, known as
PCN-521, is shown at the bottom [1].

Figure 3: Optical (left) and scanning electron
microscopy images (tight) of the Y-MTBC
MOF.
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Figure 1: The tetrahedral ligands used for
construction of the new MOFs (left: MTBC, right:

MTBCS-sulphone).
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SUMMARY
We utilized the etb platform of MOFs for the
synthesis of a water stable, expanded analogue,
based on an amide functionalized trigonal
tritopic organic linker and Al3+ metal ions. The
resulting material Al(L), exhibits a very high
isosteric heat of methane adsorption followed
by an impressive methane uptake at high
pressures and ambient temperature.
INTRODUCTION
Utilization of fossil fuels in energy production
and transportation emits enormous amounts of
CO2 in the atmosphere contributing to
numerous environmental problems and health
issues. Thus, the use of environmental friendly
fuels is of utmost importance. Natural gas,
consisting of almost 95% CH4, is a good
candidate for replacing gasoline in mobile
transportation and coal in stationary power
plants. However, the use of methane as a fuel
especially in the automotive industry is still
limited, mainly due to the high cost associated
with storage and delivery of liquid methane.1
A very promising method to store large
amounts of methane at ambient temperature
and moderate pressures, in the use of porous
adsorbents. Different porous materials have
been tested for this purpose, including zeolites
and porous carbons.2 Nonetheless their
gravimetric and volumetric capacities were far
less than the targets set by the US DOE
(Department of Energy) 350 cm3 (STP) cm-3
(v/v) and 0.5 g g-1 (699 cm3 (STP) g- 1), at 35
bar and 298 K.3, for material-based adsorbed
methane storage. Therefore the development of
a next generation of porous materials with
improved
gravimetric
and
volumetric
capacities is a very challenging and promising
task.
Metal Organic Frameworks (MOFs) have
been tested towards methane storage and
proved to be highly advantageous. Due to their
high surface area, tunable porosity and
functionalization they have reached uptake

values very close to the US DOE targets
although none of them has been yet satisfied.4
Recently a microporous etb type MOF,
namely Ni-MOF-74 was reported to exhibit a
record total volumetric methane uptake at 35
bar and 298 K, with a value of 230 cm3 (STP)
cm-3.5 Nonetheless although this uptake is very
high, is still lower than the US DOE target.
Therefore exploitation of this MOF platform
for the synthesis of porous materials with
higher volumetric and gravimetric surface area,
and enhanced methane framework interactions,
is expected to give rise to MOFs with
improved methane storage capacities.
Those characteristics can be employed into
MOF
synthesis
by
using
elongated
functionalized organic linkers. This would give
rise to materials with higher gravimetric
surface areas and pore volume, enhancing at
the same time the interaction of the framework
with gas molecules. Additionally replacement
of Ni2+ metal ions with Al3+ is expected to
construct more robust and water stable MOFs.6
We have therefore designed and synthesized
an amide functionalized elongated trigonal
tritopic organic ligand (H3L). Solvothermal
reaction of linker H3L with Al3+ ions gave rise
to a mesoporous etb analogue with 1D
hexagonal channels of 25 Å in diameter.

Figure 1. The 1-D honeycomb channels in the
crystal structure. Pink spheres: Al, gray: C, red: O,
white: H, blue: N. Solvent molecules are omitted
for clarity.
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RESULTS AND DISCUSSION
During our quest to acquire a crystalline
material with the desired topology, different
synthetic
conditions
were
optimized.
Eventually a solvothermal reaction at 180 0C in
the presence of benzoic acid as modulator,
gave rise to a highly crystalline material.
The lack of single crystals prompted us to
construct the crystal structure using molecular
modeling techniques. The construction of the
periodic structure was based on the
isostructural
CAU-4
material.
Al(L)
crystallizes in the trigonal system, space group
P312 with unit cell parameters: a = 27.7027 Å,
b = 27.7027 Å, c = 11.4602 Å, α = 900, β = 900,
γ = 1200.
A suitable activation protocol was developed
by using supercritical drying with CO2, in
order to evaluate the gas sorption properties of
this MOF.
Argon sorption measurements confirmed the
permanent porosity of Al(L), giving a fully
reversible
isotherm
with
a
distinct
condensation step in the relative pressure range
P/Po 0.04 - 0.15 suggesting the presence of
small mesopores, in full agreement with the
crystallographic
data.
The
calculated
gravimetric surface area (BET) of Al(L), was
estimated to be 1667 m2 g-1. Low pressure
methane adsorption measurements were carried
out in order to determine the isosteric heat of
adsorption. Al(L) exhibits a value of Qst0 =
21.7 kJ mol-1, which is among the highest
values reported for MOFs and slightly higher
than the one reported for Ni-MOF-74.

High pressure CH4 measurements gave
insight to the evaluation of Al(L) towards
methane storage at room temperature. Indeed
at 100 bar at 298 K the total gravimetric and
volumetric uptake values are 0.254 g g-1 and
192 cm3 (STP) cm-3 respectively, while equally
impressive are the working capacities between
80 bar and 5 bar with values of 150 cm3 (STP)
cm-3 and 0.200 g g-1.
CONCLUSIONS
The reticular expansion approach was
successfully utilized for the synthesis of a water
stable
mesoporous aluminum etb-MOF
functionalized with a large number of amide
groups. The presence of those strong polar
groups indeed improved the framework
interaction with methane molecules, as it was
verified by the very high isosteric heat of
methane adsorption. Additionally, high pressure
methane adsorption measurements revealed that
the gravimetric and volumetric working
capacities of Al(L) can be well compared to
some of the best performing materials for
methane storage. Apparently judiciously control
of pore size and number of amide groups can
maximize further the gas framework interactions
giving rise to etb-MOFs that can eventually meet
the demanding US DOE targets.
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SUMMARY
We have recently initiated a project to
construct new Metal-Organic Frameworks
(MOFs) based on oxalamide ligands. To this
end, the oxalamide ligand of aminoteraphthalic
acid was utilized as a source of new MOFs
with alkaline earths and lanthanides. We have
discovered that such alkaline earth MOFs have
the ability to exchange the alkaline earth ion
with either transition metal ions or lanthanide
ions. Such materials may be useful for either
the removal of metal ions from solutions or
when doped with proper lanthanides for
making materials emitting white light.
INTRODUCTION
Already exploited in crystal engineering, the
oxalamide moiety has been extensively used
due to its ability to form intermolecular
hydrogen bonds [1]. Depending on the nature
of the substituents on the oxalamide moiety
and the degree of the deprotonation of the N-H
groups, oxalamides may chelate to metal ions
enabling the two C=O bonds to chelate to a
second metal ion. This strategy has been
utilized to construct molecular-based materials
exhibiting spontaneous magnetization [2].

Figure 1. Aspects of the oxalamide chemistry.

OUR SCOPE AND APPROACH
Aiming at the construction of novel MOFs, we
synthesized a new oxalamide ligand with
aminoteraphthalic acid. This polycarboxylate
ligand bearing the oxalamide moiety was
utilized for the synthesis of new MOFs with
alkaline earth and lanthanide ions under
solvothermal conditions or on the bench. A
series of new two- and three-dimensional
MOFs were obtained and characterized by
single-crystal crystallography, thermal analysis
and spectroscopic techniques.

Figure 2. The structure of a two-dimensional Ca
oxalamide MOF
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Having in mind that such oxalamide ligands
may further coordinate through the C=O
groups we tried to dope the alkaline earth
MOFs with transition metal ions. Soon enough
we found that the transition metal ions simply
displace the alkaline earths and that when this
procedure takes place in H2O the metal ion
exchange is quite fast. Therefore, such alkaline
MOFs may be useful as filling materials for
ion-exchange columns. Given that the alkaline
MOFs emit light in the blue region when
excited with UV irradiation and their ability to
exchange the alkaline earth with other metal
ions we started doping them with lanthanide
ions. The lanthanide exchanged MOFs retain
the original, ligand based blue emission while
exhibit
the
lanthanide
characteristic
emission(s) giving rise to solid-state materials
that can emit blue, green and red light or all
together, thus resulting in white emitting
materials.

Figure 3. The Eu3+@Ca-oxalamide MOF (left)
and the Tb3+@Ca-oxalamide MOF (right)
under a 365 nm UV lamp
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SUMMARY
In our effort to synthesize new Metal-Organic
Frameworks (MOFs) we utilized an oxalamide
functionalized
di-isophthalic
ligand.
Employment of such a tetracarboxylate ligand
in the chemistry of alkaline earth ions (i.e.
magnesium, strontium and barium), transition
metal ions such as cobalt(II), nickel(II),
zinc(II) and cadmium(II) and various
lanthanides resulted in a number of porous
Metal-Organic Frameworks with intriguing
structural features and novel topologies. Some
of these new MOFs were utilized as sensors for
the detection of small organic molecules.
INTRODUCTION
Metal-organic frameworks also known as
porous coordination polymers, are crystalline
solids that consist of metal ions or metal
clusters connected through space via
multidentate organic ligands by coordination
bonds [1].
In recent years, there has been an increasing
interest in Metal-Organic Frameworks (MOFs)
due to their versatile architectures and
intriguing topologies as well as for their
properties which may result in a wide range of
potential applications. Generally, the structural
and functional features of such materials
greatly depend on the selection of the organic
ligands and metal ions, as well as on the
reaction pathways. In general the synthesis of
MOFs is achieved under mild conditions (e.g.
solution chemistry, solvothermal synthesis)

and most of the times is high yielding and
scalable, features that make MOFs attractive
targets for technological applications.
OUR SCOPE AND APPROACH
The topological behavior of di-isopthalates in
MOFs chemistry is already known and many
compounds have been reported so far [2]. In
our efforts to synthesize new MOFs for sensing
applications, we synthesized a di-isophthalate
ligand around an oxalamide moiety. The ligand
owing to the existence of –NH and –C=O in its
backbone offers the possibility to functionalize
the interiors of the resulting MOFs with both
hydrogen bond donors and acceptors. Such
groups offer the ability to the MOFs to host
various small molecules in their interior spaces
and interact with them.

Figure 1. The underline topology of an
oxalamide functionalized di-isophthalate MOF
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Due to the host-guest interactions some of the
host’s (MOFs) properties may change and that
makes them perfect candidates for sensing
technologies. Most of the newly obtained
MOFs found to be porous possessing channels
with diameters up to 12Å and theoretical
surfaces areas in the range of ~500 to ~4.500
m2/g. Due to the rigidity and thermal stability
of the ligand, most of the resulting MOFs were
also found to be thermally stable above 350 C.
Activation methods relying on either solvent
exchange and heating or simply heating
produced open frameworks having the ability
to adsorb small molecules. Photoluminescence
studies on activated MOFs having adsorbed
several analytes showed that the solid-state
emission maxima of the materials shifts (either
blue or red shift) suggesting that the respective
MOFs have the ability to sense such molecules.

Figure 2. Normalized solid-state
photoluminescence spectra of an activated
MOF having adsorbed several analytes
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ABSTRACT
Employment of di-2-pyridyl ketone and
bridging ligands in the chemistry of CuII has
afforded both coordination polymers (1D, 2D
and 3D) and hydrogen-bonded frameworks
depending on the reaction conditions. Di-2pyridyl ketone has undergone several metalassisted transformations to yield the CuII
structural units which in combination with
either poly-carboxylates or triphosphonate
ligands provided access to extended
frameworks. Magnetic measurements were
also carried out.
INTRODUCTION
Over the last years, we’re are witnessing the
born of a new field within the realms of
molecular and supramolecular chemistry which
aspires to forge bonds between the fields of
Metal-Organic Frameworks (MOFs) and
Molecular Nanomagnets (MNMs) [1]. Both
materials, MOFs [2] and MNMs [3] are
interesting in their own right for their
chemistry, aesthetics and properties. MNMs
are commonly polynuclear metal complexes
exhibiting interesting magnetic properties. The
most interesting MNMs are called SingleMolecule Magnets (SMMs) which exhibit
magnetic bistability of pure molecular origin
[3]. Several MOFs are based on polynuclear
metal complexes (clusters) which impart
rigidity upon the structures of the frameworks
[4]. Making MOFs from MNMs or SMMs is
not trivial since it requires the controlled
aggregation and organization of magnetic
building blocks into designed 3D architectures.
Several attempts to produce supramolecular
architectures from MNMs have been recently
reviewed [1][5]. Although, many of them were
isolated serendipitously, we can recognise at

least two synthetic strategies that may lead to
such materials. The first involves the reaction
between pre-isolated clusters and bridging
ligands (organic or metal complexes) while the
other one, which we call a “mixed-ligand”
approach, relies upon the use of both clustermaking ligands and polymer-making ligands.
The latter might be organic bridging ligands,
such as bis- or poly-carboxylates or bis- or
poly-pyridyl ligands or metal complexes
having the ability to act as bridging ligands. A
cluster-making ligand has the ability to bridge
several metal ions in order to produce a cluster
but it is incapable to polymerize.
Experimental Section: To this end our
attention was drawn towards reaction blends
containing di-2-pyridyl ketone, py2CO and
simple bridging ligands. Given the ability of
py2CO
to
undergo
metal-assisted
transformation generating polydentate ligands
that have provided access to a plethora of
polynuclear metal complexes, especially when
py2CO was blended with simple carboxylate
ligands (e.g. acetate, benzoate etc) [6], we
reasoned that a reaction blend of py2CO / polycarboxylate or py2CO / poly-phosphonate will
lead to polymeric complexes comprising
polynuclear metal complexes. Herein, we
report our results from the simultaneous use of
py2CO/trimesic
acid
(H3btc),
py2CO/pyromellitic
acid
(H4btc),
py2CO/isophthalic acid (H2bdc), py2CO/5hydroxy isophthalic acid (OH-H2bdc) and
py2CO/1.3.5-benzene triphosphonic acid in
CuII chemistry. Solvothermal treatment of the
above reaction mixtures led in all cases to the
isolation of either two or three dimensional
coordination polymers while reaction at
ambient temperature led to the formation of
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mononuclear complexes of general formula
[Cu{(py)2C(OH)xOy}2]·S·L (x=1 or 2, y=0 or
1, S= solvent molecule, L=bridging ligand)
that could be described as 3D hydrogen bonded
frameworks.
Magnetic studies: Dc magnetic susceptibility
data for the 3D coordination polymer
[Cu2{(py)2C(OH)O}(btc)(H2O)]n 1 (where btc
is the tri-anion of trimesic acid), were recorded
between 300 and 5 K in an applied field of 0.1
T.
This
polymer
consists
of
[Cu2{(py)2C(OH)O}(H2O)]3+ dinuclear units
that are further bridged by the syn,anti
carboxylate groups of btc3– ligands to form a
one-dimensional chain. Neighboring chains are
separated by the phenyl rings of the btc3–
anions. Therefore, from the magnetic point of
view, the 3D polymer can be considered as
being consisted of magnetically isolated chains
of [Cu2{(py)2C(OH)O}(H2O)]3+ bridged by the
syn,anti carboxylate groups of the btc3–
ligands.
Considering
these
structural
parameters a 2-J model can describe the
exchange interactions between the CuII ions
within the chain. J1 denotes the exchange
pathway within the dinuclear unit, i.e. between
the CuII ions (Cu1···Cu2) bridged by one
alkoxide (RO–) and one syn,syn carboxylate
group, and J2 the exchange pathway between
the CuII ions belonging to neighboring
dinuclear units, i.e. those bridged by the
syn,anti carboxylate groups. Such 1D systems
can be satisfactorily simulated by a ring model
comprising six dinuclear units (i.e. twelve CuII
ions, inset in Figure 2) [7]. The experimental
data were satisfactorily fitted using the
program PHI [8] employing the spin
Hamiltonian, Ĥ = -2J1(Ŝ1·Ŝ2 + Ŝ3·Ŝ4 + Ŝ5·Ŝ6 +
Ŝ7·Ŝ8 + Ŝ9·Ŝ10 + Ŝ11·Ŝ12 + Ŝ5·Ŝ6) -2J2(Ŝ2·Ŝ3 +
Ŝ4·Ŝ5 + Ŝ6·Ŝ7 + Ŝ8·Ŝ9 + Ŝ10·Ŝ11 + Ŝ12·Ŝ1). The best
fit (red line in Figure 2) gave the following
parameters: g = 2.09, J1 = 33.08 cm-1, J2 = 3.88
cm-1 and zJ = - 0.11 cm-1 (zJ describes the
inter-chain interactions in a mean field
approximation).

Figure 1. The magnetically isolated chain in 1 and
the notation of the magnetic exchange interactions
(blue arrows) between the CuII ions.

Figure 2. MT (○) vs. T plot for the complex 1. The
red line represents the best fit of the experimental
data.
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SUMMARY
In the present work, we describe the
properties of the synthesized magnetic carbon
nanocages (MCNCs). MCNCs were prepared
in a simple, cost-effective and one-step green
way by carbonization of biomass and iron salt.
The composite materials were investigated for
water remediation ability.
INTRODUCTION
In the past few decades different
technologies, using carbon and/or iron-based
materials have been investigated thoroughly
and applied widely for water treatment
applications [1]. Specifically, materials like
mesoporous carbon structures, zero valent iron
nanoparticles (nZVI), iron oxides/hydroxides
nanoparticles and their hybrids and derivatives,
have gain a lot of interest by exhibiting
significant results on removal of numerous
contaminants [2].
Such a promising material is the
Carbon Nanocages (CNCs). CNCs have been
described and presented as a new type of
material with a 3D spherical structure,
consisting of a graphitic shell and a hollow
interior with high surface area and remarkable
properties [3]. They have been applied as
adsorbents, catalyst supports and electrode
materials.
The combination of carbon materials
with iron species, can lead to hybrid materials
with
enhanced
properties.
Magnetic
composites, have shown multifunctional ability
towards water treatment, due to the synergetic
effect of their components, combining different
removal mechanisms, i.e. absorption, reduction
or/and precipitation [2].

Synthesis and Characterization of MCNCs:
MCNCs were synthesized by carbonization of
biomass (sawdust, resins) impregnated with
iron salt at 1000oC in inert atmosphere.
The final material consists of 27.7%
iron carbide (Fe3C), 5% metallic iron (α-Fe),
(Fe) and 67.3% graphite, as was calculated by
Rietveld refinement technique. Raman and
XPS measurements proved the defect graphite
structure of carbon and the existence of Fe3C
while from microscopy images is obvious the
carbon cage formation that encapsulates iron
and iron carbide particles.

Figure 1. XRD pattern of MCNCs

Figure 2. C1s core level X-ray photoemission
spectra of MCNCs
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area (SBET) was calculated to be 177 m2/g and
total pore volume (Vtot) was calculated using
the Gurvich rule at P/Po=0.95 and found to be
~0.24 cm3/g.

Figure 3. RAMAN spectrum of MCNCs

Remediation ability of MCNCs: MCNCs were
tested on methylene blue removal from
aqueous solution. Methylene blue (MB) is an
azodye, known as a toxic pollutant harmful to
the living systems. MCNCs exhibited
maximum removal capacity calculated by
Langmuir model equal to 70.92 mg/g. MCNCs
are considering excellent candidates for further
investigation and application to a wider range
of pollutants.

Figure 4. HRTEM and Chemical Mapping of
MCNCs
Figure 6. Adsorption isotherm of MB adsorbed my
MCNCs

Figure 5. N2 adsorption-desorption isotherms of
MCNC. Inset: BJH pore size distribution

MCNCs exhibit isotherm of type IV
without well-defined steps in the adsorption
curves and with a two step capillary
condensation in the desorption curve for
relative pressure ranges of 0.4-0.5 and 0.9-1.
The observed hysteresis loop can be attributed
to desorption via cavitation instead of the
desorption at different pressures due to
classical pore blocking effects. The pore size
distribution (PSD) of MCNC material was
obtained by BJH method reveals the presence
of a distribution of mesopores with sizes from
2 to 8 nm (Figure 5, inset). Surface specific

Figure 7. Langmuir model

REFERENCES
[1] Zhou Q., Li J., Wang M., Zhao D., Crit.
Rev. Env. Sci. Technol. 8, 783-826 (2016)
[2] Yang Y., Chiang K., Burke N., Catalysis
Today 178, 197-205 (2011)
[3] Wang, X. X., Tan, Z. H., Zeng, M. &
Wang, J. N. Sci. Rep. 4, (2014)
[4] Yan, W., Lien, H.-L., Koel, B. E. & Zhang,
W. Environ. Sci. Process. Impacts 15, 63–77
(2013)
[5] M. Thommes, B. Smarsly, M.Groenewolt,
P. I. Ravikovitch, A. V. Neimark., Langmuir 22,
756-764 (2006)

7ο Πανελλήνιο Συμπόζιο Πορωδών Υλικών

H ΣΔΥΝΙΚΗ ΦΑΜΑΣΟΚΟΠΙΑ ΦΧΣΟΗΛΔΚΣΡΟΝΙΧΝ ΑΠΟ
ΑΚΣΙΝΔ-X (XPS) Χ ΔΡΓΑΛΔΙΟ ΜΔΛΔΣΗ ΠΟΡΟΓΧΝ ΤΛΙΚΧΝ
Λ. Σύγθειινπ
Ίδξπκα Τερλνινγίαο Έξεπλαο, -Ιλζηηηνύην Επηζηεκώλ Χεκηθήο Μεραληθήο - ΙΤΕ/ΙΕΧΜΗ, P.O. Box 1414,
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ΠΔΡΙΛΗΦΗ
Η Φαζκαηνζθνπία Φσηνειεθηξνλίσλ από
αθηίλεο-Χ
(XPS)
βαζίδεηαη
ζην
θσηνειεθηξηθό θαηλόκελν. Είλαη επηθαλεηαθά
επαίζζεηε ηερληθή, νη πιεξνθνξίεο πνπ
παίξλνπκε γηα ηελ ρεκηθή θαηάζηαζε θαη ηελ
ζρεηηθή αηνκηθή αλαινγία ηεο επηθάλεηαο
πξνέξρνληαη από βάζνο κέρξη ~12nm. Σηελ
εξγαζία
απηή,
ζα
παξνπζηαζηνύλ
απνηειέζκαηα ηεο ηερληθήο απηήο ζε πνξώδε
πιηθά. Θα παξνπζηαζηνύλ παξαδείγκαηα ζηα
νπνία ηα πνξώδε πιηθά ρξεζηκνπνηνύληαη είηε
σο θνξείο θαξκάθσλ ή σο θνξείο
ππνζηεξηγκέλσλ θαηαιπηώλ. Η ηερληθή XPS
καο δίλεη πιεξνθνξίεο ζρεηηθά κε: (α) ε
παξνπζία ή όρη ηνπ θάξκαθνπ ζηνλ θνξέα θαη
(β) εάλ ππάξρεη ρεκηθή αιιειεπίδξαζε ηνπ
θνξέα κε ην θάξκαθν (γ) θαηλόκελα πνπ
ζρεηίδνληαη κε κεηαβνιέο ηεο ρεκηθήο
θαηάζηαζεο θαη ηεο αηνκηθήο ζπγθέληξσζεο
ζηελ επηθάλεηα ελόο θαηαιπηηθνύ ζπζηήκαηνο
κεηά από ρεκηθέο δηεξγαζίεο.

Επίζεο ην εκβαδόλ ηεο θσηνθνξπθήο είλαη
αλάινγν ηνπ αξηζκνύ ησλ αηόκσλ ηνπ
ζπγθεθξηκέλνπ ζηνηρείνπ ζηελ επηθάλεηα θαη
έηζη παξέρεη πνζνηηθέο πιεξνθνξίεο, ελώ ην
εύξνο ηεο θνξπθήο ζην κηζό ηνπ κέγηζηνπ
ύςνπο ηεο (Full Width at Half Maximum,
FWHM) δίλεη πνηνηηθέο πιεξνθνξίεο πνπ
αθνξνύλ θπξίσο ηελ ύπαξμε ηνπ ίδηνπ
ζηνηρείνπ ζε κία ή πεξηζζόηεξεο δηαθνξεηηθέο
θαηαζηάζεηο.

ΔΙΑΓΧΓΗ
Η Φαζκαηνζθνπία Φσηνειεθηξνλίσλ από
αθηίλεο-Χ (XPS) βαζίδεηαη ζηνλ βνκβαξδηζκό
ηεο
επηθάλεηαο
ελόο
ζηεξενύ
εληόο
ππεξπςεινύ θελνύ (UHV) κε καιαθέο
αθηίλεο-Χ. Η απνξξόθεζε ησλ αθηίλσλ-Χ από
έλα άηνκν ζην ζηεξεό έρεη ζαλ απνηέιεζκα
ηελ εθπνκπή ελόο ειεθηξνλίνπ (θσηντνληζκόο)
από ηα επίπεδα θαξδηάο ή ηε ζηνηβάδα ζζέλνπο
ηνπ αηόκνπ ηνπ ζηεξενύ. Έλα θιάζκα απηώλ
ησλ ειεθηξνλίσλ πνπ δεκηνπξγνύληαη θνληά
ζηελ επηθάλεηα ηνπ ζηεξενύ δηαθεύγνπλ από
απηό (θσηνεθπνκπή). Η ζπλνιηθή δηαδηθαζία
είλαη γλσζηή σο θσηνειεθηξηθό θαηλόκελν.
Κύξην ραξαθηεξηζηηθό κηαο θσηνθνξπθήο
όπσο θαίλεηαη ζην ζρήκα 1, όπνπ δίλεηαη ε
θνξπθή ηνπ άλζξαθα γηα έλα πκέλην νξγαληθνύ
πιηθνύ, είλαη ε ζέζε ηεο πνπ αληηζηνηρεί ζηελ
θηλεηηθή
ελέξγεηα,
από
ηελ
νπνία
πξνζδηνξίδεηαη ε ελέξγεηα ζύλδεζεο ησλ
ειεθηξνλίσλ κέζα ζην άηνκν ηνπ ζηεξενύ.

χήμα 1. Φάζκα XPS ηεο θνξπθήο
θύξηα ραξαθηεξηζηηθά ηεο.

C1s κε ηα

Σηελ εξγαζία απηή, παξνπζηάδνληαη ηα
απνηειέζκαηα ηεο ηερληθήο απηήο ζε πνξώδε
πιηθά. Τα πιηθά είλαη είηε δεόιηζνη [1] ή
πνξώδεο άλζξαθαο [2] πνπ ρξεζηκνπνηνύληαη
σο θνξείο θαξκάθσλ κε εθαξκνγέο ζε
ζπζηήκαηα κεηαθνξάο θαξκάθσλ θαη ληθέιην
ππνζηεξηγκέλν ζε ηξνπνπνηεκέλε αινπκίλα κε
εθαξκνγέο ζε θαηαιπηηθά ζπζηήκαηα.
ΠΔΙΡΑΜΑΣΙΚΟ ΜΔΡΟ
Η αλάιπζε ησλ δεηγκάησλ κε θαζκαηνζθνπία
από αθηίλεο-Χ έγηλε ζην ζύζηεκα LHS-10 ηεο
εηαηξείαο SPECS. Χξεζηκνπνηήζεθε άλνδνο
Al κε γξακκή αθηίλσλ-Χ ηελ AlKα (κε κνλνρξσκαηνπνηεκέλε)
κε
ραξαθηεξηζηηθή
ελέξγεηα 1486.6eV. Οη κεηξήζεηο XPS έγηλαλ
ζε ζεξκνθξαζία δσκαηίνπ ζηελ πεξηνρή ησλ
10-9 mbar. Σηνλ εκηζθαηξηθό αλαιύηε
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ρξεζηκνπνηήζεθε ελέξγεηα δηέιεπζεο 97 eV
πνπ δίλεη πιάηνο γξακκήο 3d5/2 ηνπ Ag 0.9
eV. Η αλαιπόκελε πεξηνρή ήηαλ έλα
νξζνγώλην δηαζηάζεσλ 4.5x2.5mm2.
Γηα όια ηα δείγκαηα θαηαξάθεθαλ θαη αξρήλ
θάζκαηα επξείαο ζάξσζεο (wide scans) ελώ
ζηε ζπλέρεηα έγηλαλ ιεπηνκεξείο κεηξήζεηο
ησλ θσηνθνξπθώλ ησλ ζηνηρείσλ πνπ ππήξραλ
ζηα δείγκαηα. Σηελ πεξίπησζε πνπ ηα
δείγκαηα
παξνπζίαδαλ
ειεθηξνζηαηηθή
θόξηηζε
εμαηηίαο
ηνπ
θσηνηνληζκνύ,
δηνξζσλόηαλ κε βάζε ηελ ραξαθηεξηζηηθή
ηζρπξή θνξπθή ηνπ C1s. Τα δείγκαηα ήηαλ ζε
κνξθή ζθόλεο θαη γηα ηελ κέηξεζή ηνπο
ζπκπηεδόηαλ ζε εηδηθό ππνδνρέα.
ΑΠΟΣΔΛΔΜΑΣΑ
Σηηο πεξηπηώζεηο ησλ θνξέσλ θαξκάθσλ
εμεηαδόηαλ εάλ ην θάξκαθν ππήξρε ζηνλ
θνξέα θαη εάλ αιιειεπηδξά ρεκηθά κε ηνλ
θνξέα. Γηα ηνλ ζθνπό απηό κειεηνύηαλ
μερσξηζηά ν θνξέαο, ην θάξκαθν θαη ν θνξέαο
καδί κε ην θάξκαθν. Σηελ πεξίπησζε ησλ
δεόιηζσλ [1] ρξεζηκνπνηήζεθαλ δύν ηύπνη
θνξέσλ, BEA θαη NaX-FAU, κε δηαθνξεηηθό
κέγεζνο ησλ ζσκαηηδίσλ θαη δηάκεηξν πόξσλ
θαη ην θάξκαθν πνπ κειεηήζεθε ήηαλ ην 5fluorouracil. Τα απνηειέζκαηα έδεημαλ όηη θαη
ζηνπο δύν ηύπνπο δεόιηζσλ ην θάξκαθν
ππάξρεη θαη δελ αιιειεπηδξά ρεκηθά κε ηνλ
θνξέα. Η δηαθνξά είλαη όηη ζηνλ δεόιηζν NaXFAU ε θαηαλνκή ηνπ θάξκαθνπ είλαη πην
νκνηόκνξθε από όηη ζηνλ BEA. Σηελ
πεξίπησζε ηνπ θνξέα άλζξαθα [2] κέζνπ
πνξώδνπο (mesoporous carbon) κειεηήζεθαλ
δύν θάξκαθα ηβνππξνθαίλε (ibuprophen) θαη
ηλδνκεζαθίλε
(indomethacin).
Τα
απνηειέζκαηα XPS έδεημαλ όηη ε ηλδνκεζαθίλε
επηθάζεηαη ζηελ επηθάλεηα ηνπ άλζξαθα ελώ ε
ηβνππξνθαίλε
είλαη
πεξηζζόηεξν
ζην
εζσηεξηθό ηνπ άλζξαθα. Σηελ πεξίπησζε ησλ
θαηαιπηηθώλ ζπζηεκάησλ κειεηήζεθε ην
ζύζηεκα ληθειίνπ-κνιπβδαηλίνπ (Ni-Mo)
ππνζηεξηγκέλν ζε γ-αινπκίλα. Μειεηήζεθε ε

επίδξαζε ηεο παξνπζίαο ηνπ κνιπβδαηλίνπ
ζηηο θαηαιπηηθέο ηδηόηεηεο ηνπ ληθειίνπ.
Επνκέλσο
κειεηήζεθαλ
δείγκαηα
κε
δηαθνξεηηθέο αηνκηθέο αλαινγίεο ληθειίνπκνιπβδααηλίνπ
κεηά
από
θαηεξγαζία
αλαγσγήο, δειαδή ζέξκαλζε ζηνπο 4000C ζε
αηκόζθαηξα πδξνγόλνπ. Από ηελ ηερληθή XPS
βξέζεθε, ζε όιεο ηηο πεξηπηώζεηο, ε ζρεηηθή
αηνκηθή αλαινγία ηεο επηθάλεηαο, από ηελ
νπνία εμάγνληαη ζπκπεξάζκαηα γηα ηελ
δηαζπνξά ηνπ κεηάιινπ ή ηνπ νμεηδίνπ ηνπ
κεηάιινπ ζηνλ θνξέα. Επίζεο, ζεκαληηθέο
πιεξνθνξίεο παίξλνπκε γηα ηελ ρεκηθή
θαηάζηαζε ηεο επηθάλεηαο, δειαδή γηα ηνλ
βαζκό νμείδσζεο. Βξέζεθε όηη ε παξνπζία ηνπ
αξγηιηθνύ ληθειίνπ παίδεη ζεκαληηθό ξόιν
ζηελ
θαηαιπηηθή
ζπκπεξηθνξά
ηνπ
ζπζηήκαηνο.

ΤΜΠΔΡΑΜΑΣΑ
Η ηερληθή θαζκαηνζθνπίαο θσηνειεθηξνλίσλ
είλαη έλα ζεκαληηθό εξγαιείν ζηελ κειέηε
πνξσδώλ πιηθώλ κηαο θαη δίλεη ζεκαληηθέο
πιεξνθνξίεο γηα ηελ αηνκηθή ζπγθέληξσζε θαη
ηελ ρεκηθή θαηάζηαζε ηεο επηθάλεηαο. Σε
ζπλδπαζκό
κε
ηερληθέο
πνπ
δίλνπλ
πιεξνθνξίεο γηα ην εζσηεξηθό ησλ πιηθώλ
εμάγνληαη ζεκαληηθά ζπκπεξάζκαηα ηεο
ζπκπεξηθνξάο ησλ πιηθώλ απηώλ ζε δηάθνξεο
εθαξκνγέο.
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SUMMARY
The different microporous structures and acidic
properties (number, strength and type of acid
sites) of various zeolite catalysts induce unique
effects on product yields in biomass pyrolysis
and on the composition of the produced bio-oil.
The use of the strongly acidic microporous HZSM-5 zeolite leads to significant decrease of
the organics in bio-oil with subsequent increase
of its water content and increase of the gases
and coke/char yields. On the other hand, the
remaining organic phase of bio-oil is highly
de-oxygenated and enriched in aromatics.
Hierarchical
mesoporous
ZSM-zeolites
enhance the reactivity of this catalyst but
tailoring of its acidic properties is required in
order to minimize polycyclic aromatics and
coke formation.

catalysts in biomass fast pyrolysis [2,3],
perhaps the most widely studied one is ZSM-5
zeolite because of its unique micropore
morphology and acidic characteristics, which
enhance the selective formation of aromatics in
bio-oil. In recent years, hierarchical zeolites,
which contain both micropores and
meso/macropores, have been synthesized in
order to decrease the diffusion and accessibility
limitations of larger molecules, such as those
present the biomass pyrolysis vapours. In this
work, we will present recent results of the
catalytic
performance
of
conventional
microporous ZSM-5
zeolitic
catalysts,
hierarchical ZSM-5 zeolites with small
intracrystal mesopores and micro/mesoporous
ZSM-5 zeolites modified with MgO for the in
situ upgrading of biomass pyrolysis vapors.

INTRODUCTION
Biomass is a renewable energy source expected
to play a substantial role in the future global
energy balance. It is capable of providing a
wide range of liquid, solid and gaseous raw
materials utilized for the production of thermal
and electrical energy, transportation fuels and
chemicals. Among the various thermochemical
conversion processes of biomass, fast pyrolysis
is one of the most attractive thermochemical
methods for the valorization of lignocellulosic
biomass towards fuels and chemicals. The
main product of the process is the so called
bio-oil which can be used as a low quality fuel
or a source for producing transportation fuels
or high added value chemicals (i.e. phenols).
The addition of a catalyst in the pyrolysis
reactor can lead to in situ bio-oil upgrading via
deoxygenation as well as a series of catalytic
reactions that promote the selective conversion
of the biomass pyrolysis vapors into valuable
aromatic hydrocarbons or other chemicals,
such as phenols [1].
Although many acidic aluminosilicates as well
as metal-modified catalysts have been tested as

EXPERIMENTAL
The catalytic performance of the various
zeolitic catalysts in biomass (beechwood
sawdust) fast pyrolysis was studied by
comparing the composition of the produced
bio-oil, using a Py/GC-MS system (fast
pyrolysis
coupled
with
on-line
gas
chromatography-mass spectrometry) at 500oC.
The zeolitic catalysts, a classical microporous
H-ZSM-5 and its hierarchical analogues with
2.2 and 5.2 nm intracrystal mesopores (MSUMFI) were characterized by XRD, ICP-AES,
SEM, TEM, N2 sorption, TPD-NH3 and FTIRpyridine. Additionally, MgO modified zeolites
were prepared and tested, in order to
investigate the combined effect of acidity and
basicity on the pyrolysis reaction mechanisms.
RESULTS AND DISCUSSION
The hierarchical analogues of classical
crystalline microporous zeolites can, in
principal, be prepared via two approaches. The
first is the “bottom-up” approach in which an
appropriate “soft” (ionic or molecular organic
compound) or “hard” (i.e. mesoporous carbon)
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mesoporogen is added in the typical zeolite
synthesis mixture, together with the micropore
structure template, inducing the simultaneous
formation of intracrystalline micro- and
mesopores. The second method is called “topdown” and is based on controlled desilication
of a crystalline zeolite in alkaline solutions,
coupled most of the times with mild acid
treatment for the removal of the extraframework Si and Al phases formed in the
desilication step. The former approach usually
leads to the formation of a more homogeneous
network of small intracrystalline mesopores
(i.e. 2-6 nm), while the latter method generates
bigger mesopores and/or macropores with
relatively
broad
size
distribution.
Representative characterization data of two
ZSM-5 zeolites with intracrystal mesopores
with 2 and 5 nm diameter, is shown in Fig. 1.

Mesoporous ZSM-5
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dV(logd) /cm3g-1
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10 nm

0.8
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MSU-MFI(2.2)

0.2
0.0
1

400

toxicity, are also formed via condensation of
the monocyclic aromatics.
Due to the size of the biomass oligomers
present in the thermal pyrolysis vapours and of
the intermediates formed on the zeolitic acid
sites, it was expected that the intracrystalline
mesopores could enhance reactivity and
possibly selectivity to mono-aromatics. Indeed,
the two mesoporous ZSM-5 zeolites of Fig. 1,
were more reactive in terms of converting and
deoxygenating larger biomass pyrolysis
compounds but at the same time they induced
higher coke formation (results not shown).
Furthermore, no significant effect in bio-oil
composition was observed (Fig. 2). In order to
moderate the acidity of the meso-ZSM-5’s and
at the same time induce a balanced acid-base
function, MgO was introduced in the catalysts,
leading to completely different bio-oil
composition, compared to that of the acidic
zeolites. Such a phenolic, furan and ketone
enriched bio-oil can be utilized and upgraded
via different down-stream processes, compared
to the more aromatic bio-oil.
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Figure 1. N2 adsorption-desorption and BJH pore
size distribution of microporous ZSM-5 zeolite and
of two ZSM-5 zeolites with small intracrystal
mesopores. A representative transmission electron
microscopy (TEM) image of the mesoporous ZSM5 with 2.2 nm mesopores is also shown.

Figure 2. Composition of bio-oil produced by
catalytic fast pyrolysis of biomass using various
micro/mesoporous ZSM-5 zeolites and acidic/basic
MgO/ZSM-5 zeolites.
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ΠΕΡΘΛΗΨΗ
ηελ παξνύζα εξγαζία παξαζθεπάζηεθαλ
θαηαιύηεο ληθειίνπ ζηεξηγκέλνη ζε νμείδην ηνπ
δηξθνλίνπ θαη αμηνινγήζεθαλ γηα ηελ
κεηαηξνπή ηνπ ειηέιαηνπ ζε αλαλεώζηκν
ληίδει. Μειεηήζεθε ε επίδξαζε ηνπ πνζνζηνύ
ηνπ ληθειίνπ, ηωλ πξόδξνκωλ ελώζεωλ, ηεο
κεζόδνπ παξαζθεπήο θαζώο επίζεο θαη ηεο
πξνζζήθεο Μν. Ο δηκεηαιιηθόο θαηαιύηεο κε
80% θ.β. πεξηεθηηθόηεηα ζε δξαζηηθή θάζε
εκθάληζε ηελ κεγαιύηεξε δξαζηηθόηεηα.
ΕΘΑΓΩΓΗ
Η εμάληιεζε ηωλ απνζεκάηωλ πεηξειαίνπ
ιόγω ηωλ απμαλόκελωλ απαηηήζεωλ γηα
ελέξγεηα θαη ε ζπζζώξεπζε ηωλ αεξίωλ ηνπ
ζεξκνθεπίνπ ζηελ αηκόζθαηξα θαζηζηά
αλαγθαία ηελ πξννδεπηηθή αληηθαηάζηαζε ηωλ
νξπθηώλ θαπζίκωλ από αλαλεώζηκεο πεγέο
ελέξγεηαο, όπωο ηα βηνθαύζηκα. Σν εξεπλεηηθό
καο
ελδηαθέξνλ
επηθεληξώλεηαη
ζην
αλαλεώζηκν ληίδει. Ωο πξώηε ύιε γηα ηελ
παξαγωγή ηνπ αλαλεώζηκνπ ληίδει κπνξνύλ λα
ρξεζηκνπνηεζνύλ θπζηθά ηξηγιπθεξίδηα πνπ
πεξηέρνληαη ζηα ρξεζηκνπνηεκέλα έιαηα
απνθεύγνληαο έηζη ηνλ αληαγωληζκό ηωλ
βηνθαπζίκωλ θαη ηωλ ηξνθίκωλ [1]. ηελ
παξνύζα εξγαζία αλαπηύρζεθαλ ληθειηθνί
θαηαιύηεο ζηεξηγκέλνη ζε νμείδην ηνπ
δηξθνλίνπ γηα ηελ κεηαηξνπή ηνπ ειηειαίνπ ζε
αλαλεώζηκν ληίδει [2,3]. Σν ειηέιαην
ρξεζηκνπνηήζεθε ωο πξόηππν έιαην γηα ηα
ρξεζηκνπνηεκέλα έιαηα.
ΑΠΟΣΕΛΕΜΑΣΑ – ΤΖΗΣΗΗ
Μελέηη ηης επίδραζης ηοσ ποζοζηού ηοσ Ni
ζηην δραζηικόηηηα ηων καηαλσηών:
Παξαζθεπάζηεθαλ
θαηαιύηεο
ληθειίνπ

ζηεξηγκέλνη ζε νμείδην ηνπ δηξθνλίνπ, κε
πεξηεθηηθόηεηα ζε ληθέιην από 0-100% θ.β.,
κέζω ζπγθαζίδεζεο από δηαιύκαηα νμύριωξηδίνπ ηνπ δηξθνλίνπ θαη ληηξηθνύ ληθειίνπ
ρξεζηκνπνηώληαο πδξνμείδην ηνπ ακκωλίνπ ωο
κέζν θαζίδεζεο. Σα δείγκαηα ζηε ζπλέρεηα
αμηνινγήζεθαλ γηα ηε κεηαηξνπή ηνπ
ειηειαίνπ ζε αλαλεώζηκν ληίδει ζηνπο 310oC
θαη ζε 40bar πίεζε πδξνγόλνπ ρξεζηκνπνηώληαο αληηδξαζηήξα εκηδηαιείπνληνο έξγνπ
θαη ιόγν όγθνπ ειαίνπ πξνο κάδα θαηαιύηε
100mL/1g. Σα δείγκαηα κε 60 θαη 80%
πεξηεθηηθόηεηα ζε ληθέιην παξνπζίαζαλ ηε
κεγαιύηεξε δξαζηηθόηεηα.
Μελέηη ηης επίδραζης ηων πρόδρομων
ενώζεων ζηην καηαλσηική δραζηικόηηηα:
Παξαζθεπάζηεθε έλαο θαηαιύηεο ληθειίνπ
ζηεξηγκέλνο ζε νμείδην ηνπ δηξθνλίνπ κε
πεξηεθηηθόηεηα ζε ληθέιην 60% θ.β. κέζω
ζπγθαζίδεζεο από δηάιπκα νμπληηξηθνύ
άιαηνο (αληί ηνπ νμπριωξηδίνπ) ηνπ δηξθνλίνπ
θαη ληηξηθνύ ληθειίνπ ρξεζηκνπνηώληαο
πδξνμείδην ηνπ ακκωλίνπ ωο κέζν θαζίδεζεο.
Με ηελ αληηθαηάζηαζε ηνπ νμπριωξηδίνπ από
ην νμπληηξηθό άιαο ηνπ δηξθνλίνπ επηηεύρζεθε
αύμεζε ηεο απόδνζε ζε πδξνγνλάλζξαθεο
θαηά 24 θνξέο.
Μελέηη ηης επίδραζης ηης μεθόδοσ
παραζκεσής
ηων
καηαλσηών
ζηην
δραζηικόηηηα: Παξαζθεπάζζεθαλ θαηαιύηεο
κε 60 θαη 80 % θ.β. πεξηεθηηθόηεηα ζε ληθέιην
κέζω
πδξνζεξκηθήο
ζπγθαζίδεζεο
ρξεζηκνπνηώληαο ωο κέζν θαζίδεζεο νύξηα. Οη
παξαπάλω
θαηαιύηεο
παξνπζίαζαλ
κεγαιύηεξε απόδνζε ζε πδξνγνλάλζξαθεο από
ηνλ θαηαιύηε πνπ ζπληέζεθε κε ηε κέζνδν ηεο
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ζπγθαζίδεζεο κε πδξνμείδην ηνπ ακκωλίνπ
(ρήκα 1).

% Yield of H/C

40
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0

60NiZrN

60NiZrU

80NiZrU

τήμα 1. Απόδνζε ζε πδξνγνλάλζξαθεο ηωλ
θαηαιπηώλ 60NiZrN: 60% θ.β. Ni πνπ παξαζθεπάζζεθε κέζω ζπγθαζίδεζεο κε πδξνμείδην
ηνπ ακκωλίνπ, 60NiZrU: 60% θ.β. Ni θαη
80NiZrU: 80% θ.β. Ni πνπ παξαζθεπάζζεθαλ
κέζω ζπγθαζίδεζεο κε νπξία

Μελέηη ηης επίδραζης ηης προζθήκης Μο
ζηην
καηαλσηική
δραζηικόηηηα:
Παξαζθεπάζηεθαλ δύν θαηαιύηεο κε 60 θαη
80% θ.β. πεξηεθηηθόηεηα ζε δξαζηηθή θάζε
ζηνπο νπνίνπο έλα κέξνο ηνπ Ni
αληηθαηαζηάζεθε από Μν. Πην ζπγθεθξηκέλα,

80% θ.β. Ni απνδόζεθε ζηελ επίηεπμε κεγάιεο
κεηαιιηθήο επηθάλεηαο ζηηο ζπγθεθξηκέλεο
ζπζηάζεηο. Η αύμεζε ηεο απόδνζεο πνπ
δηαπηζηώζεθε κεηά ηελ αληηθαηάζηαζε ηνπ
νμπριωξηδίνπ από ην νμπληηξηθό άιαο ηνπ
δηξθνλίνπ απνδόζεθε ζηε κε ύπαξμε ριωξίνπ
ζηνλ ηειηθό θαηαιύηε ζηε δεύηεξε πεξίπηωζε.
Αληίζεηα, ε ύπαξμε Cl ζηα δείγκαηα πνπ
παξαζθεπάζηεθαλ
από
νμπριωξίδην
επηβεβαηώζεθε κε αλάιπζε SEM-EDX. Η
αύμεζε ηεο απόδνζεο κε ηελ εθαξκνγή ηεο
πδξνζεξκηθήο ζπγθαζίδεζεο απνδόζεθε ζηελ
αύμεζε ηεο εηδηθήο θαη επνκέλωο ηεο
δξαζηηθήο επηθάλεηαο πνπ επηηεύρζεθε. Η
αύμεζε ηεο δξαζηηθόηεηαο πνπ παξαηεξήζεθε
κε ηε πξνζζήθε Mo απνδόζεθε ζην γεγνλόο
όηη νη αληίζηνηρνη θαηαιύηεο είραλ κεγαιύηεξε
εηδηθή επηθάλεηα θαη κηθξόηεξν κέγεζνο
ζηεξηγκέλωλ
λαλνθξπζηάιιωλ
ληθειίνπ
(ρήκα 3) θαη ζπλεπώο κεγαιύηεξε δηαζπνξά
ηεο ληθειηθήο θάζεο.
60NiZr
60NiMoZr

80NiZr * Ni
80NiMoZr

* *

*

Ni
ε δξαζηηθή θάζε είρε ιόγν αηόκωλ
7
Mo
[4] θαη γηα ηελ παξαζθεπή ηνπο ρξεζηκνπνηήζεθε ε κέζνδνο ηεο πδξνζεξκηθήο
ζπγθαζίδεζεο κε νπξία. Όπωο θαίλεηαη θαη
ζην ζρήκα 2, νη δηκεηαιιηθνί θαηαιύηεο
παξνπζίαζαλ κεγαιύηεξε δξαζηηθόηεηα από
ηνπο αληίζηνηρνπο κνλνκεηαιιηθνύο.

% Yield of H/C
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τήμα 3. Δηάγξακκα πεξίζιαζεο αθηηλώλ-x
κεηά ηελ ελεξγνπνίεζεο ηωλ θαηαιπηώλ κε 60
θαη 80% θ.β. δξαζηηθήο θάζεο κε θαη ρωξίο ηελ
πξνζζήθε Mo

ΒΘΒΛΘΟΓΡΑΦΘΑ
1. C. Kordulis, K. Bourikas, M. Gousi, E.
Kordouli, A. Lycourghiotis, Applied
Catalysis B: Enrviromental 181 (2016)
156.
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τήμα 2. Απόδνζε ζε πδξνγνλάλζξαθεο ηωλ
θαηαιπηώλ κε 60 (60NiZrU)θαη 80% θ.β. Ni
(80NiZrU) θαη 60 (60NiMoZrU) θαη 80% θ.β. Ni
& Mo (80NiMoZrU) πνπ παξαζθεπάζηεθαλ
κέζω ζπγθαζίδεζεο κε νπξία

ύνδεζη δραζηικόηηηας και θσζικοτημικών
ταρακηηριζμών
ηων
καηαλσηών:
Η
απμεκέλε δξαζηηθόηεηα ηωλ δεηγκάηωλ κε 60-

2. B. Peng, Y. Yao, C. Zhao, J. Lercher, J.
Am.Chem.Soc. 134 (2012) 9400.
3. B. Peng, C. Zhao , S. Kasakov, S. Foraita,
J. Lercher, Chemistry A European Journal.
19: 4732
4. E. Kordouli, K.Bourikas, C. Kordulis, A.
Lycourghiotis, Green & Sustainable
Chemistry Conference, Berlin, 2016, #O8.4
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ΠΕΡΘΛΗΨΗ
Απηή ε κειέηε παξνπζηάδεη έλα ζπλδπαζκό
ηεο κεζόδνπ ιύκαηνο-πεθηήο θαη ηεο ηερληθήο
ηεο ειεθηξνζηαηηθήο ηλνπνίεζεο, γηα ηελ
παξαζθεπή δηθαζηθώλ (αλαηάζε-ξνπηηιίνπ)
ηλώλ ηηηαλίαο (TiO2) γηα ηελ απνηθνδόκεζε ηεο
αθεηόλεο (C3H6O). Οη ίλεο ηηηαλίαο
ραξαθηεξίζηεθαλ
κε
ην
κνληέιν
πξνζξόθεζεο-εθξόθεζεο αδώηνπ (κέζνδνο
ΒΔΣ), ηε θαζκαηνζθνπία UV-DRS, ηελ
πεξίζιαζε ηωλ αθηίλωλ Χ (XRD) θαη ηελ
ειεθηξνληθή κηθξνζθνπία ζάξωζεο (SEM). H
θωηνθαηαιπηηθή δξάζε ηωλ ηλώλ ηηηαλίαο
κειεηήζεθε κε ηελ απνηθνδόκεζε ηεο
αθεηόλεο
ππό
ππεξηώδε
θαη
νξαηή
αθηηλνβνιία.
ΕΘΑΓΩΓΗ
Σν δηνμείδην ηνπ ηηηαλίνπ (TiO2) είλαη γλωζηό
ωο ν θαηαιιειόηεξνο εκηαγωγόο γηα ρξήζε,
ιόγω ηεο βηνινγηθήο θαη ρεκηθήο αδξάλεηαο,
ηελ ηζρπξή νμεηδωηηθή ηνπ ηζρύ, ην ρακειό
θόζηνο θαη ηε ζηαζεξόηεηα ηνπ γηα κεγάιν
δηάζηεκα θαηά ηεο θωηνρεκηθήο δηάβξωζεο.
Η αθεηόλε είλαη έλαο από ηνπο πην θνηλνύο
ξύπνπο πνπ ζπλαληώληαη ζε εζωηεξηθνύο
ρώξνπο θαη πξνέξρεηαη από δηάθνξεο
βηνκεραλίεο θαη νηθηαθέο εθαξκνγέο.
Η ειεθηξνζηαηηθή ηλνπνίεζε είλαη κηα επξέωο
ρξεζηκνπνηνύκελε ηερλνινγία γηα ηελ
ειεθηξνζηαηηθή δεκηνπξγία ηλώλ, ε νπνία
ρξεζηκνπνηεί ηηο ειεθηξνζηαηηθέο δπλάκεηο γηα
λα παξάγεη ίλεο πνιπκεξώλ κε δηακέηξνπο πνπ
θπκαίλνληαη από 2nm ζε δηάθνξα κm από
δηαιύκαηα πνιπκεξώλ.
ΤΛΘΚΑ ΚΑΘ ΜΕΘΟΔΟΘ
Σα αληηδξαζηήξηα πνπ ρξεζηκνπνηήζεθαλ ήηαλ
ην πνιπζηπξέλην (PS), ην πξνπνμείδην (IV)

ηνπ ηηηαλίνπ, ην δηκεζπινθνξκακίδην (DMF)
θαη ην νμηθό νμύ (ΑΑ). Οη ζπλζήθεο πνπ
πξαγκαηνπνηήζεθε
ε
ειεθηξνζηαηηθή
ηλνπνίεζε ήηαλ: εθαξκνδόκελν δπλακηθό
17kV, απόζηαζε ηεο βειόλαο από ην ζπιιέθηε
8 cm, ηαρύηεηα ξνήο ηνπ ξεπζηνύ 1.2 mL/h θαη
ε ζεξκνθξαζία πεξηβάιινληνο νξίζηεθε ζηνπο
20 oC. Οη ίλεο πνπ παξαζθεπάζηεθαλ
ππξώζεθαλ ζηνπο 450 oC γηα 3 ώξεο. Οη
ππξωκέλεο ίλεο ραξαθηεξίζηεθαλ κε ην
κνληέιν ηνπ ΒΔΣ, ηε θαζκαηνζθνπία UVDRS θαη ηηο ηερληθέο ηνπ SEM θαη XRD. Η
θωηνθαηαιπηηθή δξαζηηθόηεηα ηωλ θαηαιπηώλ
αμηνινγήζεθε
κε
ηε
θωηνθαηαιπηηθή
δηάζπαζε ηεο αθεηόλεο. Γηα ην πείξακα
παξαζθεπάζηεθαλ πδαηηθά αηωξήκαηα ηα
νπνία πεξηείραλ 0,2g από θάζε ζθόλε. Σα
αηωξήκαηα ηνπνζεηήζεθαλ ζε δηζθία Petri κε
δηάκεηξν d=70mm θαη μεξάλζεθαλ ζηνπο
90°C γηα 2 ώξεο. Σα δηζθία ηνπνζεηήζεθαλ
ζηνλ αληηδξαζηήξα όηαλ πξνεγνπκέλωο έρνπλ
πεξηέιζεη ζε ζεξκνθξαζία δωκαηίνπ. Η
αθεηόλε (2mL) εηζάγεηαη ζηάγδελ ζην ρώξν
ηνπ αληηδξαζηήξα θαη νη αηκνί ηεο θηάλνπλ ζε
ηζνξξνπία πξνζξόθεζεο-εθξόθεζεο κε ηνλ
θωηνθαηαιύηε. Μεηά ηελ ζηαζεξνπνίεζε ηεο
ζπγθέληξωζεο ηνπ CO2 ζην ζθνηάδη (~400
ppm)
ε
θωηνθαηαιπηηθή
αληίδξαζε
ελεξγνπνηείηαη κε έλαξμε ηεο αθηηλνβνιίαο
UV(A) ή νξαηνύ.
ΑΠΟΣΕΛΕΜΑΣΑ ΚΑΘ ΤΖΗΣΗΗ
Από ηα απνηειέζκαηα ηεο κεζόδνπ ΒΔΣ
παξαηεξείηαη όηη ε εηδηθή επηθάλεηα ηωλ
παξαζθεπαζκέλωλ δεηγκάηωλ είλαη ίζε (Σ10)
ή κηθξόηεξε (Σ20) από ην Ρ25 κε κεζνπνξώδε
δνκή ηύπνπ IV θαη βξόγρν πζηέξεζεο Η2
ζύκθωλα κε ηελ θαηάηαμε θαηά IUPAC. Σα
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ππνινγηζκέλα
ράζκαηα
δώλεο
ηωλ
παξαζθεπαζκέλωλ θαηαιπηώλ (Πίλαθαο 1)
από ηε θαζκαηνζθνπία UV-DRS δείρλνπλ όηη
απνξξνθνύλ ζε ρακειόηεξν κήθνο θύκαηνο
απ’ όηη ην Ρ25 πξάγκα πνπ ζεκαίλεη όηη είλαη
πην ελεξγνί ζην νξαηό θωο. Σα απνηειέζκαηα
ηεο πεξίζιαζεο ηωλ αθηίλωλ Χ έδεημαλ όηη
έρνπκε δηθαζηθή ηηηαλία κε κεγαιύηεξα
πνζνζηά ξνπηηιίνπ από ην Ρ25. Η ειεθηξνληθή
κηθξνζθνπία ζάξωζεο έδεημε κηθξέο κπάξεο
δηακέηξνπ από 0.8 κέρξη 3.5 κm. Η δηάζπαζε
ηεο αθεηόλεο (Πίλαθαο 2) έδεημε ρακειόηεξε
θωηνθαηαιπηηθή δξάζε ζηα παξαζθεπαζκέλα
δείγκαηα απ΄όηη ζην Ρ25 ππό ππεξηώδε
αθηηλνβνιία ελώ ππό νξαηή αθηηλνβνιία
μεπέξαζαλ ηε δξάζε ηνπ.

Πίνακας 1. Characterization of the samples.

Material
Code
P25
T10
T20

UV
Visible
Rate constant x10-2 (min-1)
1.4
0.7
0.95
1.35
1.1
1.2

Πίνακας 2. Photocatalytic activity of the samples.

Material
Code
P25
T10
T20

TiO2 Phases
(%)
Anatase Rutile
75
25
68
32
73
27

SSA
(m2/g)

BG
(eV)

53
52
47

3.09
2.97
2.98

7ο Πανελλήνιο Σςμπόζιο Ποπωδών Υλικών

ΜΔΛΔΣΗ ΣΗ ΔΠΙΓΡΑΗ ΤΠΔΡΗΥΧΝ Δ ΚΑΣΑΛΤTΙΚΑ ΤΛΙΚΑ
Α. Καξύδεο, Α. Μαπξνγηώξγνπ, Μ.Λνπινύδε
Επγαζηήπιο Βιομιμηηικήρ Καηάλςζηρ & Βιομιμηηικών Υλικών, Τομέαρ Ανόπγανηρ & Αναλςηικήρ Φημείαρ,
Πανεπιζηήμιο Ιωαννίνων, 45110 Ιωάννινα.

ΠΔΡΙΛΗΦΗ
Σηελ παξνύζα εξγαζία πεξηγξάθεηαη α) ε ζύλζεζε
βηνκηκεηηθά

ηξνπνπνηεκέλσλ

πιηθώλ,

πνπ

απνηεινύληαη από κε - αηκηθά ζύκπινθα - Μn
ππνζηεξηγκέλσλ ζε λαλνζσκαηίδηα ζίιηθαο πνπ
ππέζηεζαλ ή όρη θαηεξγαζία κε ππεξήρνπο θαη β) ε
αμηνιόγεζή
αιθελίσλ

ηνπο
κε

σο

θαηαιύηεο

H2O2.

Η

νμείδσζεο

ζύλζεζή

ηνπο

πξαγκαηνπνηήζεθε κέζσ νκνηνπνιηθήο ζύλδεζεο
ελόο νξγαληθνύ βην-εκπλεπζκέλνπ ππνθαηαζηάηε L
ζηελ επηθάλεηα ησλ λαλνζσκαηηδίσλ SiO2 (A300),
SiO2 (A200), SiO2 (A90), θαη SiO2 (Ox-50).
ΠΔΙΡΑΜΑΣΙΚΟ ΜΔΡΟ

1. ύνθεζη ηων καηαλςηών
Η πνξεία ζύλζεζεο ησλ εηεξνγελνπνηεκέλσλ
θαηαιπηώλ είλαη ε εμήο: α) Αξρηθά αληηδξά ην
νξγαλνζηιάλην

κε

ηνλ

αθεηπιαθεηνληθό

ππνθαηαζηάηε L [1], ελ ζπλερεία ε λέα πξόδξνκε
έλσζε

ζηιαλίνπ

αληηδξά

κε

ην

κέηαιιν,

ζρεκαηίδνληαο ην επηζπκεηό ζύκπινθν θαη ηέινο ην
ζύκπινθν

αθηλεηνπνηείηαη

νξγαλνζηιαλίνπ

ζηελ

κέζσ

ηνπ

επηθάλεηα

ησλ

λαλνζσκαηίδίσλ SiO2 (A300), SiO2 (A200), SiO2
(A90),

θαη

SiO2

παξαζθεπάζζεθαλ

(OX50)

ηα

νπνία

ζην

Εξγαζηήξην

Ναλνηερλνινγίαο Ψεθαζκνύ Ππξόιπζεο Φιόγαο

Σχήμα

1.α:

(α)

εηεπογενοποιημένος

Ποπεία
καηαλύηη

ζύνθεζηρ

ηος

II

[Mn -L@SiO2

(A300)]. Ανάλογη ήηαν η ζύνθεζη ηων καηαλςηών
[MnII-L@SiO2 (A200)], [MnII- L@SiO2 (A90)] και
ηος [MnII-L@SiO2 (OX50)]

σπηζιμοποιώνηαρ ηα

ανηίζηοισα ςλικά ςποζηήπιξηρ καθώρ και η ζύνθεζη
εηεπογενοποιημένων καηαλςηών ηων οποίων ηο
ςλικό ςποζηήπιξηρ έσει ςποζηεί καηεπγαζία με
ςπεπήσοςρ,

[MnII-L@SiO2

(A300son),

[MnII-

L@SiO2 (A200son), [MnII-L@SiO2 (A90son) και
[MnII-L@SiO2 (OX50son)].

ηνπ Τκήκαηνο Φπζηθήο ηνπ Παλ/κίνπ Ισαλλίλσλ.

2.Καηαλςηική εποξείδωζη αλκενίων με
σπήζη ηων [MnII-L@SiO2 (A300)], [MnII-
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L@SiO2 (A200)], [MnII-L@SiO2 (A90)], [MnIIL@SiO2 (OX50)], [MnII-L@SiO2 (A300son), [MnIIL@SiO2 (A200son), [MnIIL@SiO2 (A90son) θαη
[MnII-L@SiO2 (OX50son)] ωρ καηαλύηερ

=1:2000:1000:1000(μmoles)],

παποςζία Η2Ο2 ωρ οξειδωηικού.

Σύκθσλα κε ηα δεδνκέλα πνπ πξνέθπςαλ από ηελ

Τα ππνζηεξηγκέλα ζύκπινθα-Μn πνπ ζπληέζεθαλ,

θαηαιπηηθή

αμηνινγήζεθαλ σο θαηαιύηεο ζε αληηδξάζεηο

ζπκπιόθσλ-Mn

νμείδσζεο αιθελίσλ κε H2O2. Απαξαίηεηε είλαη ε

θαηαιήγνπκε

ρξήζε νμηθνύ ακκσλίνπ σο πξόζζεηνπ ζηα

ηξνπνπνηεκέλα

θαηαιπηηθά απηά ζπζηήκαηα, θαζώο δηαζθαιίδεη

θαηεξγαζία κε ππεξήρνπο, παξνπζηάδνπλ θαιύηεξε

πςειή δξαζηηθόηεηα [1-3].

θαηαιπηηθή δξαζηηθόηεηα πνπ απνδίδεηαη ζηε

ζε

διάλςμα

μεθανόληρ/ακεηόνηρ=400/450 (μl)).

κειέηε
ζε
ζην

ησλ

αθηλεηνπνηεκέλσλ

λαλνζσκαηίδηα
ζπκπέξαζκα

πιηθά

πνπ

ζίιηθαο
όηη

έρνπλ

ηα

ππνζηεί

δεκηνπξγία πεξηζζόηεξσλ ελεξγώλ ζέζεσλ ιόγσ
αύμεζεο ηεο εηδηθήο επηθάλεηάο ηνπο.

Mn(II)-L@SiO2A300

ΒΙΒΛΙΟΓΡΑΦΙΑ
[1] Ag. Stamatis, P. Doutsi, Ch. Vartzouma,
K.C Christoforidis, Y. Deligiannakis M.

Κυκλοοκτένιο
Κυκλοεξενιο
Λιμονένιο
1-εξένιο
α-πινένιο
1-μεθυλ-1-κυκλοεξένιο
Κυκλοπεντένιο
Στυρένιο
cis-ςτιλβένιο
trans-β-μεθυλςτυρένιο

Απόδοση εποξειδίου (%)
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Mn(II)-L@SiO2A300son

Louloudi, J. Mol. Catal. A297 (2009) 4453.
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Giasafaki,
Deligiannakis,
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Louloudi, J. Mol. Catal. A 319 (2010) 5865.

Σχήμα 2.α: Γπαθική απεικόνιζη ηηρ απόδοζηρ ηηρ
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ανηίδπαζηρ οξείδωζηρ αλκενίων, παποςζία H2O2

Deligiannakis, M. Louloudi, J. Mol. Catal.

και ηων καηαλςηών MnII-L@SiO2 A300 και MnII-
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L@SiO2

A300son.

(Σςνθήκερ:

[καηαλύηηρ:H2O2:CH3COONH4:ςπόζηπωμα
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DESIGNING NANOPOROUS MATERIALS FOR GAS STORAGE
AND SEPARATION. A MULTI-SCALE THEORETICAL STUDY.
G. E. Froudakis
Department of Chemistry, University of Crete,

SUMMARY
A combination of ab-initio, Monte Carlo and
Molecular Dynamics techniques is used for
both, evaluating the gas storage capacity of
different materials „in silico‟, and designing
novel materials with enhanced storage
capacity.
Accurate ab-initio methods are employed for
investigating the nature of gas interaction with
different types of nanoporous materials, while
Grand Canonical Monte Carlo simulations
show their storage performance under different
thermodynamic conditions.
In addition Molecular Dynamics simulations
are used for studying dynamically gas
separation in realistic time scales.
Hydrogen storage and CO2 storage and
separation, are intensively investigated in
different Carbon based materials and Metal
Organic Frameworks (MOFs). The storage
capacity of: Pillared Graphene [1], Porous
Nanotube Networks [2], Super Diamond,
various MOFs [3] and COFs [4] is evaluated
under various conditions of temperature and
pressure and compared with the experiment.
Novel nanoporous materials materials were
strategically designed and tested for gas
storage and separation applications. Finally,
the improvement of the storage capacity by
functionalization and doping [5] is evaluated
under various thermodynamic conditions.
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Linker with Lithium Atoms.” Klontzas, E.;
Mavrandonakis, A.; Tylianakis, E.; Froudakis,
G. E. Nano Letters 8 (2008) 1572-1576.
[5] “Enhancement of hydrogen adsorption in
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by
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RECONSTRUCTION OF MIXED MATRIX MEMBRANES WITH
IMMOBILIZED ENZYMES
N. Bali,1,2 E. D. Skouras,1 and V. N. Burganos1
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SUMMARY
Two different reconstruction techniques are
developed in order to represent the internal
structure of a two-layered mixed matrix membrane (MMM) with immobilized enzymes
based on SEM image information and
porosimetry. More specifically, a ballistic deposition method and two variations of a Monte
Carlo stochastic algorithm were used. The
transport coefficients were calculated and
compared with the experimental values of
permeability of reconstructed MMMs. Finally,
relevant applications are discussed given the
dependence of the transport properties on the
structure and strongly affect the flow and diffusion phenomena.
MMM RECONSTRUCTION METHODS
The reconstruction of membrane layers in three
dimensions is based on SEM images [1], in
order to achieve the membranes morphology
and to obtain the number of immobilized enzymes per unit volume. In addition, using experimentally obtained porosity values of each
layer, the membrane representation was
achieved by ballistic deposition and by Monte
Carlo free and Monte Carlo with impermeablecore stochastic methods.
BALLISTIC DEPOSITION
This method can be used to reconstruct a granular material taking into account gravity and
inter-particle interactions. More specifically,
this algorithm introduces spheres sequentially
at the top entrance of the domain and moves
them downwards, occasionally colliding with
previously-deposited spheres and moving on
their surface downhill, until each of them arrives at local minimum-energy positions, such
as at three-point contacts between spheres, or

on the bottom of the domain. Τhe ballistic deposition algorithm was modified to simulate the
very low porosity number of the dense layer.
MONTE CARLO FREE AND MONTE
CARLO “CHERRY-PIT” MODELS
Two different algorithms based on the Monte
Carlo (MC) technique were used in order to
represent the porous structure of the twolayered membrane. The first one employed an
algorithm for uniformly sized spherical elements placed randomly inside the control volume. According to the desired porosity, the
number of those freely overlapping spheres
was selected. In the dense layer, solid spheres
are placed in the interior of a void domain,
whereas the spheres internal space represent
the void and the outer the matrix in an alternative solid domain within the spongy layer.
Atherwise, the placement of the spheres in the
void domain can be implemented assuming
that each sphere has an impermeable core of a
fixed or variable size. Such an option for the
dense layer is supported based on SEM images
that particle overlapping is only partial and that
extended coalescence is typically absent. This
method is also known as the “cherry pit” model
[2] and, in general, leads to a controlledoverlapping system able to reproduce the desired porosity value successfully. In this particular case study, it was found that the desired
value of the porosity was obtained considering
a core radius equal to 0.6 of the outer sphere
radius.
Representative outcomes of the two types of
the algorithms are shown in Figure 1. A comparison between these two reconstruction
methods showed that the most preferable
method that reconstructs closely both layers is
the Monte Carlo “cherry pit” one, for two main
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reasons: the structures resemble the original
ones and, meantime, the number density of
spheres and the porosity are matched.

Dense
Spongy
Overall

2.236 10-11
3.796 10-10
2.38 10-10

0,113
0,696
-

Table 2 summarizes the permeability values
per layer:

Dense layer

K eff 

 u

NS

A

da

L

(3)

 Pout  Pin 

Table 2. Permeability values

Spongy layer

Figure 1. Membrane layer reconstruction using the
Monte Carlo “Cherry Pit” model.

Transport properties calculation
The reconstructions of the dense and the spongy layers obtained in the previous section were
subsequently used for the prediction of the effective diffusion coefficient [3] and of the absolute permeability of each layer. The corresponding calculations are presented below.
The diffusivity was calculated by solving the
diffusion problem on the reconstructed domain,
using the Ansys CFX commercial package.
Finally, the estimation of the coefficient was
completed using the following mathematical
formulas:

Deff  

 NdA
A

Atot
Deff

Dinitial



L
Cout  Cin

(1)




(2)

Where  is the porosity and  the tortuo
sity factor. Concerning the permeability, it
was calculated by solving the flow problem on
the reconstructed domains and applying the
Navier-Stokes equations.
Table 1. Diffusivity values
Membrane Layer

Porosity

Diffusivity(m2/s)

Membrane Layer

Porosity

Dense
Spongy
Overall

0,113
0,696
-

Permeability
(m2)
2.3 10-19
8.1 10-15
6.310-18

CONCLUSIONS
Characterization, reconstruction and calculation of membrane properties have been performed. These properties were extracted directly from the porous structure reconstructions
based on appropriate SEM images and
porosimetry. This procedure for the MMM reconstruction and characterization is very flexible and can be expanded to numerous applications, such as the dairy industry for hydrolysis
of lactose[4, 5], or the hemodialysis in medical
applications.
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MODELING OF HIERARCHICAL ZEOLITES FOR SMALL
HYDROCARBONS ADSORPTION.

Marianna Kotzabasaki1, Emmanuel Klontzas1, Kostas S. Triantafyllidis2 and George E.
Froudakis1
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SUMMARY
Understanding in the atomic-scale the nature of
the interaction of small hydrocarbons with new
nanostructured hierarchical hybrid zeolites is
crucial towards the catalytic conversion of
them to biofuels (gasoline, diesel, jet fuels),
utilizing as raw materials by-products/wastes
of lignocellulosic biomass or low quality
acidic/used vegetable oils.
INTRODUCTION
One way to study the structure and properties
of porous materials at the atomic scale is to
apply a multi-scale methodology that will
range from high-precision quantum-chemical
calculations to macroscopic scale (real
systems), as shown in Figure 1.

Figure 1. Hierarchical approach to modelling
catalytic systems.

In present work we focus on the theoretical
analysis and modeling of the structure and

properties of classical microporous zeolites
comprising with the novel hierarchical zeolites.
For this study we used quantum-mechanical
calculations (QM), molecular mechanics (MM)
and Monte Carlo simulations (MC).
RESULTS AND DISCUSSION
Initially, we studied the structural and
physicochemical properties of the microporous
zeolites ZSM-5 and Beta with ab-initio
methods. The ZSM-5 (Zeolite Socony Mobil-5,
framework type MFI) is a zeolite with high
silica content and is classified in the category
of zeolites having an average pore size
(~5,5Å). The BETA (Beta polymorph A,
framework type *BEA) is a zeolite with
equally high content in silica and the channel
system has a pore size between 5,5Å and 7,5Å.
Afterwards, we reconstructed the microporous
MFI supercell, in order to build the new
hierarchical zeolite structure, h-MFI, with
mesopore diameter of about 2 nm, as shown in
Figure 2.
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Figure 2. (top) MFI supercell, consisting of 3456
atoms and (down) the optimized geometry of hMFI, consisting of 2352 atoms, as derived from
MM calculations using the Compass FF.

Then, the hierarchical zeolite structures were
studied with classical approaches based on
empirical interatomic potentials that were
obtained from literature. Especially, we applied
Molecular Mechanics methods using Compass
[1], CVFF [2] and Catlow [3] Force-Field in
order to describe the periodic systems of the
hierarchical zeolites consisting of thousands of
atoms. We revealed the structural, bonding and
energetic characteristics of periodic systems of
the protonated hierarchical zeolites h-ZSM-5
(Si/Al=48, 60, 40) and h-*BEA (Si/Al=32),
wherein the aluminium atoms were
preferentially sitting in the most favorable
energetically T2-site of the mesopores and/or
micropores surface. Finally, we performed
theoretical analysis of storage and diffusion
properties of benzene and phenol into new
hierarchical zeolites, employing Grand

Canonical Monte Carlo simulations
(GCMC)
under
three
different
thermodynamic conditions for benzene at
373K, 473K and 673K and ambient
pressure
and
for
two
different
thermodynamic conditions for phenol at
473K, 673K and ambient pressure as well.
The non-bonded interactions between host

atoms and guest molecules were modeled
using the 6-12 Lennard Jones potential.
Parameters ε, σ, were taken from Dreiding
force field for all host atoms, while the
guest molecules were described following
the TrAPPE model. To sum up:
 T2:T2 is the most stable 2-Al
configuration with the highest
occurrence probability at 423K.
 h-ZSM-5 (Si/Al=48,60,40) models
were optimized employing MM
calculations, using Catlow FF to
model the bulk of the framework
and Compass FF to represent the
surface silanol groups.
 h-ZSM-5 (Si/Al=48) & ZSM-5
(Si/Al=48) were checked for their
ability to adsorb Benzene & Phenol
at 373, 473, 673K and P=1bar,
employing GCMC simulations.
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ABSTRACT
NiFe2O4, which has been proven as one of the
best
thus
far
materials
for
the
two-step
H
Oand
CO
Thermochemical
2
2splitting processes, has limited use due to
extended loss of its surface area after several
redox reaction cycles at high temperature. In
this work, porous NiFe2O4 materials with
improved thermal stability at temperatures up
to 1450°C, are synthesized, using a
conventional ceramic processing route. In
order to increase the porosity and the thermal
stability of the prepared materials, ZrO2 as
well as sacrificial templates, i.e. PEG4000,
lignite or carbon black, are added. The
highest thermal stability and conservation of
porosity are obtained with zirconia content
10-20% wt, and 20% wt carbon black. The
most promising samples are tested at a
laboratory scale unit, where they are subjected
to multiple redox cycles.
INTRODUCTION
Global warming and natural resource depletion
are crucial current issues that humanity has to
face [1]. Carbon dioxide, which mostly comes
from combustion, is the major culprit for intense
greenhouse effect leading to rise of the
earth’s temperature. A possible solution to both
of these problems is the use of renewable
energy resources and the increase of energy
conversion
efficiency
[2].
Two-step
thermochemical cycles are used to split H2O
or CO2 into simpler components, so as to
produce H2 (which can be used as fuel) or to
exploit the undesired CO2 for CO production
respectively. Splitting cycles can
use
concentrated solar energy. Splitting is
achieved by the use of a redox pair. In most
cases, transition metal oxides are used [3]. The

metal oxide goes at first through a reduction
step, in which lattice oxygen is withdrawn using
the energy that it takes from the sun. Then, the
reduced metal is oxidized, taking oxygen from
a fluid (Η2Ο or CO2) to refill its lattice oxygen
vacancies. In the same time, the fluid reduces
to H2 or CO. Thus, those cycles enable the
production of each product in different steps,
without the danger of explosive mixture
creation in case of H2O-splitting or the need for
further separation of the products [1-3].
The first redox pair that was tested in the twostep water splitting process is Fe3O4/FeO.
However, the high reduction temperature, close
to 1400°C, leads to FeO melting which results
in great reduction of the available for reaction
specific area and thus the activity of the redox
pair is diminished. In order for that problem to
be surpassed, mixed oxides with the general
formula MxFe3-xO4 were synthesized, where M
is a transition metal or an alkaline earth, which
can be reduced at lower temperatures. Among
many ferrites, NiFe2O4 has given the most
promising results so far. However, even at
lower reduction temperatures, the activity of
NiFe2O4 also decreases fast after several redox
cycles, due to sintering. Several previous
investigators [4-5] have tried to enhance the
thermal stability of nickel ferrite. NiFe2O4
particles have been used as a coating on
monoclinic ZrO2 particles, as m-ZrO2 is
chemically inert in such temperatures [4].
Other experiments include the use of yttriastabilized zirconia (YSZ) [4] and production of
core-shell nanoparticles, where NiFe2O4 has
been the core and ZrO2/YSZ the shell [5].
The objective of this work is to prepare
NiFe2O4 with improved thermal stability,
conserving sufficient porosity and surface area
after extensive high temperature treatment. To
achieve that, ZrO2 is added, to keep the ferritic
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grains apart from each other, and sacrificial
materials are used to create higher porosity.
EXPERIMENTAL
NiFe2O4 is synthesized by the conventional
ceramic processing route: at first, wet mixing
of NiO and Fe2O3 powders by ball milling
takes place for 3h; after the drying of the
mixture, ZrO2 is added, followed by another
3h-wet ball milling; the dried mixture is
prefired at 900°C for 2h, wet milled for 24h
and finally dried. Sacrificial template and binder
are mechanically mixed with the nickel ferrite
powders. The powders are uni-axially pressed at
1200 psi and sintered at 1450°C for 2h.
Sintering temperature is selected equal to
1450°C, which is higher than the one used in
redox cycles, in order for more than one thermal
cycles to be simulated.
The zirconia concentration varies in the range 0
- 40% wt. Three different sacrificial materials
are tested, polyethylene-glycol (PEG4000),
lignite and carbon black (CB). The sacrificial
materials content varies between 0 and 20% wt.
The geometric density is determined for each
sample, before and after sintering. The
morphology of selected samples is observed by
Scanning Electron Microscopy, combined with
X-ray spectroscopy (SEM-EDS). The most
promising samples are tested at a laboratory
scale unit, in order for their activity in redox
cycles to be evaluated.
RESULTS
A first evaluation of the samples is conducted,
based on their porosity and their ferritic grain
size.
Lignite is proven inappropriate as sacrificial
template. This is due to the ash that it contains,
which melts at high temperature, leading to
liquid phase sintering. The lignite containing
samples have insufficient porosity after high
temperature sintering.
PEG4000 is able to create high porosity,
however only large pores are formed, most of
them with a diameter higher than 50μm, as
shown in Fig.1a. In order to create high
specific area, a large number of smaller pores
is required. Carbon black is a very promising
sacrificial template, since it creates the same
high porosity as PEG, which is due to large
number of relatively small pores (Fig.1b). This
results in higher surface area available for the
redox reaction. Fig.2 shows the variation of
samples porosity as a function of ZrO2

concentration, for various CB contents. For
each ZrO2 concentration, the porosity increases
with increasing CB content, therefore the
highest possible CB content, 20% wt, is
selected as the optimum. At constant maximum
CB content (20%), the higher porosity is
obtained for the samples containing ZrO2
between 10 and 20% wt. The best samples,
containing 20% wt CB and 10 or 20% wt ZrO2,
have porosity as high as 45%.
Evaluation at the laboratory unit shows that the
best of the prepared materials have improved
stability in their redox reaction activity,
compared to the pure non-porous samples.

a

b

Figure 1. SEM images of samples with a) 15% wt
PEG - 10% wt ZrO2 and b) 20% wt CB - 20% wt ZrO2

Figure 2. Porosity vs ZrO2 content for various carbon
black concentrations
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SUMMARY
In this study we explore the underlying
mechanisms of droplet actuation and mobility
manipulation, when backpressure is applied
through a porous medium under a sessile
pinned droplet. Momentum conservation and
continuity equations along with the CahnHilliard phase-field equations in a 2D
computational domain are used to shed light on
the on the droplet actuation and movement
mechanisms. The droplet actuation mechanism
entails depinning of the receding contact line
and movement, by means of a forward wave
propagation reaching on the front of the
droplet. Eventually, the droplet is skipping
forward.
INTRODUCTION
Control over the mobility of droplets on
surfaces remains an important part of recent
research activity, both for understanding the
pertaining wetting principles [1] as well as for
practical applications including open, closed
and digital microfluidics and related
technologies, chemical processes in droplets,
engineered self-cleaning surfaces, antiicing
coatings, membrane contactors, polymer
electrolyte fuel cells, heat exchangers etc.
In this direction a variety of approaches have
been proposed towards preparing “active”, or
“tunable”, or “adaptive”, or “skating-like”
surfaces, namely manipulating the mobility of
a droplet or a liquid film, mainly based on the
respective wetting transitions.
In this direction we have recently developed a
method for droplet actuation and mobility
manipulation on porous media [2-7]. Contrary
to the droplets levitated by an air cushion
exhibiting a frictionless mobility, our method
provokes only partial depinning of the solidliquid interface, which is enough to render the

droplet mobile and to incite a downward
movement. The main advantages of this
include the absence of moving parts and the
circumvent of electrical, magnetic, optical,
vibrational, and acoustical stimuli on the
surface. The heat dissipation may be not only
minimized but also finely controlled, e.g. by
controlling the temperature of the gas feed.
Introduction of foreign particles/molecules in
the working liquid/droplet is completely
avoided. It may accommodate various liquids,
i.e. may work on deionized (DI) water to
aqueous solutions, as will be evidenced
hereafter, and is amenable for integration on
devices for active control. Finally the response
time is ultra-low, in the order of some ms, and
if appropriate microporous structure is
selected, its energy demands are significantly
lower compared to the other methods.
In this work we shed light on the underlying
working mechanisms of droplet actuation and
movement induced by backpressure application
through a porous medium. The problem is
followed
by
means
of
simulations
encompassing the momentum conservation and
the continuity equations along with the CahnHilliard phase-field equations in a 2D domain
[8,9]. The results from the theoretical approach
are compared to the experimental observations,
thus providing a reasonable understanding of
the respective droplet actuation and movement
mechanisms [10].
RESULTS
In Figure 1 the sliding angle of water droplets
of various volumes are presented vs. the
applied backpressure on the porous surface.
The sliding angle (α) is defined as the
minimum tilt angle at which the droplet moves
systematically downwards, at a particular
backpressure for each droplet volume.
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Figure 1. Variation of sliding angle (a) with
backpressure. Lines of different DI water droplets
volumes are depicted

In Figure 2 we present simulation snapshots
that outline a mechanism of droplet movement.
The initial conditions of the simulations
include a droplet on an inclined porous surface,
not necessarily at an equilibrium state, i.e. the
initial conditions are only estimations of the
expected equilibrium wetting state. For t = 0 s,
we enforce a certain rate in which air
permeates the substrate (Fa), and furthermore
we allow the effect of gravitational forces. Air
pockets are gradually formed and expanded
(t=0.01 s), some of which coalesce into larger
ones (t=0.03 s). The droplet remains pinned
until the stretched liquid bridge, formed
between the outside air and the air pocket
(t=0.08 s) at the rear of the droplet (with
respect to the direction of gravity), collapses.
The collapse sends a wave forward on the
surface of the droplet that reaches the solid
surface on the front of the droplet (t=0.086 s to
0.094 s), at which point the droplet gets pinned
on the surface (t=0.096 s). Eventually, the
droplet has skipped forward by the amount of
the solid surface length that gets attached to the
front of the droplet.

Figure 2. Simulation snapshots of droplet lateral
movement on an inclined plane with air permeating
the solid substrate.

CONCLUSIONS
We provided insights on the underlying
mechanisms of droplet actuation on porous
media by means of backpressure and surface
inclination; the latter are combined to facilitate
active control of droplet mobility. Adjusting
the porous backpressure the droplet may be
pinned to the surface or may be actuated and

move downwards by the presence of a small
inclination.
The
interplay
between
backpressure and inclination has been
quantified for various volumes of DI water and
ethanol in DI water droplets. Actuation and
mobility control may be realized without a
fully developed air cushion under the liquid;
therefore Leidenfrost-like dynamics cannot be
used. Simulations have shown that the droplet
is actuated through a depinning process of the
receding contact line and moves by means of
forward wave propagation towards the front
contact line. The droplet shapes obtained by
this numerical approach are fairly compared to
the ones observed experimentally, thus
providing a reasonable justification of this
approach.
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SUMMARY
Highly conductive nanocomposite membranes
were synthesized by incorporating modified
silica nanoparticles bearing different kinds of
acid functionalities into Nafion. The short
oligomeric
corona,
containing
either
phosphonate or sulfonate functional groups, led
to membranes with non-aggregated, discrete
nanoparticles acting synergistically with the
polymer. The new membranes exhibit
significantly increased proton conductivity in
all relative humidities and temperatures,
however unprecedented behavior is observed at
elevated temperatures (> 80 °C) and/or low
relative humidity. Pulse Field Gradient NMR
measurements demonstrate that, in contrast to
neat Nafion, which shows a precipitous
decrease in the self-diffusion of water above 80
°C, the nanocomposite membranes were able
to maintain high proton diffusivities pointing to
adequate hydration levels for several hours at
130 °C without any external humidification.
Furthermore, thermal and dynamic mechanical
analysis reveal that the nanocomposite
membranes retain their stiffness at much higher
temperatures (up to 200 oC) compared to recast
Nafion.

improve
the
water
retention/proton
conductivity
and
thermal-mechanical
properties of Nafion is the development of
nanocomposite membranes by incorporating in
it hydrophilic inorganic particles such as silica,
clays, and graphite oxide [3, 4, 5]. Herein, we
report a family of Nafion-based nanocomposite
membranes with significantly improved
properties synthesized by a simple and scalable
method [6].

INTRODUCTION
Polymer electrolyte membrane fuel cells
(PEMFCs) are the most attractive candidates as
the next generation power sources for
portable/vehicular applications, due to their
high-energy efficiency and power density [1].
The most widely used and extensively studied
electrolyte is the perfluorosulfonic polymer
Nafion®, which functions best under wet
conditions and at a relatively low temperature
range (60–80 °C). . A common strategy to

RESULTS
The modified nanoparticles disperse well in the
Nafion matrix (Figure 1), providing extra
proton sites but also leading to nanocomposites
with enhanced thermal and mechanical
properties.

METHODS
The synthesis involves dispersing silica
nanoparticles of NIM (nanoscale ionic
materials) type, functionalized with either
phosphonate or sulfonate ionic groups (denoted
hereafter as NIM_PO3 and NIM_SO3,
respectively). The nanoparticles are expected
to have a synergistic effect with the sulfonic
groups of Nafion. Proton conductivity was
evaluated at different relative humidity (RH)
and temperature values. In addition, the water
self-diffusion was studied by Pulse-FieldGradient NMR (PFG-NMR) and correlated
with the ionic conductivity of the membranes
in the absence of any external humidification
system.
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Figure 1. Representative TEM image of 1 wt%
NIM_PO3.

XRD results showed that the crystallinity of all
nanocomposites was not as pronounced as in
the case of the pristine Nafion membrane,
indicating that the presence of nanoparticles
led to membranes with essentially more
amorphous
structure.
Thermogravimetric
analysis suggests that Nafion nanocomposite
membranes are more thermally stable than neat
Nafion.
Most interestingly, the new nanocomposite
membranes exhibited a very interesting
behaviour at elevated temperatures (> 80 °C)
and/or low relative humidity, as at these
conditions they were able to retain adequate
hydration levels and thus exhibit high diffusion
coefficients for several hours at temperatures
as high as 130 °C without any external
humidification.
Finally, the nanocomposite membranes were
much stiffer especially at higher temperatures
than neat Nafion.
The combination of all above features makes
the new nanocomposite membranes attractive
electrolyte materials for practical fuel cell
applications.

Figure 2. Water self-diffusion coefficient, D, versus
temperature of (a) NIM_PO3, (b) NIM_SO3 (Insets
show corresponding values collected at 130 oC at
different times).
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ADSORPTION STUDY AND APPLICATION OF BOX-BEHNKEN DESIGN
FOR THE REMOVAL OF TWO ORGANOPHOSPHORUS PESTICIDES BY
LOW COST POROUS MATERIALS, USED TEA AND NEEM LEAVES
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SUMMARY
Removal of two organophosphorus pesticides bromophos methyl [BM: O, O- dimethyl – O - (2, 5dichloro -4 bromophenyl) phosphorothioate], quinalphos [QP: O, O-diethyl O-2-quinoxalinyl
phosphorothioate] on used tea and neem leaves were studied by batch equilibration method.
Adsorption isotherms were conformed well to Langmuir for quinalphos and Freundlich equation
for bromophos methyl. The kinetic data fitted well by the pseudo second order model for both
pesticides. Box-Behnken design was successfully employed for experimental design and analysis
of results. The interactions of pH, initial concentration and adsorbent dose on two pesticides
adsorption by used tea leaves were investigated by this model. The optimum pH, initial
concentration and adsorbent dose with their corresponding removal efficiency were found to be
7.88, 11.94 mg L-1, 0.37g and 100% for bromophos methyl respectively, for quinalphos 8.72, 6.44
mg L-1, 0.39g and 93.98% respectively.
Keywords: Box-Behnken; quinalphos; bromophos methyl; Kinetics; used tea leaves, neem leaves
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SUMMARY
Active control of droplet mobility through low
cost tools is highly desirable in applications
entailing microfluidics, Lab-on-Chip devices
and pertinent technologies. Here, we present
the design concepts of a versatile, low cost tool
for dynamic droplet mobility manipulation,
employing a scheme with backpressure
application. Initially sticky open- or closedchannel fluidics with hydrophobic, porous
walls are rendered slippery with the application
of backpressure through the porous walls.
Deliberate control of backpressure directs the
wetting phenomena to the desired state.
Operation parameters, and control system
considerations are presented. Ultra-low
backpressure values, are needed for channels
with small cross-sections, which in turn are
compatible with ultra-low energy demands.
INTRODUCTION
Incorporation of materials and devices with
controllable and active wetting properties is
now emerging as a key issue towards highperformance microfuidics and embedded
systems [1-4]. Droplet actuation and valving
on such systems call for tools that deliver
wetting and mobility switching on-demand,
with high throughput, low cost and large
production amenability. Desirable salient
characteristics include also low energy
demands, high adaptability, ultra-low actuation
times and minimum interaction with the
working liquid phase. Undesirable interactions
may be chemical through incorporation of
particles or any other third-party substances, or
thermal through temperature increase.
Incorporation of simple porous surfaces on
microfluidics is challenging alone [5].
Rendering them active increases complexity
more.
In this work we present the design of an
integrated tool, for controlling the mobility of
plugs inside open- or closed-channel fluidics.

The heart of the tool is a low-cost disposable
fluidic with porous hydrophobic walls that may
facilitate the application of backpressure [610]. The construction material is ceramic,
exhibiting high robustness, chemical inactivity,
mechanical stability and high temperature
stability. With the application of backpressure,
gas pockets evolve at the solid-liquid (S-L)
interface, with tunable pressure and volume.
With this the S-L surface area is decreasing,
the receding contact line is partially detached,
while additional, anisotropic Laplace pressures
appear, along with asymmetric bubbles. The
collapsing of the gas pockets introduce
additional forward wave, assisting the liquid
movement. Through deliberate backpressure
control, the above mentioned phenomena, are
tuned towards the desired direction. The design
concepts and considerations are presented in
this work.

Figure 1. Schematic representation of the
valve architecture and operation.

RESULTS
In Figure 1 we present the basic principle of
the active valve developed. For the case
depicted in Figure 1, the valve is rectangular
and open from the top face only, however other
geometries might be used as well. The central
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channel, acts as the microfluidic channel, while
its adjacent channels serve for backpressure
application; that is, they allow gas to feed
through their porous walls to the microfluidic
channel.

Figure 2. a) Snapshots from video showing a
droplet moving inside the open-channel
fluidic. (b) Manipulation of two plugs on the
same fluidic simultaneously. The fluidic is
tilted downwards on the right side.

In Figure 2 snapshots taken during actuation of
a 30 ml plug are illustrated. Initially the plug
sticks to the porous surface, because of the
hydrophobic character of the walls and the
high contact angle hysteresis. With the
application of a backpressure, specific values
of which are presented below, gas pockets
appear at the liquid–solid interface with
increasing volume and pressure, which render
the walls slippery and triggering the droplet to
low through and downwards due to the
gravitational body forces acting on the plug.

Figure 3. Experimental measurements of the
minimum backpressure for actuation vs. droplet
volume and tilt angle for valves with various
cross sections

In Fig. 3 we present the experimental results
for the minimum backpressure value needed to
actuate a droplet, and hence set the valve-on,
for various openings.
CONCLUSIONS
We presented the design concepts and
fabrication of a versatile tool for dynamic
droplet mobility manipulation. The tool is
designed for both open- and closed channel
fluidics. The heart of the tool is a ceramic,
porous fluidic, enabling the application of
backpressure through the fluidic walls. The
inherently sticky walls are rendered slippery
when backpressure is applied at the rear side of
the channel walls. Depending on the porous
characteristics and channel dimensions ultralow backpressure values are needed to induce
the transition from the sticky to a slippery
state.
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INTRODUCTION
In recent years, indirect electro-oxidation
methods (electrochemical AOPs-EAOPs) are
considered environment-friendly emerging
alternatives for the abatement of pollution
caused by a multitude of organic
micropollutants in waters [1]. Among EAOPs,
the electro-Fenton (EF) method is perhaps the
most popular one. EF involves the continuous
generation of H2O2 in the contaminated water
through an oxygen-reduction reaction. In
parallel, iron ions (Fe2+/Fe3+) are either added
to the polluted water (homogeneous EF) or
embedded onto suitable electrode materials
(heterogeneous EF), in order to catalyze H2O2 splitting to produce the oxidizing agent •OH
via Fenton reactions.
Homogeneous EF has disadvantages for
practical applications (pH≤3, Fe concentration,
iron
sludge
treatment/disposal).
The
immobilization of the iron species on inert
support surfaces has been investigated in order
to overcome these disadvantages. Carbon
materials have been widely used as electrodes
because they are stable, have good
conductivity and chemical resistance, low cost,
high surface-to-volume ratio and their surface
can be easily functionalized to provide
controlled metal loading sites.
This work focuses on the preparation and
characterization of iron-impregnated carbon
felts (CF) as cathodic electrodes of a novel
flow-through electro-Fenton device of “filter”
type, recently developed by the authors [2,3]
for the efficient degradation of toxic organic
substances present in water at neutral pH. Two
different procedures were followed for the
preparation of CF/Fe electrodes, the first with
immersion of CF in Fe(III) ethanolic solution,

and the second with in situ creation of iron
nanoparticles on the CF surface. Furthermore,
the efficiency of the EF “filter” was evaluated
by investigating the decomposition and
mineralization of diclofenac (DCF) which is a
common nonsteroidal anti-inflammatory drug
(NSAID) and one of the most frequently
detected, pharmaceutically active, compounds
in surface waters.
MATERIALS AND METHODS
Commercial high specific surface area carbon
felt (CF), supplied by MAST Carbon
International Ltd, was used both as anode and
cathode. All CF electrodes had a thickness of
~2mm and a disc shape of 59mm diameter to
fit into the cylindrical electrolytic cell that was
specially designed for this work [2]. Iron (II)
chloride tetrahydrate and iron (III) chloride
hexahydrate were used as iron source.
The electrodes were first cleaned with ethanol
absolute and then dried at room temperature
for 24h. Subsequently, two different routes
were followed for the preparation of the
catalytic cathodic electrodes. In the first route,
CF coupons were immersed in an ethanolic
solution of FeCl3•6H2O at a concentration of
Fe/C 30% w/w (CF-Fe). Afterwards, the
electrodes were washed by Milli-Q water and
were treated with ethanol in an ultrasonic bath.
Finally, the electrodes were dried at room
temperature. In the second route, the CF
electrodes were immersed in an ethanolic
solution of FeCl3•6H2O and FeCl2•4H2O under
continuous stirring and nitrogen atmosphere;
followed by the drop-wise addition of 6.8 mL
ammonia (CF-nFe). Finally, the cathodic
electrodes were washed and dried according to
the procedure described above and kept in a
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desiccator for further use. The loading was
approximately 0.4 mg Fe per m2 of CF.
Constant-potential electrolyses were performed
with the novel flow-through electro-Fenton
“filter”. In particular, the “filter” was
composed of two carbon electrodes (the CF
anode and the CF-Fe or CF-nFe cathode),
plastic spacers and Teflon plates specially
designed for this purpose, including SS316
rings connected to the potentiostat by means of
Cr/Ni wires for providing the electric current to
the carbon electrodes. The “filter” was built
within a closed cylindrical vessel that acted as
a three-electrode electrochemical cell, with an
Ag/AgCl electrode from Metrohm, was used as
a reference electrode [2].

through operation leads to increased solute
removal (>90%), attributed to the enhanced
electrosorption on the charged electrodes and
the synergistic degradation/mineralization of
DCF due to Fenton reactions on the composite
cathodes.

RESULTS AND DISCUSSION
XRD measurements indicated that ΤiO2, C and
Fe2O3 were present in the structure of the
electrodes. Titanium oxide is impurity of the
initial CF material, whereas the presence of
iron oxide confirms the impregnation of iron
species on the electrode surface. As expected,
existence of iron oxide at the electrode matrix
resulted in a reduced SBET since iron oxide
exhibits lower SBET than CF, with the former
covering part of the CF surface (Table 1).

The CF-nFe composite cathode was the most
stable, exhibiting high sorption capacity and
significant
degradation/mineralization
efficiency (Table 1) at low applied potential
(1.0V/Ag/AgCl), neutral pH and high initial
pollutant concentration (~34 mg L-1). The
results demonstrate the capability of the
electro-Fenton process, implemented in the
novel “filter”-type device, to eliminate
diclofenac and in general, toxic organic
substances
(pesticides,
pharmaceuticals,
solvents, etc) from drinking water sources,
with no addition of chemicals and with reduced
energy expenditure.

Table 1. Specific surface area, electrical
resistivity and evaluation of the electrodes
Material
CF
CF-Fe
CF-nFe

SBET
(m2g-1)
1005
640
800

rs
(Ω m)
5.6
11.5
54

Removal (%)
DCF TOC
49.2
63.7

14.0
31.6

The Fe/C ratio, 30% (w/w), was confirmed using
EDX analysis of the electrodes. The images of
Scanning Electron Microscopy and Raman
spectroscopy presented the differences between
CF-Fe and CF-nFe. The appearance of CF-nFe
is significantly modified by the presence of
reddish aggregates decorating the carbon fibers
(Figure 1). Micro-Raman spectra on such spots
reveal the presence of mixed iron oxide
particles, namely those of -Fe2O3 and of
Fe3O4.
The stability and oxidation performance of
these electrodes were evaluated by measuring
the leaching of iron species and the
degradation of DCF in aqueous medium,
respectively. The results show that the flow

(a)

(b)

(c)

Figure 1. Raman images (104μm x 144μm)
(a) CF, (b) CF-Fe and (c) CF-nFe.
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SUMMARY
In this work perovskites LaFeO3 have been
synthesized through a sol-gel auto combustion
method, using glycine as fuel, and treated with
aminoacids (AA) and Pluronic P123
copolymer in order to increase the
mesoporosity of the materials.
INTRODUCTION
Perovskite materials are double oxides with
the general form ABO3 where A and B are
cations connected with oxygen. Such materials
have been synthesized using various
procedures, for instance sol gel with citric
additives, co-precipitation and hydrothermal
methods. In most cases the specific surface
area obtained are low in the range of 5-10 m2/g
[1-4]. Many research groups have tried to
increase the surface area by supporting such
solids on carbon or silica.
Recently, Papadas et al [5] published a
facile soft templating process, which involves
polymer-assisted aggregating self-assembly of
-alanine–capped BiFeO3 nanocrystals. The
resulting material consists of a network of
connected 6-7-nm–sized BiFeO3 nanoparticles
with large surface area 62 m2/g and uniform
pores ~ 6.3 nm.
EXPERIMENTAL
Synthesis of LaFeO3
LaFeO3 perovskite were synthesized using
a sol-gel auto combustion method. Lanthanum
and iron nitrates dissolved in water and glycine
was added in molar ratio NO3-/Gly=1. The
solution was heated at 100oC to evaporate the
H2O and then at ~250oC in order to initiate the
combustion. The final solid was calcined at
400oC/6h (LaFeO3 - Bulk).
Synthesis of functionalized LaFeO3
The functionalized perovskites were
synthesized using the following technique: The
uncalcined solid from above was added into

deionized water and the AA alanine, serine,
threonine and tyrosine was added. The pH was
adjusted to 4.0 with 1 N HNO3 under stirring.
The solid was centrifuged and dried at 60 oC.
Mesoporous perovskites were prepared by
adding the above colloidal solution to an
aqueous
solution
of
Pluronic
P123
(EO20PO70EO20) under vigorous stirring.
Subsequently, the solution mixture was heated
at 60oC, and the dried solids were calcined at
400oC for 6h to give the mesoporous samples
LaFeO3-Ala, LaFeO3-Ser, LaFeO3-Thr and
LaFeO3-Tyr.
Characterization of LaFeO3
The materials were characterized by X-Ray
Powder Diffraction Analysis, N2 porosimetry,
Scanning Electron Microscopy, Fourier
Transform Infrared Spectroscopy, Diffusion
Reflectance Spectroscopy and Diffuse Light
Scattering.
RESULTS
To verify the binding of amino acids with
the perovskites particles, FTIR spectra were
recorded. For alanine, molecules are bonded to
the as-prepared LaFeO3 surface via the
carboxyl groups, whereas the amino groups (NH2) are free to interact with the polar part of
P123. Serine and threonine exhibit the same
behavior whereas tyrosine showed a very
limited binding.
Table 1. Properties of LaFeO3 perovskites.
D110
SBET
Vp
Material
(nm)
(m2g) (cm3/g)
LaFeO3 -Bulk
30
18
0.030
LaFeO3-Ala
19
59
0.142
LaFeO3-Ser
19
53
0.120
LaFeO3-Thr
19
44
0.112
LaFeO3-Tyr
18
42
0.108

Eg
(eV)
2.12
1.90
1.94
1.98
1.89

For the calcined materials the XRD spectra
the characteristic peaks correspond to typical
LaFeO3 (JCPDS card 01-075-0439). The size
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LaFeO3-Tyr
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hydrophilic species, like Ala, penetrate more
easily in large cavities of primary particles and
in synergy with P123 promotes their desegregation more effectively. The larger and
more hydrophobic species, like Tyr, are less
effective.
70

β-Α

60 β-A
S

50

S

T
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of crystallites using Sherrer’s equation and the
D110 reflection, are shown in Table 1. The
crystallites decreased to one half when the assynthesized material was treated with the
amino acids. The particle size distributions of
the treated materials exhibit modal and median
diameters in the range 287nm<d<578nm
whereas LaFeO3-bulk shows modal/median
particle diameter around 470/447 nm.
The N2 ads-des isotherms, shown on Fig. 1,
are of Type II for the bulk LaFeO3 which is
non porous and exhibits low specific surface
~14 m2/g. The rest materials show a Type IV
isotherm with a type H2 hysteresis loop and
exhibit increased of surface area and the
specific pore volume.
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Figure 2. The ssa of the perovskites LaFeO3-Ala,
LaFeO3-Ser, LaFeO3-Tyr and LaFeO3-Thr develops
inversely proportional to the (ASA) of aminoacid
(left) but proportionally to their (HI) (right).
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Figure 1. N2 adsorption-desorption isotherms of
LaFeO3 materials.

In the UV-Vis spectra two characteristic
peaks for the bulk LaFeO3 are observed: One
intense at 550 nm and a smaller one at 480 nm.
The peak at 580 nm is smaller for the treated
perovskites. The energy gap of the as-prepared
materials calculated using the Kubelka-Munk
relation is shown on Table 1. The mesoporous
LaFeO3 materials show a remarkable (~0.270.29 eV) red-shift of the band gap compared to
the bulk LaFeO3 solid.
The specific surface area of the perovskites
is influenced by the Accessible Surface Area
(ASA) and the Hydropathy Index (HI) of
aminoacids, parameters which referred to the
sidechain of aminoacids as shown in Fig 2.
The ASA is a geometric property defined
as the surface of AA traced by the center of a
sphere with radius that of a water. As the side
chain becomes more bulky, the surface area
drops linearly. It can be considered that the
aminoacids are oriented normal to the surface
with their HOOC–CH(R)-NH2 axis and interact
via their -COOH groups with the metal cations
La and or Fe existing on the particle surface.
The HI is an affinity quantity representing
the hydrophobic or hydrophilic properties of its
side chain of AA. The smaller and more

CONCLUSIONS
In this study LaFeO3 perovskites particles have
been synthesized and treated with aminoacids
Ala, Ser,Thr and Tyr plus P123 copolymer in
order to avoid the particle segregation and to
achieve high surface area. This treatment
increases ssa from 18 up to 42-59 m2/g. The
samples treated with amino acids of smaller
size, due to smaller ASA and higher HI result
in higher ssa and spv.
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ΠΕΡΙΛΗΨΗ
Στην παρούσα εργασία μελετώνται τα πορώδη
χαρακτηριστικά υποστηριγμένων περοβσκιτών
LaCoO3 σε σπειρόμορφη σίλικα. Η σύνθεση
των υλικών πραγματοποιήθηκε με τη μέθοδο
του εμποτισμού σε ελικοειδή σίλικα. Η
ενσωμάτωση του περοβσκίτη στην πυριτική
δομή έγινε σε ποσοστά x=10, 20, 30 και 50%,
όπου x= mol (La+Co)/ mol SiO2. Η σύνθεση
της σπειρόμορφης σίλικας πραγματοποιήθηκε
με τη χρήση ανιονικών και κατιονικών
επιφανειοδραστικών.
Η
εισαγωγή
της
περοβσκιτικής φάσης στη μεσοπορώδη
σπειρόμορφη δομή έχει ως αποτέλεσμα τη
μείωση της ειδικής επιφάνειας, η οποία είναι
ανάλογη του ποσοστού του περοβσκίτη.
ΕΙΣΑΓΩΓΗ
Τα οξείδια τύπου περοβσκίτη έχουν
προσελκύσει το ενδιαφέρον πολλών ερευνητών
λόγω των ιδιαζόντων μαγνητικών, ηλεκτρικών
και καταλυτικών ιδιοτήτων που παρουσιάζουν.
Οι ιδιότητες αυτές καθιστούν τα υλικά αυτά
κατάλληλα για σημαντικές εφαρμογές όπως
υπεραγωγοί,
ημιαγωγοί,
φερροηλεκτρικά
υλικά καθώς και καταλύτες σε διάφορες
αντιδράσεις οξείδωσης [1,2,3]. Οι καταλυτικές
ιδιότητες των συγκεκριμένων υλικών μπορούν
να βελτιωθούν με την αύξηση της ειδικής
επιφάνειας. Για το σκοπό αυτό συνήθως
χρησιμοποιούνται
διάφορα
μεσοπορώδη
υποστρώματα στα οποία διασπείρεται η
περοβσκιτική φάση.
Στην παρούσα εργασία χρησιμοποιήθηκε
σπειρόμορφη σίλικα ως υπόστρωμα για τη
βελτίωση
των
επιφανειακών
και
μορφολογικών
χαρακτηριστικών
των
περοβσκιτών του τύπου LaCoO3. Η ανάπτυξη
σίλικας με μορφή νανοέλικας (nanohelix)
παρουσιάζει έντονο ενδιαφέρον λόγω της
ιδιαιτερότητας που παρουσιάζουν αυτές οι
δομές [4,5]. Αν και η ελικοειδής δομή
απαντάται πολύ συχνά στη φύση όπως για

παράδειγμα στην α-έλικα των πρωτεϊνών και
την διπλή έλικα του DNA, εντούτοις είναι
αρκετά δύσκολο για ανόργανα υλικά να
λάβουν την ελικοειδή διαμόρφωση. Πορώδη
υλικά με χειρομορφία είναι σημαντικά για
βιολογικές μελέτες αλλά και σχετικά με την
χειρόμορφη
κατάλυση.
Σε
αυτές
συγκαταλέγονται η χρήση τους ως καταλύτες
σε ετερογενείς αντιδράσεις, ενώ επιπλέον
παρουσιάζουν
έντονο
μορφολογικό
ενδιαφέρον.
Στη συγκεκριμένη εργασία μελετήθηκε η
σύνθεση
σπειρόμορφης
σίλικας,
τα
επιφανειακά χαρακτηριστικά αυτής καθώς και
η επίδραση της ενσωμάτωσης του περοβσκίτη
LaCoO3 με τη μέθοδο του εμποτισμού στην
ελικοειδή δομή και στις μορφολογικές της
ιδιότητες.
ΠΕΙΡΑΜΑΤΙΚΟ ΜΕΡΟΣ
Το πρώτο στάδιο περιλαμβάνει τη σύνθεση της
σπειροειδούς σίλικας όπως περιγράφεται στην
[5], ενώ το δεύτερο στάδιο περιλαμβάνει τον
εμποτισμό της σπειρόμορφης δομής με
περοβσκίτη LaCoO3 σε ποσοστά 10, 20, 30 και
50%. Τα υλικά που παρασκευάστηκαν
μελετήθηκαν με περίθλαση ακτίνων Χ,
ποροσιμετρία Ν2 και ηλεκτρονική μικροσκοπία
σάρωσης (SEM). Στον Πίνακα 1 φαίνονται τα
δείγματα που παρασκευάστηκαν καθώς και οι
ειδικές επιφάνειες που μετρήθηκαν με τη
μέθοδο BET.
Πίνακας 1. Υλικά που συντέθηκαν και οι τιμές
ειδικής επιφάνειας αυτών.
Κωδικός
Δείγματος
Chiral silica
ch- 10% LCO3
ch- 20% LCO3
ch- 30% LCO3
ch- 50% LCO3

Ποσοστό
Περοβσκίτη

SBET
(m2g-1)

10% LaCoO3
20% LaCoO3
30% LaCoO3
50% LaCoO3

703
471
439
394
320
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ΑΠΟΤΕΛΕΣΜΑΤΑ ΚΑΙ ΣΥΖΗΤΗΣΗ
Στο Σχήμα 1 παρουσιάζονται οι ισόθερμες
προσρόφησης-εκρόφησης
των
υποστηριγμένων υλικών καθώς και της
σπειρόμορφης σίλικας. Από τα διαγράμματα
παρατηρείται ότι όλα τα υλικά είναι
μεσοπορώδη με το χαρακτηριστικό γόνατο σε
(P/P0)=0.4, ενώ ταυτόχρονα εμφανίζεται και
ένας μικρός οριζόντιος βρόγχος υστέρησης
τύπου Η4. Επιπλέον, παρατηρείται ότι η
προσθήκη του περοβσκίτη στη μεσοπορώδη
δομή έχει ως αποτέλεσμα την βαθμιαία μείωση
της ειδικής επιφάνειας από 703 m2/g σε 471,
439, 394 και 320 m2/g ανάλογα με το ποσοστό
της περοβσκιτικής φάσης. Στο σχήμα 2
παρουσιάζονται μικροφωτογραφίες SEM (a)
του σπειρόμορφου πυριτικού υλικού και (b)
του υλικού ch-50%LCO3.
ch - 10% LCO3
ch - 20% LCO3

400

ch - 30% LCO3

3
Volume (cm /g)

ch - 50% LCO3

Σχήμα 2. Μικροφωτογραφίες SEM (a) για
σπειρόμορφη σίλικα και (b) για το υλικό
ch-50% LCO3.

chiral silica

300

200

ΕΥΧΑΡΙΣΤΙΕΣ

100

0,0

0,2

0,4

0,6

0,8

1,0

P/P0

Σχήμα 1. Ισόθερμες προσρόφησης-εκρόφησης
Ν2 για τη σπειρόμορφη σίλικα και για τα
υποστηριγμένα υλικά.

Από
τις
μικροφωτογραφίες
SEM
ταυτοποιείται η ελικοειδής μορφολογία του
υλικού
(Σχ.
2a).
Παρατηρούνται
δεξιόστροφες και αριστερόστροφες έλικες
σε ίση αναλογία σε όλο το δείγμα, καθώς
και μονές ή διπλές έλικες. Το πάχος των
ελικών προσδιορίζεται περίπου στα 0.2μm,
ενώ το βήμα της έλικας κυμαίνεται από 0.2
έως 0.5μm. Με την προσθήκη του
περοβσκίτη η ελικοειδής δομή φαίνεται να
διατηρείται σε μεγάλο ποσοστό (Σχ. 2b) σε
όλες τις αναλογίες.
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ELECTROCHEMICAL REMEDIATION OF HEXAVALENT CHROMIUM
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SUMMARY
The objective of this study is to elucidate the
efficiency of electrosorption on removal of
hexavalent chromium from an aqueous
solution using nano-structered carbon aerogel
electrodes. The electrosorption performance is
investigated at various applied voltages,
solution pH values and ionic strength. It
increases with increasing applied voltage,
decreasing pH and increasing ionic strength.
Under the experimental conditions at the
optimum applied voltage 1.8 Volt, optimum
pH 2 , chromium concentration 80 mg/L and
Na2SO4
concentration
10
g/L
the
electrosorption capacity was found to be 10.6
mg Cr(VI)/g of carbon aerogel. The high
electrosorption performance of carbon aerogel
electrodes might be attributed to their high
specific area, high electrical conductivity,
chemical inertness and optimal pore size
distribution for the passage and easy movement
of ions during the electrosorption and
electrodesorption steps.
RESULTS AND DISCUSSION
Typical treatment processes for the removal of
chromium from aqueous waste streams are:
precipitation, adsorption, ion exchange,
coagulation or electrocoagulation and batch or
continuously operated electrodeionization.
Batch electrodeionization processes such as
electrosorption or otherwise called capacitive
deionization CDI rely on the formation of
double-layer supercapacitor at the interface
solution/electrode (Gabelich et al. 2002;
Dermentzis, 2010). When an electric field is
applied between two electrodes, ions in the
solution are forced to move towards to the
opposite charged electrodes, resulting in
purification
of
the
treated
solution.
Electrosorption is the most economic and
energy efficient method for water deionization.

It needs porous nano-sized electrodes with very
large specific area, such as carbon aerogels
carbon nanotubes and nanofibres or activated
nano-structured carbon cloths (Biesheuvel and
van der Val, 2010; Porada et al., 2014) to
increase the salt sorption capacity.
The
objectives of this study are to investigate the
operating
parameters
affecting
the
electrosorption performance, such as applied
voltage, solution pH and ionic strength and to
determine the electrosorption capacity of
Cr(VI) ions on the carbon aerogel electrodes.
All experiments were carried out in a 100 ml
rectangular laboratory glass vessel with
dimensions 10 cm in length, 10 cm in height
and 1 cm in width. Two sheets of carbon
aerogel electrodes (Marketech Int. USA) with
dimensions 8 cm in height and 8 cm in width
each were used as anode and cathode. The
solution volume was 80 ml. A DC power
supply (Agilent E3612A, USA) was used for
measuring the electrode potential and current.
Conductivity was measured by means of a
conductometer (WTW). K2Cr2O7, Na2SO4,
H2SO4 and NaOH were of analytical grade
(Merck).
Effect of pH
Cr(VI) ions in water exist in the form of
CrO42-, Cr2O72- and HCrO4-. The proportion of
those species is pH dependent. By applying an
electric field these anionic species migrate
towards the anode where they cannot be further
oxidized. Because of convection and diffusion
Cr(VI) anions might also migrate towards the
cathode, where they can partially be reduced to
Cr(III) ions. Cr(III) species may exist in
cationic and anionic form, such as Cr3+,
Cr(OH)2+, Cr(OH)2+, Cr(OH)4- and CrO2depending on the solution pH. Cationic Cr(III)
species may move towards the cathode, where
only few can be reduced to metallic chromium.
Anionic Cr(III) species move towards the
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anode, where they are oxidized to Cr(VI).
Therefore, an equilibrium is built between
Cr(VI) and Cr(III) with Cr(VI) being the
dominating species.
The effect of pH on electrosorptive removal of
chromium was studied at different solution pH
values adjusted to 2, 4, 6 and fixed Cr (VI)
concentration of 80 mg/L and applied voltage
of 1.8 Volt. The results of electro-adsorbed
total and hexavalent chromium in mg per g of
electrode are shown in Table 1.
Table 1. Electro-adsorbed chromium versus
time at various solution pHs
Time (min)
0
30
60
90
120
150

Electro-adsorbed Cr (mg/g)
pH = 2
pH = 4
pH = 6
0
0
0
7.8
5.5
2.3
9.6
7.4
4.1
10.2
7.8
4.6
10.6
8.4
5.0
10.6
8.5
5.2

As obtained from Table 1, the removal of
Cr(VI) is significantly greater in the more
acidic solutions. The highest electrosorption
capacity of chromium was found to be 10.6 mg
Cr(VI) per g of carbon aerogel at the pH value
of 2. A reason for the increase of adsorption of
Cr(VI) in acidic solutions is that Cr(VI) is
adsorbed onto the carbon aerogel surface
through physical adsorption and chemical
reduction by surface functionalities. The
oxidative power of Cr(VI) increases with
decreasing pH. The observed pH increase
during
open-circuit
adsorption
and
electrosorption of Cr(VI) provides evidence for
reduction of Cr(VI) to Cr(III).
Effect of applied voltage
Experiments were carried out under varying
voltages of 0.6, 1.2 and 1.8 Volt at fixed
chromium concentration of 80 mg/L and
optimum pH = 2. The results are shown in
Table 2. Higher removal efficiency for both,
Cr(VI) and total Cr were achieved at higher
voltages. Increased voltage increases the flow
velocity of electrons and the electrostatic
attraction of ions by the opposite charged
electrodes. The low applied potential ensures
non-faradaic capacitive currents and low
electrical energy consumption.

Table 2. Electro-adsorped chromium versus
time at various applied voltages
Time (min)
0
30
60
90
120
150

Electro-adsorbed Cr (mg/g)
0.6 Volt
1.2 Volt
1.8 Volt
0
0
0
0.7
2.2
7.8
1.1
3.9
9.6
1.3
4.4
10.2
1.4
4.5
10.6
1.4
4.5
10.6

Electrodesorption and regeneration of the
electrodes
The electrodesorption process was carried out
in a Na2SO4 solution of volume 80 ml,
concentration 10 g/L and pH = 2. The charged
carbon aerogel electrodes were discharged to 0
Volt. More than 95 % of the electrosorbed
chromium could be
recovered. The
electrosorption
and
electrodesorption
procedure is a rapid and reversible process
which can be repeated several times without
any significant loss of salt sorption capacity in
all cycles.
Conclusions
Charge and discharge of the electrodes can be
repeated several times without any significant
loss of the salt sorption capacity. Most of the
electrical energy can be recovered in the
electrode regeneration step. It can be
concluded that electrosorption is potentially
attractive for deionization of Cr(VI) bearing
wastewaters.
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EXPERIMENTAL
MWCNTs were produced in a fluidized bed
chemical vapor deposition vertical reactor
which has been tailored for the synthesis of
high-purity MWCNTs using proprietary
catalysts. Covalent modification of pristine
MWCNTs was applied in order to optimize
both the nanoscale morphology and their
dispersion
in
organic
solvents.
The
functionalization procedure towards the phenol

RESULTS AND DISCUSSION
TEM images showed that the functionalized
MWCNTs were characterized by high purity,
narrow size distribution, their length is about
1–3 μm, their external diameter size lies from
about 10 to 45 nm while the number of walls is
fluctuated from 20 to 45 nm.
1000

60

0.05% wt MWCNT/NMP
0.14% wt MWCNT/NMP
0.57% wt MWCNT/NMP
0.86% wt MWCNT/NMP
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100

45
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INTRODUCTION
The extraordinary properties of carbon
nanotubes [1] have created much potentiality
for future applications. However, a huge
downside for the integration of carbon
nanotubes into applications is their poor
processability, mainly due to the agglomerate
formation. The most reliable route to disperse
carbon nanotubes and create a stable dispersion
is the chemical functionalization of the outer
surface. In the present study, phenolfunctionalized MWCNTs were prepared. Our
final target was the use of the functionalized
carbon nanotubes as filler materials into
BTDA-TDI/MDI polyimide mixed matrix
hollow fiber membranes [2]. Note that the best
solvents for this polyimide polymer are the
dimethyl sulfoxide (DMSO) and the 1-Methyl2-pyrrolidone (NMP). To this end, we
performed SANS measurements for probing
the MWCNT dispersion capacity.

moieties attachment, was converted through
„„wet chemistry‟‟ by the addition of paminophenol reactants to form sigma bonds
with the pz orbitals. As a result, phenol groups
were introduced on the external surface of the
nanotubes [3]. The SANS measurements were
carried out at the PACE spectrometer at LLB,
Saclay, France. The incident neutron
wavelength was 1.3 nm and Q range varied
between 0.03 and 2.1 nm-1. Solutions of
phenol-functionalized carbon nanotubes in
NMP and DMSO were prepared in various
weight concentrations. The efficient dispersion
of the phenol-functionalized MWCNTs, at both
DMSO and NMP solvents, was achieved by
bath sonication at 50 oC for 30 min just before
the SANS measurements.

30

15
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0.5

1

MWCNT concentration [wt%]

10

2.2

1

I(Q) [cm-1 ]

ABSTRACT
Phenol-functionalized
multi-wall
carbon
nanotubes (MWCNTs) were prepared by
specially synthesized “wet chemistry” process.
Small-angle neutron scattering (SANS)
measurements were performed for the
investigation of the nanotube dispersion grade
into NMP and DMSO solvents. The results
suggest that NMP is a good solvent for
dispersing phenol-functionalized MWCNTs.
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Figure 1. SANS intensity profiles for the functionalized
MWCNTs dissolved in NMP at various concentrations.
Insets; bottom: detail of a possible weak peak observed at
0.05% wt with the experimental errors; top: dependence
of the mesh size on MWCNT with concentration.
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Fig. 1 shows the SANS profiles for the
functionalized nanotubes dissolved in NMP at
various concentrations. At the low-Q regime
all the SANS profiles follow a power law,
I(Q)~Q-a, with 2<a<3 depending on the
concentration of nanotubes. This behavior can
be attributed to aggregation formation [4].
In case of the low-concentration solution
(0.05% wt), there is an indication of the
presence of a weak peak, just about the noise
level, corresponding to a d-spacing about 39
nm (Fig. 3, bottom inset). This corresponds
approximately to the diameter of the MWCNTs
suggesting rod-rod correlations.

I(Q) [cm -1]

100
I(Q) [cm-1]

3

10

2
]

1

“bad” solvent resulting in very low
dispersibility of the nanotubes. The SANS
profiles of MWCNTs in DMSO solutions
exhibit characteristic peaks for all nanotube
solutions (Fig. 2, only 0.14% wt is shown). The
location, Qp, of the observed reflections
corresponds to the average diameter of the
nanotubes which is about 40 nm. To this end,
the presence of the main peak can be explained
in terms of rod-rod correlations possibly
originating from the carbon nanotube
precipitation mechanism. On the other hand the
absence of these peaks in NMP solutions, even
in the highest concentration (1.2% wt),
suggests that NMP is a good solvent candidate
for
dispersing
phenol-functionalized
MWCNTs.

0
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0.4
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1
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1

10
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Figure 2. SANS intensity profile for the functionalized
MWCNTs dissolved in DMSO at 0.14% wt. Inset: Details
of the observed peak with the experimental errors.

Further, at higher scattering vectors a
crossover to Q-1 behavior is observed. The
range of the Q-1 behavior is indicative for the
presence of isolated rigid rods. A characteristic
length, the mesh size, ξ=2π/Qc, can be
calculated from the crossover point, Qc. The
mesh size is the average distance between the
two neighbor contact points in the network.
The value of ξ decreases with increasing
concentration of nanotubes and varies between
53.7 and 21.7 nm indicating that nanotubes get
close together. According to theory for long
semiflexible cylinders in the semidilute
concentration regime, the mesh size, ξ, is
proportional to the concentration, c, of rods
according to 1/ c . Our experimental results
[5] are in good agreement with the above
equation, implying a good MWCNT dispersion
grade resembling the formation of a spaghettilike network (Fig. 3, top inset). Similar results
were reported in a recent study [6] where
MWCNTs with diameter 40-60 nm were
dissolved in epoxy + ionic liquid (BMIMBF4)
mixtures.
As a next step SANS measurements carried out
at MWCNTs in DMSO solutions at various
concentrations. DMSO was proved to be a

CONCLUSIONS
The dispersion grade of phenol functionalized
MWCNTs in NMP and DMSO solutions were
investigated by SANS. In the case of NMP
solutions a decrease of the correlation length
with increasing concentration is observed
because the nanotubes get close together. This
is an evidence of a good MWCNT dispersion
grade which resembles the formation of a
spaghetti-like network. On the other hand
MWCNTs presented low dispersibility in
DMSO and the SANS spectra exhibited
characteristic peaks corresponding to rod-rod
correlations possibly originating from the
carbon nanotube precipitation mechanism.
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SUMMARY
The reaction mechanism, of the ethanethiol
transformation over acidic zeolite surface:
C2H5SH-Hp-zeolite Hp-zeolite + C2H4 + H2S,
has been investigated with 20T model zeolite
cluster including one hydroxyl Bronsted acid
site (BAS), using density functional theory
(DFT) and MM methods. The 20T cluster is
represented by a 12-membered-ring window
connecting two supercages of faujasite,
including eight more tetrahedral atoms at the
base next to the Al atom. It has been studded
with the help of the two-layered ONION
(B3LYP/6-311+G(d,p):UFF) methodology.
INTRODUCTION
The formation of the sulfur oxides is the result
of the burning of the Organo-Sulfur
Compounds (OSCs) contained in the fossil
fuels, like diesel and gasoline, which are the
common transport fuels. The main OSCs found
in fuels are the thiols, also called mercaptanes
(R-SH), sulfides and disulfides (R-S-R’,
R-S-S-R’) and thiophenes, benzothiophenes
and dibenzothiophenes [1]. Except for the
forming of harmful sulfur oxides, another
effect of the OSCs is the poisoning and
degradation of the catalysts used in transport
vehicles exhaust systems, which leads to
higher pollutants emissions.
Various researches have taken place
concerning the theoretical study of the
interaction of OSCs with zeolites, using ab
initio and DFT methods. Ziolek and Decyk
have
reported
the
adsorption
and
transformation of C2H5SH and diethyl sulfide
on faujazite-type zeolites, both alkali-metalexchanged and protonated types [2-4]. These
studies have demonstrated that protonated
forms of zeolites are highly active in the

transformation of sulfur compounds due to the
formation of hydrogen bonding complexes.
In this research project we are investigating the
degradation reactions of ethanethiol, catalyzed
by an acidic zeolite of the FAU form.
Specifically two reaction pathways are
considered the dehydrosulfidation DHs, i.e.,
the t2 direct elimination channel and a SW2
type channel, leading to final products through
the intermediate formation of a stable ethoxide
complex. The results are compared with
literature findings on similar systems.
CALCULATIONS
The reaction mechanism, of the ethanethiol
transformation over acidic zeolite surface with
20T model zeolite cluster using density
functional theory (DFT) and MM methods is
investigated. The 20T cluster including one
hydroxyl Bronsted acid site (BAS) and
corresponding to the molecular formula
Si19O36H32Al(OHp), is represented by a 12membered-ring window connecting two
supercages of faujasite. Eight more tetrahedral
atoms contained at the base next to the Al
atom. It has been studded with the help of the
two-layered
ONIOM
(B3LYP/6311+G(d,p):UFF) methodology where the high
method employed is the B3LYP/6-311+G(d,p)
level, while the remainder is treated by
molecular mechanics force fields (UFF).
RESULTS AND DISCUSSION
Two reaction pathways and the corresponding
transition states have been determined, TS(a)
for direct olefin production and TS(b) for
alkoxide formation (Fig.1). The transition state
structures have been identified by one
imaginary frequency as first-order saddle
points (Fig.2). They have been calculated with
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the use of the ONIOM2 procedure, at the
B3LYP/6-311+G(d,p):UFF level of theory,
which has been shown to be quite successful in
the description of computationally demanding
systems. The second possible reaction channel
involves the intermediate formation of the
ethoxide species through the transition state
TS(b), depicted in Fig.1, which resembles an
SN2 transition state configuration. The
activation energy barrier associated with TS(a)
is located 26.3 kcal /mol, while the TS(b) is
lower located than TS(a) by 2 kcal /mol.
Therefore, the present calculations reconfirm
the observations reported that the intermediate
alkoxide formation mechanism proceeds via a
lower activation energy than the direct
elimination process.

hydrogen bonded to oxygens on the zeolite
surface. (Fig.3)

Fig.3

complex (a)

complex (b)

CONCLUSIONS

Fig.1

Reaction energy profile indicating the two
different pathways in the 20T model which all
the T12 ring atoms belongs at the active region.
Relative energies (kcal mol-1) + ZPE, in
parentheses.

The calculations show that the reaction
mechanism involves two competing channels,
a direct t2 type dehydrosulfidation channel
DHS and Sw2 type pathway through the
intermediate forming of an alcoxy species.
Quantum calculations predict that the Sw2 type
pathway is slightly favored over the direct t2
type mechanism. The results derived in the
present study suggest that the ONIOM
approach yields an accurate and practical
model in studying reaction mechanism of
ethanethiol transformation on zeolites.
REFERENCES

Fig.2

TS(a)
zigzag direction

TS(b)
direction of the straight channel

Two forms of adsorption structure have been
determined for these complexes: (a) a linear
hydrogen-bonding complex between the thiol
and the SiOHAl framework of the zeolite, and
(b) a cyclic hydrogen bonding zeolite–thiol
complex, where the sulfur compound is
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ΤΝΘΔΖ ΚΑΗ ΚΑΣΑΛΤΣΗΚΖ ΓΡΑΣΗΚΟΣΖΣΑ ΣΩΝ ΠΗΝΔΛΗΩΝ
NIAL2-XFEXO4
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ΠΔΡΗΛΖΨΖ
Σθνπόο ηεο παξνύζαο εξγαζίαο είλαη ε
ζύλζεζε θαη κειέηε ηεο θαηαιπηηθήο
δξαζηηθόηεηαο γηα ηε κεηαηξνπή CH4 κε CO2
ηνπ ζπηλειίνπ κε γεληθό κνξηαθό ηύπν
NiAl2-xFexO4(x=0,0.1,0.2,1).H ζύλζεζε γίλεηαη
κε ηε θηηξηθή κέζνδν θαη ππνινγίδεηαη ε ΓHads
ηνπ CH4 θαη CO2 .
ΔΗΑΓΩΓΖ
Η κειεηνύκελε αληίδξαζε είλαη ε αληίδξαζε
μεξήο αλακόξθσζεο (dry reforming)
CH4 + CO2  2CO + 2H2
Παξάιιεια κε ηελ αληίδξαζε dry reforming
γίλεηαη θαη ε αληίδξαζε Shift
CO + H2O  CO2 +H2
Η δηαδηθαζία ηνπ dry reforming ζε
βηνκεραληθή
θιίκαθα
εκθαλίδεη
πιενλεθηήκαηα. Απηό ζπκβαίλεη από ηε ζηηγκή
πνπ ε παξαγσγή ζπλζεηηθνύ αεξίνπ ε
αλαινγία H2/CO πξνζεγγίδεη ην 1/1 , γεγνλόο
πνπ ην θαζηζηά θαηάιιειν γηα παξαγσγή
ελώζεσλ πνπ πεξηέρνπλ νμπγόλν θαζώο θαη
ζηε ζύλζεζε Fischer – Tropsch γηα ηε ζύλζεζε
θαηάιιεισλ πδξνγνλαλζξάθσλ[1]. Σην dry
reforming CH4 ην κεζάλην πξνζξνθάηαη
θπξίσο ζην κέηαιιν ελώ ην δηνμείδην ηνπ
άλζξαθα θπξίσο ζην νμείδην [2].
ΤΝΘΔΖ ΤΛΗΚΩΝ
Η κέζνδνο ζύλζεζεο είλαη ε θηηξηθή. Τα
αληηδξαζηήξηα είλαη : θηηξηθό νμύ ηεο εηαηξείαο
MERCK,ληηξηθό αξγίιην ηεο εηαηξείαο SIGMA
– ALDRICH ,ληηξηθόο ηξηζζελήο ζίδεξνο ηεο
εηαηξείαο MERCK θαη ληηξηθό ληθέιην ηεο
εηαηξείαο FERAX.Τα δηαιύκαηα ησλ ληηξηθώλ
αιάησλ μεξαίλνληαη ζηνπο 600C θαη ςήλνληαη
ζηνπο 800 0C γηα 4h . Τα παξαζθεπαζζέληα
πιηθά
έρνπλ
ηελ
νλνκαζία
Fex(x=0,0.1,0.2,1)ελώ ηα αληίζηνηρα αλεγκέλα
πιηθά RFex(x=0,0.1,0.2,1). Η αλαγσγή ησλ
πιηθώλ πξαγκαηνπνηήζεθε ζε δηάηαμε TPR κε
αληηδξαζηήξα δηακέηξνπ 8mm.Η αλαγσγή

πξαγκαηνπνηήζεθε ζε ξνή 100 cc/min αεξίνπ
κίγκαηνο
4%
H2/Ar.
Τα
πιηθά
ραξαθηεξίζζεθαλ κε ηε ηερληθή XRD, ηε
πνξνζηκεηξία N2 θαη ηέινο ε θαηαιπηηθή
δξαζηηθόηεηα κεηξήζεθε ζε αληηδξαζηήξα
PFR.
ΑΚΣΗΝΔ – X
Η αλάιπζε έγηλε κε πεξηζιαζίκεηξν D8 Bruker
Advance κε αθηηλνβνιία CuKα(ι = 1,5406 Δ).
Η ζάξσζε έγηλε ζηε πεξηνρή 10<2ζ<900 κε
βήκα 0,02 0 (2ζ) θαη ξπζκό 0,01 0/sec .Όζν
απμάλεηαη ε πξνζζήθε ζηδήξνπ ζηα πιηθά ε
θάζε ηνπ ζπηλειίνπ NiAl2O4 ζηαδηαθά
εμαθαλίδεηαη θαη ππάξρεη ηάζε ζρεκαηηζκνύ
ηεο θάζεο ηνπ NiFe2O4.Δπηπιένλ, όζν
απμάλεηαη ε ελαπόζεζε ηνπ ζηδήξνπ,
παξαηεξείηαη ζηαδηαθή εμαζζέλεζε ησλ
αλαθιάζεσλ πνπ αληηζηνηρνύλ ζηε γ – Al2O3
θαη ζην NiO πνπ εκθαλίδνληαη ζην αξρηθό
πιηθό NiAl2O4. Σηα αλεγκέλα πιηθά όζν
απμάλεηαη ε πεξηεθηηθόηεηα ηνπο ζε ζίδεξν
απμάλεηαη θαη ε ηάζε ζρεκαηηζκνύ θάζεο
θξάκαηνο Ni/Fe .
ΤΠΟΓΗΜΟ ΚΡΤΣΑΛΛΗΣΩΝ
Ο
ππνινγηζκόο
ηνπ
κεγέζνπο
ησλ
θξπζηαιιηηώλ d(nm) ησλ αλεγκέλσλ πιηθώλ
γίλεηαη από ηελ εμίζσζε Scherrer . Τν κέγεζνο
ηνπο δίλεηαη ζην Πίλαθα 1 .
ΠΟΡΟΗΜΔΣΡΗΑ ΑΕΩΣΟΤ
Οη ηζόζεξκεο πξνζξόθεζεο N2 ζηνπο 77Κ
δείρλνπλ όηη ηα αλεγκέλα πιηθά είλαη
κεζνπνξώδε κε βξόγρν πζηέξεζεο H2 . Οη
ηηκέο ηεο εηδηθήο επηθάλεηαο πξνζδηνξίζηεθαλ
ηε ζρέζε BET ζε ζρεηηθέο πηέζεηο
0,05<P/P0<0.35 δίλνληαη επίζεο ζην Πίλαθα 1 .
Πίνακας 1:Μέγεζνο θξπζηαιιηηώλ θαη εηδηθή
επηθάλεηα ησλ αλεγκέλσλ πιηθώλ
Ανηγμένα
d(nm)
A(m2/g)
Τλικά
RFe0
12.38
83
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11.22
12.24
20.75

81.8
48.2
11.3

ΚΑΣΑΛΤΣΗΚΖ ΓΡΑΣΗΚΟΣΖΣΑ
H κειέηε ηεο θαηαιπηηθήο δξαζηηθόηεηαο έγηλε
ζε αληηδξαζηήξα PFR δηακέηξνπ 10mm θαη ε
αλάιπζε ησλ πξντόλησλ έγηλε ζε αέξην
ρξσκαηνγξάθν GC - 15A ηεο εηαηξείαο
SHIMADZU κε αληρλεπηή TCD , ζηήιε
δηαρσξηζκνύ Porapak Q ζε ζεξκνθξαζία 40
0
C.Αξρηθά πξαγκαηνπνηείηαη αλαγσγή ησλ
πιηθώλ ζηνπο 800 0C γηα 15 min ζε ξνή 60
ml/min 10% H2/He .Η αληίδξαζε dry reforming
γίλεηαη κε ηαρύηεηα ρώξνπ WHSV=30000h-1.Η
κέγηζηε δξαζηηθόηεηα παξαηεξήζεθε ζην πιηθό
κε ππνθαηάζηαζε x=0.2(NiAl1.8Fe0.2O4).Σην
δηάγξακκα R’/R0’=f(x),όπνπ R/R0 ε ζρεηηθή
δξαζηηθόηεηα ησλ πιηθώλ σο πξνο ην πιηθό
NiAl2O4 εθθξαζκέλε αλά m2 επηθάλεηαο.

χήμα 2:Πξνζνκνίσζε δηαγξακκάησλ RCH4=f(PCH4)
κε ζρέζεηο ηύπνπ Langmuir

Fe 0

0.00009

600
580

0.00006

560
540

R CH4

RFe0.1
RFe0.2
RFe1

0.00003

0.00000
0.0

0.1

0.2

0.3

0.4

0.5

P CO2

χήμα 3:Πξνζνκνίσζε δηαγξακκάησλ RCH4=f(PCO2)
κε ζρέζεηο ηύπνπ Langmuir

Υπνινγίδνληαη νη ζηαζεξέο πξνζξόθεζεο bCH4
θαη bCO2.Από δηαγξάκκαηα lnb=f(1000/T)
ππνινγίδνληαη νη αληίζηνηρεο ελζαιπίεο
πξνζξόθεζεο ΓHCH4
θαη ΓHCO2
πνπ
παξαηίζεληαη ζην πίλαθα 2

2.5

2.0

Πίνακας 2 : ΓHads ησλ κε αλεγκέλσλ πιηθώλ
Τλικά
ΓHadsCH4
ΓHπρCO2
(kj/mol)
(kj/mol)

580

R'/R'0

1.5
560

1.0

0.5

0.0
0.0

0.2

0.4

0.6

0.8

1.0

x

χήμα 1:Μειέηε ηεο ζρεηηθήο δξαζηηθόηεηαο ησλ
πιηθώλ ζπλαξηήζεη ηεο ππνθαηάζηαζεο x

Η θηλεηηθή ζρέζε πνπ ρξεζηκνπνηείηαη είλαη
Langmuir – Hinselwood ζε αλεμάξηεηεο ζέζεηο:
R = k ∙ ΘCH4 ∙ ΘCO2
bCH4  PCH4
CH 4 
1  bCH 4  PCH 4
CO2 

bCO2  PCO2
1  bCO2  PCO2

Με πξνζνκνίσζε ζρέζεσλ ηύπνπ Langmuir :
ax
y
1  bx
ησλ δηαγξακκάησλ RCH4=f(PCH4)(ζρήκα 2) θαη
RCH4=f(PCO2) (ζρήκα 3)

-39,307

-29,810

Fe 0,1

-43,975

-26,459

Fe 0,2

-40,636

-26,900

Fe 1

-22,873

-34,904

ΤΜΠΔΡΑΜΑΣΑ
Οη ηηκέο ΓΗads πνπ ππνινγίζηεθαλ πεηξακαηηθά
είλαη θνληά ζηηο ηηκέο πνπ απαηώληαη ζηε
βηβιηνγξαθία[3] . Η δξαζηηθόηεηα ησλ πιηθώλ
NiAl2-xFexO4 εμαξηάηαη από ηε κεηαβνιή ηεο
εηδηθήο επηθάλεηαο θαη από ηελ αλαινγία
(Ni0+Fe0)/Al2O3 ζηα αλεγκέλα πιηθά .
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ΠΔΡΙΛΗΦΗ
Η παξνύζα εξγαζία αλαθέξεηαη ζηελ
αλάπηπμε
θαηαιπηηθώλ
πιηθώλ,
κέζσ
επηθαλεηαθήο
ρεκηθήο
ηξνπνπνίεζεο
καθξνπνξώδνπο άλζξαθα ηξηζδηάζηαηεο δνκήο
(3-DOM). Σπγθεθξηκέλα παξνπζηάδεηαη ε
ζύλζεζε
ζπκπιόθσλ-Μn
νκνηνπνιηθά
ππνζηεξηγκέλσλ ζε επηθάλεηα 3-DOM. Τα
πβξηδηθά
πιηθά
κειεηήζεθαλ
θαη
αμηνινγήζεθαλ σο θαηαιύηεο νμείδσζεο
αιθελίσλ παξνπζία H2O2.
ΔΙΑΓΧΓΗ
Η ζύλζεζε πνξώδνπο άλζξαθα κε ηελ
κέζνδν ηνπ εθκαγείνπ είλαη κηα δηαδηθαζία πνπ
ζπγθεληξώλεη επηζηεκνληθό ελδηαθέξνλ ηα
ηειεπηαία ρξόληα, ιόγσ ηεο δπλαηόηεηαο
ζρεκαηηζκνύ άλζξαθα κε ειεγρόκελε δνκή. Η
πνξεία πεξηιακβάλεη α) ηνλ εκπνηηζκό ηνπ
εθκαγείνπ κε κηα πεγή άλζξαθα, β) ηελ
ππξόιπζε ηνπ άλζξαθα θαη γ) ηελ
απνκάθξπλζε ηνπ εθκαγείνπ. Σηελ παξνύζα
εξγαζία ρξεζηκνπνηήζεθε σο πεγή άλζξαθα ε
θνπξθνπξηιηθή αιθνόιε θαη ζθαηξηθά
ζσκαηηδία ππξηηίαο γηα ηνλ ζρεκαηηζκό
πνξώδνπο άλζξαθα δνκήο 3-DOM. Η
παξνπζία εθκαγείνπ είλαη απαξαίηεηε γηα ηνλ
ζρεκαηηζκό ηξηζδηάζηαηεο πνξώδνπο δνκήο.
Η θαηαιπηηθή νμείδσζε απνηειεί έλα από
ηα ζεκαληηθόηεξα πεδία έξεπλαο, θαζώο
πεξηιακβάλεη
κεγάιν
αξηζκό
ρεκηθώλ
δηαδηθαζηώλ, πνπ αθνξνύλ ηελ παξαγσγή λέσλ
ρεκηθώλ εηδώλ. Σηε βηνινγία, κε-αηκηθά
ελδπκηθά ζπζηήκαηα καγγαλίνπ, παίδνπλ
θπξίαξρν ξόιν ζε αληηδξάζεηο νμείδσζεοαλαγσγήο [1,2]. Σπγθεθξηκέλα, ηα ηειεπηαία
ρξόληα, ε επνμείδσζε αιθελίσλ, παξνπζία
ππεξνμεηδίνπ ηνπ πδξνγόλνπ σο νμεηδσηηθνύ
θαη κε-αηκηθώλ ζπκπιόθσλ καγγαλίνπ σο
θαηαιύηεο, έρεη απνηειέζεη αληηθείκελν
απμεκέλνπ εξεπλεηηθνύ ελδηαθέξνληνο, γηα
δύν βαζηθνύο ιόγνπο: α) Τα
κε-αηκηθά

ζύκπινθα καγγαλίνπ, κπνξνύλ λα ζπληεζνύλ
εύθνια θαη είλαη ηδηαίηεξα δξαζηηθά σο
θαηαιύηεο θαη β) ην ππεξνμείδην ηνπ
πδξνγόλνπ απνηειεί ειθπζηηθό νμεηδσηηθό
κέζν, θαζώο είλαη θζελό, πεξηέρεη κεγάιε
πνζόηεηα νμπγόλνπ θαη είλαη θηιηθό πξνο ην
πεξηβάιινλ, κε κνλαδηθό παξαπξντόλ ην λεξό
[12].
ΠΔΙΡΑΜΑΣΙΚΟ ΜΔΡΟ
Σύνθεζη ηου 3-DOM
Πνξώδεο άλζξαθαο, δνκήο 3-DOM (ThreeDimensional
Ordered
Macroporous),
παξαζθεπάζζεθε κε ηελ κέζνδν ηνπ
εθκαγείνπ, ρξεζηκνπνηώληαο σο εθκαγείν
ζθαηξηθά ζσκαηίδηα ππξηηίαο (δηακέηξνπ 800900 nm) θαη σο πεγή άλζξαθα θνπξθνπξηιηθή
αιθνόιε. Τν ηειηθό πνξώδεο πιηθό έρεη
δηάκεηξν πόξσλ 640-740nm.
Σύνθεζη ηων καηαλυηών
Η ελεξγνπνίεζε ηνπ πιηθνύ ππνζηήξημεο
3-DOM επηηπγράλεηαη κέζσ νμείδσζήο ηνπ
από ληηξηθό νμύ (HNO3) νδεγώληαο ζηνλ
ζρεκαηηζκό θπξίσο θαξβνμπιηθώλ νκάδσλ [4]
(-COOH) ζηελ επηθάλεηά ηνπ. Οη ιεηηνπξγηθέο
απηέο νκάδεο, πξνζδίδνπλ ζηελ επηθάλεηα ηνπ
πνξώδε άλζξαθα πδξνθηιηθόηεηα θαη δξνπλ
σο γεθπξσηηθέο νκάδεο γηα ηελ νκνηνπνιηθή
ζύλδεζε ησλ βην-εκπλεπζκέλσλ ζπκπιόθσλMn ζηελ επηθάλεηα ηνπ πιηθνύ ππνζηήξημεο.
Γηα λα ζπκβεί απηό, πξέπεη αξρηθά νη
θαηάιιειεο
δνκήο
βην-εκπλεπζκέλνη
νξγαληθνί ππνθαηαζηάηεο (Lacac θαη L3imid)
[5,6] λα αληηδξάζνπλ κε εκπνξηθά δηαζέζηκα
νξγαλνζηιάληα. Η λέα πξόδξνκε έλσζε
ππνθαηαζηάηε-ζηιαλίνπ πνπ δεκηνπξγείηαη
αληηδξά
αθνινύζσο
κε
πεγή
MnΙΙ,
δεκηνπξγώληαο ην επηζπκεηό ζύκπινθν πνπ
ηειηθά αθηλεηνπνηείηαη ζηηο επηθαλεηαθέο
θαξβνμπιηθέο νκάδεο ηνπ πιηθνύ ππνζηήξημεο
3-DOM κε ρεκηθή πνξεία αλάινγε εθείλεο ηεο
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ρεκείαο sol-gel. Οη δπν θαηαιύηεο πνπ
ζπληέζεθαλ κε ρξήζε ησλ ελεξγώλ θέληξσλ
MnΙΙ-Lacac θαη MnΙΙ-L3imid θαη πνξώδε
άλζξαθα 3-DOM σο πιηθό ππνζηήξημεο
ζπκβνιίδνληαη MnII-Lacac@3-DOMox θαη
MnII-L3imid@3-DOMox, αληίζηνηρα.
Χαρακηηριζμοί ηων υλικών
Τα πιηθά ραξαθηεξίζηεθαλ κε ζεξκηθή
αλάιπζε
(DTA-DTG),
θαζκαηνζθνπία
Raman, θαζκαηνζθνπία FT-IR, πεξίζιαζε
αθηίλσλ –Φ (XRD), πνξνζηκεηξία Hg θαη
Ηιεθηξνληθή Μηθξνζθνπία Σάξσζεο (SEM).
Παραζκευή ηων καηαλυηικών ζυζηημάηων
Τα παξαπάλσ ππνζηεξηγκέλα ζύκπινθαMn ρξεζηκνπνηήζεθαλ σο θαηαιύηεο, ην H2O2
σο
νμεηδσηηθό,
ην
νμηθό
ακκώλην
(CH3COONH4) σο ζπγθαηαιύηεο, ελώζεηο
αλαθνξάο θαη ππνζηξώκαηα αιθελίσλ ζε
δηάιπκα κεζαλόιεο/αθεηόλεο=400/450 (κl) κε
ηηο
αθόινπζεο
κνξηαθέο
αλαινγίεο:
[θαηαιύηεο:H2O2:ππόζηξσκα:CH3COONH4
=1:2000:1000:2000 θαη 1:2000:1000:1000]
ΑΠΟΣΔΛΔΜΑΣΑ
Τα ππνζηεξηγκέλα ζύκπινθα MnIILacac@3-DOMox
θαη
MnII-L3imid@3DOMox αμηνινγήζεθαλ σο θαηαιύηεο
νμείδσζεο αιθελίσλ κε H2O2 παξνπζία
CH3COONH4 σο πξόζζεηνπ.
Σύκθσλα
κε
ηα
θαηαιπηηθά
καο
απνηειέζκαηα, θαηά ηελ θαηαιπηηθή νμείδσζε
αιθελίσλ πξνθύπηνπλ ζηηο πεξηζζόηεξεο
πεξηπηώζεηο πςειά πνζνζηά κεηαηξνπήο θαη
εθιεθηηθόηεηαο σο πξνο ηνλ ζρεκαηηζκό ηνπ
επνμεηδίνπ θαη γηα ηνπο δπν θαηαιύηεο (Σρήκα
1). Εηδηθά όζνλ αθνξά ηελ εθιεθηηθόηεηα, ε
πιεηνλόηεηα
ησλ
αιθελίσλ
πνπ
ρξεζηκνπνηήζεθαλ παξέρνπλ ηα αληίζηνηρα
επνμείδηά ηνπο κε εθιεθηηθόηεηα 100%, εθηόο
θάπνησλ ππνζηξσκάησλ (π.ρ. θπθινεμέλην,
ιηκνλέλην,
1-κεζπι-1-θπθινεμέλην)
πνπ
έδσζαλ παξάιιεια θαη κηθξέο πνζόηεηεο
πξντόλησλ αιιπιηθήο νμείδσζεο.
Από ηε κειέηε ηεο ρξνληθήο εμέιημεο ησλ
θαηαιπηηθώλ αληηδξάζεσλ πξνθύπηεη πσο ε
κεηαηξνπή ηνπ θπθιννθηελίνπ ζην επνμείδηό
ηνπ από ηνπο θαηαιύηεο MnII-Lacac@3DOMox
θαη
MnII-L3imid@3-DOMox
νινθιεξώλεηαη ζε ρξνληθό δηάζηεκα 1,5 h θαη
2h αληίζηνηρα. Τέινο, ζεκεηώλεηαη όηη
πξαγκαηνπνηήζεθαλ
θαη
πεηξάκαηα

αλαθύθισζεο
θαηαιπηώλ.

ησλ

ππνζηεξηγκέλσλ

χήμα 1. Γξαθηθή απεηθόληζε ηεο απόδνζεο
θαη ηεο εθιεθηηθόηεηαο ηεο αληίδξαζεο νμείδσζεο
αιθελίσλ, παξνπζία H2O2 από ηα ππνζηεξηγκέλα
ζύκπινθα MnII-Lacac@3-DOMox θαη
MnIIL3imid@3-DOMox
(Σπλζήθεο:
[θαηαιύηεο:
H2O2:ππόζηξσκα:CH3COONH4=1:2000:1000:2000
(κmoles) θαη 1:2000:1000:1000(κmoles)], ζε
δηάιπκα κεζαλόιεο/αθεηόλεο = 400/450 (κl)).

ΤΜΠΔΡΑΜΑΣΑ
Πξαγκαηνπνηήζεθε
ε
ζύλζεζε
καθξνπνξώδνπο άλζξαθα ηξηζδηάζηαηεο δνκήο
(3-DOM) θαη ε ελεξγνπνίεζή ηνπ κέζσ ηεο
ρξήζεο ληηξηθνύ νμένο (HNO3). Η ρξήζε ηνπ
σο πιηθνύ ππνζηήξημεο γηα ηελ νκνηνπνιηθή
αθηλεηνπνίεζε βηνκηκεηηθώλ ζπκπιόθσλ MnII
ήηαλ επηηπρήο. Η θαηαιπηηθή κειέηε ησλ
ππνζηεξηγκέλσλ ζπκπιόθσλ-Mn θαηέδεημε α)
πςειή
θαηαιπηηθή
δξαζηηθόηεηα
θαη
εθιεθηηθόηεηα σο πξνο ην ζρεκαηηζκό
επνμεηδίσλ θαη β) κεγάιε ηαρύηεηα
αληίδξαζεο. Οη θαηαιύηεο κπνξνύλ εύθνια λα
αλαθηεζνύλ θαη λα επαλαρξεζηκνπνηεζνύλ γηα
ηξεηο επηπιένλ ρξήζεηο.
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ΠΔΡΗΛΖΨΖ
ηελ εξγαζία απηή παξαζθεπάζηεθαλ
ληθειηθνί θαηαιύηεο ηξνπνπνηεκέλνη ή κε κε
βνιθξάκην, βαλάδην ή ρξώκην ζηεξηγκέλνη ζε
νμείδην ηνπ αξγηιίνπ πξνθεηκέλνπ λα
αμηνινγεζνύλ γηα ηελ κεηαηξνπή ειηέιαηνπ θαη
ηεγαλειαίνπ ζε αλαλεώζηκν ληίδει. Σν
ζπλνιηθό πνζνζηό ζηεξηγκέλσλ θάζεσλ είλαη

Ni
 7 , όπνπ
60% θ.β κε αλαινγία αηόκσλ
M
Μ: W, V ή Cr. Οη θαηαιύηεο ραξαθηεξίζηεθαλ
κε ηε κέζνδν ξόθεζεο –εθξόθεζεο αδώηνπ ζε
ζεξκνθξαζία πγξνύ αδώηνπ θαη κε ηε κέζνδν
πεξίζιαζεο αθηίλσλ-Χ (XRD).
ΔΗΑΓΩΓΖ
Η αλαδήηεζε ελαιιαθηηθώλ, βηώζηκσλ πεγώλ
ελέξγεηαο γηα ηελ θάιπςε ησλ ζπλερώο
απμαλόκελσλ ελεξγεηαθώλ αλαγθώλ ηνπ
πιαλήηε, είλαη πιένλ επηβεβιεκέλε ιόγσ ησλ
πεξηνξηζκέλσλ πόξσλ νξπθηώλ θαπζίκσλ θαη
ηεο ππεξζέξκαλζεο ηνπ πιαλήηε από ηηο
εθπνκπέο ηνπ δηνμεηδίνπ ηνπ άλζξαθα πνπ
πξνθαιεί ε θαύζε ηνπο. Η εξεπλεηηθή καο
δξαζηεξηόηεηα εζηηάδεηαη ζηελ αλάπηπμε
θαηαιπηώλ γηα ηε κεηαηξνπή θπζηθώλ
ηξηγιπθεξηδίσλ ζε αλαλεώζηκν (πξάζηλν)
ληίδει. Ωο πξώηε ύιε κπνξνύλ λα
ρξεζηκνπνηεζνύλ θπηηθά έιαηα, δσηθά ιίπε,
ηεγαληζκέλα ιάδηα θαη έιαηα κηθξνθπθώλ κε
κεγαιύηεξν ελδηαθέξνλ λα παξνπζηάδνπλ ηα
θπζηθά ηξηγιπθεξίδηα πνπ πεξηέρνληαη ζε κε
εδώδηκα έιαηα απνθεύγνληαο έηζη ηνλ
αληαγσληζκό κε ηα ηξόθηκα [1].
ηελ
παξνύζα εξγαζία παξαζθεπάζηεθαλ θαη
ραξαθηεξίζηεθαλ θαηαιύηεο Ni-M (M: W, V ή
Cr) ζηεξηγκέλνη ζε νμείδην ηνπ αξγηιίνπ κε

ζθνπό λα αμηνινγεζνύλ γηα ηελ κεηαηξνπή κε
βξώζηκσλ ειαίσλ ζε αλαλεώζηκν ληίδει. Ο
πξώηνο ζηόρνο ήηαλ ε παξαζθεπή πνξσδώλ
πιηθώλ (θαηαιπηώλ) κε κεγάιε εηδηθή
επηθάλεηα θαη πςειή θόξηηζε ζε Ni, ην νπνίν
απνηειεί ηελ θύξηα δξαζηηθή θάζε απηώλ ησλ
θαηαιπηώλ.
ΠΔΗΡΑΜΑΣΗΚΟ ΜΔΡΟ
ε ζπκθσλία κε ηε βηβιηνγξαθία [2] θαη
πξνεγνύκελε εκπεηξία ηνπ εξγαζηεξίνπ καο
γηα
ηελ
παξαζθεπή
ησλ
δεηγκάησλ
αθνινπζήζεθε ε κέζνδνο ηεο ζπγθαηαβύζηζεο
από δηαιύκαηα ππθλήο ακκσλίαο ησλ ληηξηθώλ
θαη ακκσληαθώλ αιάησλ ησλ κεηάιισλ ζε
ζεξκνθξαζία 100νC [3]. Αθνινύζεζε μήξαλζε
ζηνπο 110νC γηα 24 ώξεο θαη ελεξγνπνίεζε
ζηνπο 400νC ππό ξνή H2 (30ml/min) γηα 2,5
ώξεο. Γηα ηνλ πξνζδηνξηζκό ηεο δνκήο θαη ηεο
πθήο ησλ θαηαιπηώλ ρξεζηκνπνηήζεθαλ νη
κέζνδνη πεξίζιαζεο αθηίλσλ-X από ζθόλε θαη
ξόθεζεο-εθξόθεζεο αδώηνπ ζε ζεξκνθξαζία
πγξνύ αδώηνπ.
ΑΠΟΣΔΛΔΜΑΣΑ-ΤΕΖΣΖΖ
Καταλύτες Ni/Al2O3 (Ni) και Ni/Al2O3
τροποποιημένος με W (NiW)
ην ζρήκα 1 θαίλεηαη ην δηάγξακκα
πεξίζιαζεο αθηίλσλ-Χ πνπ αληηζηνηρεί ηόζν
ζην δείγκα Ni όζν θαη ζην NiW, από ην νπνίν
πξνθύπηεη
όηη
ζηνπο
ζπγθεθξηκέλνπο
θαηαιύηεο
απαληώληαη
νη
αθόινπζεο
θξπζηαιιηθέο θάζεηο: Ni0, NiO θαη NiAl2O4. Η
κε αλίρλεπζε θάπνηαο θάζεο ηνπ W ζην
δεύηεξν δείγκα δείρλεη ηελ πνιύ θαιή
δηαζπνξά απηνύ ηνπ ζπζηαηηθνύ.
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θάζεηο ηνπ Ni θαη ίρλε NiO2 θαζώο θαη Cr0.
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τήμα 1. Δηάγξακκα πεξίζιαζεο αθηίλσλ-X γηα ηα
δείγκαηα Ni θαη NiW.

Καταλύτης Ni/Al2O3 τροποποιημένος με V
(NiV): ην ζρήκα 2 θαίλεηαη ην δηάγξακκα
πεξίζιαζεο αθηίλσλ-Χ ηνπ δείγκαηνο NiV, από
ην νπνίν πξνθύπηεη όηη ζην ζπγθεθξηκέλν
θαηαιύηε
απαληώληαη
νη
αθόινπζεο
θξπζηαιιηθέο θάζεηο: Ni0, NiO, NiAl2O4 θαη
V0. ε αληίζεζε κε ην δείγκα NiW, ζην NiV
αληρλεύηεθε ε κεηαιιηθή θάζε ηνπ
ηξνπνπνηεηή.
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τήμα 2. Δηάγξακκα πεξίζιαζεο αθηίλσλ-X γηα ην
δείγκα NiV.

Καταλύτης Ni/Al2O3 τροποποιημένος με Cr
(NiCr):
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τήμα 3. Δηάγξακκα πεξίζιαζεο αθηίλσλ-X γηα ην
δείγκα NiCr.

Τφή των καταλστών: ηνλ Πίλαθα 1
πεξηιακβάλνληαη νη ηηκέο ηεο εηδηθήο
επηθάλεηαο, ηνπ εηδηθνύ όγθνπ πόξσλ θαη ηεο
κέζεο δηακέηξνπ πόξσλ ησλ δεηγκάησλ πνπ
κειεηήζεθαλ. Η ζύγθξηζε ησλ αληηζηνίρσλ
ηηκώλ δείρλεη όηη ε ηξνπνπνίεζε ησλ
θαηαιπηώλ κε ηελ πξνζζήθε ελόο δεύηεξνπ
κεηάιινπ κεηάπησζεο αλ θαη δελ κεηαβάιιεη
ζεκαληηθά ηελ επηθάλεηά ηνπο επεξεάδεη ηνλ
εηδηθό όγθν πόξσλ θαη ηε κέζε αθηίλα ηνπο.
Πίνακας 1. Εηδηθή επηθάλεηα (SSA), όγθνο πόξσλ
(PV) θαη κέζε δηάκεηξνο ησλ πόξσλ ησλ
θαηαιπηώλ Ni, NiW, NiV, NiCr
dp

Καταλύτες

SSA
(m2/g)

PV
(cm³/g)

(Å)

Ni
NiW
NiV
NiCr

187
200
187
210

0,37
0,53
0,46
0,62

88
111
70
120

Η δηαθνξνπνίεζε ηόζν ηεο δνκήο όζν θαη ηεο
πθήο ησλ θαηαιπηώλ Ni πνπ πξνθιήζεθε κέζσ
ηεο ηξνπνπνίεζήο ηνπο κε W, V, θαη Cr
αλακέλεηαη λα νδεγήζεη ζε αιιαγή ζηελ
θαηαιπηηθή ηνπο ζπκπεξηθνξά γηα ηελ
κεηαηξνπή
θπζηθώλ
ηξηγιπθεξηδίσλ
ζε
αλαλεώζηκν ληίδει. Η κειέηε απηή βξίζθεηαη ζε
εμέιημε.
ΒΗΒΛΗΟΓΡΑΦΗΑ
1. C. Kordulis, K. Bourikas, M. Gousi, E.
Kordouli, A. Lycourghiotis, Applied
Catalysis B: Enrviromental 181 (2016)
156.
2. P. Munnik, P. E. de Jongh, and K. P. de
Jong, Chem. Rev. 115 (2015) 6687.
3. E. Kordouli, K.Bourikas, C. Kordulis, A.
Lycourghiotis, Green & Sustainable
Chemistry Conference, Berlin, 2016, #O8.4
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GAS SEPARATION PROPERTIES OF TWO FLEXIBLE Al-MOFs:
EFFECT OF LINKER SUBSTITUTION
E. Gkaniatsou1, N Kumar1, C. Sicard1, F. Nouar1, N. Steunou1, C. Serre1, M. Prakash2, N.
A. Ramsahye2, G. Maurin2, V. Benoit3, S. Bourrelly3, P. Llewellyn3, P. Normadd, P.
Billemont4, G. De Weireld4, A. Sabetghadam5, B. Seoane5, J. Gascon5, F. Kapteijn5, I
Dovgaliuk6, D. Safin6, Y. Filinchuk6
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SUMMARY

Flexible
Metal
Organic
Frameworks (MOFs) are ordered hybrid
porous solids with promising properties for
gas separation.This is due to their ability to
adapt their pore size to optimize the hostguest
interactions.
Gas
separation
membranes offer several advantages over
other relevant technologies. This is
particularly the case of pure polymer
membranes which are easily processable
and possess suitable properties for
separation of small gases. Nevertheless,
these still suffer from many drawbacks in
terms of stability or selectivity. Therefore
membranes combining the physicochemical
properties
of
polymers
(mechanical, processing, permeability…)
and inorganic fillers (gas adsorption,
selectivity, thermal stability…) are being
investigated. One suitable strategy is to
load the polymer membranes with
nanoparticles of porous solids, such as
flexible MOFs. However, during the
preparation of polymer-flexible MOFs
MMM, the pore opening of the flexible
MOFs in the polymer solvent is often a
strong limitation due to the polymer
intrusion within the pores. To overcome
this, we selected an organic spacer that
prevents the flexible MOF to swell in the
organic solvents in order to maintain the

MOF into its narrow pore forms and keep
an optimal CO2/N2 selectivity. We report
first the optimized synthesis of MIL69(Al), as nanoparticles, compatible with
MMMs formation. To highlight the benefit
of our strategy, we also describe its postcombustion properties (i.e. CO2/N2)
including
prediction,
adsorptionmeasurements,
and
finally
MMMs performance and compare it with
MIL-53(Al)-NH2, a related benchmark
flexible Al MOF.

REFERENCES
1. T. Loiseau et al.,C. R. Chimie, 8, 765
(2005).
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RAPID, GREEN AND INEXPENSIVE SYNTHESIS OF HIGH QUALITY
UIO-66 AMINO-FUNCTIONALIZED MATERIALS WITH EXCEPTIONAL
CAPABILITY FOR REMOVAL OF HEXAVALENT CHROMIUM FROM
INDUSTRIAL WASTE
Sofia Rapti, 1 Anastasia Pournara,1DebajitSarma,2Ioannis T.Papadas,3Gerasimos S.
Armatas,3Youssef S. Hassan,4 MohamedH.Alkordi,4Mercouri G. Kanatzidis2 and Manolis
J. Manos1
1
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2
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Department of Materials Science and Technology/University of Crete
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Summary
We describe a new synthetic method for the
isolation of the UiO-66 amino-functionalized
material (called as metal organic resin-1,
MOR-1) and its composite with alginic acid
(HA). The composite prepared with this
method can be successfully utilized as
stationary phase, mixed with sand, in anionexchange column. The column shows excellent
hexavalent chromium sorption properties and
can be easily regenerated and reused several
times with almost no loss of its initial Cr(VI)
removal capacity.

Thus, we recently developed composite forms
of MORs with alginic acid.3

Introduction

Fig. 1. The structure of (protonated) MOR-1
material represented as a tetrahedral cage.

Porous metal organic frameworks (MOFs)1
with functional groups and ion-exchange
properties can be considered as a new
generation of ion-exchange resins, since they
combine the binding groups of organic resins
and a highly ordered porous structure not
existed in the conventional amorphous organic
polymers. Such MOFs can thus adequately be
referred to as metal-organic resins (MORs).
Although MORs show excellent batch ionexchange properties,2are not suitable for use as
stationary phases in ion-exchange columns
which are required for practical applications
such as the treatment of industrial wastewater.
To overcome this limitation of MORs, new
approaches are required to engineer form of
these materials suitable for column testing.

Synthesis of MOR-1 and MOR-1-HA
composite
MOR-1 (Fig. 1) can be prepared in high yield
(~70%) and purity within an hour via a reflux
reaction of ZrCl4 and 2-amino-terephthalic acid
in acifidied aqueous solution, whereas addition
of sodium alginate to the fine suspension of
MOR-1 resulted from the reflux synthesis
affords the MOR-1-HA composite. This
inexpensive, green and fast preparation method
results in UiO-66 amino-functionalized
materials (MOR-1 and MOR-1-HA) of the
same quality and microporous features as those
of compounds isolated with the slower
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solvothermal synthesis involving toxic and
costly organic solvents

through the column, whereas MOR-1-HA
remains fixed in the column. To ensure a stable
flow rate of the water solutions through the
column, MOR-1-HA was mixed with sand as
an inert material. Remarkably, ion-exchange
columns with stationary phases containing only
1% wt. of MOR-1-HA (and 99% wt. of sand)
were particularly effective in absorbing Cr(VI)
under various conditions. Importantly, the
MOR-1-HA/sand column was tested with
chrome-plating wastewater samples and the
results indicated that the column was efficient
to remove Cr(VI) from these solutions (Fig. 3),
revealing its potential for real wastewater
treatment applications.

Fig. 2. Schematics for the isolation of the MOR-1HA composite with the reflux-SA addition method.

Ion-exchange isotherm data
Cr(VI) equilibrium ion-exchange studies for
MOR-1-HA were performed at pH~3, in order
to reproduce the usual acidic conditions of
Cr(VI)-bearing industrial wastewater. Under
such conditions, the main form of Cr(VI) is
Cr2O72-, with some contribution from HCrO4- at
dilute Cr(VI) acidic solutions. Fitting of the
isotherm data with the Langmuir equation
(Fig.3) revealed a maximum sorption capacity
of 280±19 Cr2O72- mg /g of MOR-1-HA,
which corresponds to a capacity of 286.0±19.4
Cr2O72-mg/g of MOR-1 considering that the
composite contains ~97.9% MOR-1. This
sorption capacity is consistent with the
absorption
of
3.1±0.2
moles.

Fig. 3. Equilibrium Cr2O72-sorption data for MOR1-HA material (pH~3). The solid line represents the
fitting of the data with the Langmuir model.

Column ion-exchange
The as-prepared MOR material is unsuitable
for use in ion-exchange columns because it
forms a fine water suspension that passes

Fig. 3 A. Chrome plating wastewater sample treated
with the MOR-1-HA/sand (0.05:5 g) ion-exchange
column. B. Breakthrough curves for five column
ion exchange runs with the wastewater sample (C=
Cr2O72- concentration of the effluent, C0 = initial
Cr2O72- concentration = 53.7 ppm, pH~ 3.5, one bed
volume =3.5 mL). C. Breakthrough capacities
(2.44-2.63 mg) obtained from five independent
column ion exchange runs.

REFERENCES
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Unravelling the mechanism of water sensing by the Mg2+dihydroxyterephthalate MOF (AEMOF-1)
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Summary
Herein, we report the synthesis, crystal
structure and detailed photophysical studies of
the
mononuclear
complex
[Mg(H2dhtp)(H2O)5]∙H2O (1). The dry version
of compound 1 (1′), which is amorphous, is a
highly efficient and reusable luminescence
sensor for the detection of water in organic
solvents. Importantly, we provide evidence
about the structure of compound 1′ and also
show that compound 1 is identical to the
hydrated form of a MOF (AEMOF-1) recently
reported by our group.1 Overall, these
investigations provide insight into the
mechanism of water sensing by AEMOF-1 and
reveal the reason behind the observed redshifted emission of the hydrated compound.

Introduction
Determination of water in organic solvents is
essential for a variety of industries, including
various chemical companies, petroleum
products industry etc. The common method of
analyzing the water content, the Karl-Fisher
titration, requires special equipment, highly
trained personnel etc. In addition, there are
several interferences that may lead to incorrect
data by using this analytical method. The use
of luminescent water sensors is an alternative
simple, relatively inexpensive and reliable
means for the accurate estimation of water
content in organic solvents. So far, mainly
organic molecular sensors have been employed
for this purpose. Nevertheless, in most cases,
determination of water traces (concentration <1
wt%) cannot be achieved by these compounds.
In addition, molecular sensors cannot be easily
recovered after the sensing process and thus,
they cannot be reused.

Recently we reported an alkaline earth metal
ion
organic
framework
(AEMOF),
[Mg(H2dhtp)(H2O)2]∙DMAc
(AEMOF1∙DMAc), which shows a flexible 3-D porous
structure and is highly luminescent.1 The guestfree compound AEMOF-1’ showed an
exceptional capability to rapidly and
selectively detect water, even in concentrations
≤ 1 wt%, in various organic solvents. The
sensing process is based on the enhancement of
luminescence intensity (turn-on) and red shift
of emission maxima upon increase of the water
content. The spectral shift was shown to be the
result of the excited state intramolecular proton
transfer (ESIPT) phenomenon.1 Specifically,
the guest-free material is gradually transformed
to a hydrated version of the compound upon
addition of water in the organic solvent (e.g.
THF). Based on theoretical calculations,
ESIPT is more favored in the case of the
hydrated material and as a consequence, the
red shift of the emission maximum is observed.
However, we have not been able to determine
the structure of the hydrated compound, which
seemed to be significantly different from that
of pristine MOF according to powder X-ray
diffraction (PXRD) data. Furthermore, no
structural information could be provided for
the guest-free compound due to its partially
amorphous structure. Thus, the lack of
structural data for the hydrated and guest-free
compounds did not allow us to elucidate the
mechanism of the remarkable water sensing by
AEMOF-1. Unravelling this mechanism could
be particularly useful in the design of a variety
of additional luminescence materials with
tuned water sensing property.
Synthesis, crystal structure and powder Xray diffraction data
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procedure was previously followed for the
isolation of AEMOF-1′.1 PXRD studies
indicated that complex 1′ is amorphous.
TGA and elemental C,H,N analysis data
indicate the formula [Mg(H2dhtp)(H2O)2]
for 1′, which is identical to the formula
found for AEMOF-1′. By treating complex
1′ with THF/H2O (9:1 v/v) for ~1 h, the
compound 1 is fully restored according to
PXRD data. More interestingly, the
treatment of 1′ with DMAc (~12 h, room
temperature) resulted in the isolation of the
3-D MOF AEMOF-1∙DMAc, as revealed by
PXRD.

As mentioned in the introduction, the hydrated
form of AEMOF-1 can be isolated by treating
AEMOF-1∙DMAc with THF-H2O solution.1
We have done several efforts to isolate single
crystals of the hydrated compound with postsynthesis method involving single crystals of
AEMOF-1∙DMAc as precursor (e.g, by
immersing single crystals of AEMOF-1∙
DMAc in THF-H2O). Nevertheless, in all cases
only microcrystalline powder of the material
was obtained. Then, we have tried to prepare
the hydrated compound via solvothermal
synthesis in THF/H2O. Thus, rod-like crystals
of compound 1, suitable for X-ray diffraction,
were
isolated
by
the
reaction
of
Mg(OAc)2∙4H2O and H4dhtp in THF:H2O (9:1
v/v) at 80 0C. Compound 1 crystallizes in the
monoclinic space group P21/m (Fig. 1).
Comparing the PXRD patterns of compound 1
and the hydrated AEMOF-1, it is clear that
these compounds are isostructural. The
structural similarity of these compounds is
reflected on their essentially identical
photophysical properties.

Investigation of the luminescence of
compound 1 and the water sensing
properties of compound 1′
The emission spectra of compound 1 at various
temperatures are shown in Fig. 2. The changes
in the luminescence of compound 1′ upon
addition of water in a THF suspension of 1′ are
presented in Fig. 3.
298K
250K
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150K
100K
50K
10K

1.5

Intensity / a.u.

Fig. 1. Representation of the structure of compound
1..

1.0

0.5

0.0
400
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 / nm

Fig. 2. Emission spectra of compound 1 obtained at
temperatures 10-298 K.

The dried version of compound 1 and its
structural transformations
After
the
synthesis
and
structural
characterization of compound 1, the next step
of our investigations was to isolate the dry
form of this complex. Thus, compound 1 was
first treated with MeOH, a volatile and watermiscible solvent, and then, the MeOHexchanged compound was dried under vacuum
at 60-70 0C to afford the dried complex 1′. This

Fig. 3. The emission spectra of compound 1′ upon
addition of water in a THF suspension of this
compound.

References
1. A. Douvali et. al., Angew. Chem. Int. Ed.
2015, 54, 1651
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ADSORPTION AND REMOVAL OF SELECTED PESTICIDES AND A
TYPICAL DYE FROM AQUEOUS SOLUTION BY ACTIVATED CARBONS
PRODUCED FROM AGRICULTURAL WASTES ON STATISTICAL
RESPONSE SURFACE METHODOLOGY
M. Azharul Islam, Vasilios Sakkas, Triantafyllos A. Albanis
Laboratory of Industrial Chemistry, Department of Chemistry, University of Ioannina, Ioannina 45110,
Greece

SUMMARY
Removal of two organophosphorus pesticides bromophos methyl, quinalphos, pretilachlor and a
typical dye, Congo Red, on used activated carbon produced from rice husk, olive seed waste and
bagasse. Adsorption isotherms were conformed well to Langmuir for quinalphos and Freundlich
equation for bromophos methyl, pretilachlor and Congo red. The kinetic data fitted well by the
pseudo second order model for both pesticides. Box-Behnken design was successfully employed
for experimental design and analysis of results. The interactions of pH, initial concentration and
adsorbent dose on pesticides and dye adsorption by used activated carbons were investigated by
this model. The optimum pH, initial concentration and adsorbent dose with their corresponding
removal efficiency were found: for bromophos methyl to be 9, 1 mg L-1, 0.4g and 100% by using
rice husk activated carbon (AC), for quinalphos 9, 6.44 mg L-1, 0.4 g and 98.9% by using bagasse
AC, for pretilachlor 5, 2.5 mg L-1, 0.4 g and 97,9% and for Congo red 4.32,, 92 mg L-1, 0.23 g and
100% by using olive seed waste AC, respectively.
Keywords: Box-Behnken; quinalphos; bromophos methyl; pretilachlor, Coongo red; Kinetics;
activated carbons
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PHOTOCATALYTIC PERFORMANCE OF N,S-CO-DOPED TiO2 FOR
THE DEGRADATION OF ORGANOPHOSPHORUS FLAME
RETARDANTS UNDER SOLAR AND VISIBLE LIGHT
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SUMMARY
N and N,S-codoped TiO2 catalysts were
prepared by a sol-gel method and were
characterized by various techniques. The
photocatalytic efficiency was evaluated for the
degradation of organophosphorus flame
retardant (OPFR) TCPP in aqueous solutions
under UV-Vis and visible irradiation. All the
prepared doped catalysts showed lowered
crystallite size and visible-light response
compared to the undoped TiO2 catalyst. An
increased surface acidity was observed for N,S
co-doped catalysts as a result of surface sulfate
species which play a crucial role in the
photocatalytic performance. Among N/S-doped
TiO2 catalysts, the one prepared with
equimolar Ti:N,S ratio showed the higher
performance for the removal of TCPP under
both UV-Vis and visible irradiation.
INTRODUCTION
Anion doping with p-block elements such as N,
S, C, F, I and B has been used to sensitize TiO2
toward visible light. In fact, the insertion of
dopant into TiO2 structure may also increase
the rate of the undesired recombination of
photo-generated charge carriers. Among nonmetal doping the most widely used is N
doping. Nitrogen can be easily introduced in
TiO2 structure, due to its similar atomic size
with oxygen, small ionization energy and high
stability. Co-doping with nitrogen and other
nonmetal such as F (N,F), S (N,S), I (N,I codoping), C (N,C) and B (N,B) has been
investigated for improving further TiO2 [1-2].
Regarding the application of TiO2 photocatalysis for pollutants’ degradation mainly
dyes, phenols, pesticides and pharmaceuticals
have been widely used as probe molecules.

However, applications for other important
emerging pollutants like flame retardants have
been investigated in a lesser extend whereas
for OPFRs the data are very scarce [3].
Experimental: The preparation method was
based on a simple sol – gel impregnation
method [1-2]. The as-prepared catalysts were
characterized by XRD, SEM, N2-porosimetry,
UV-Vis DRS, PZC [1-2]. The irradiation of
TCPP/catalysts suspensions was carried out
using a Suntest XLS + apparatus (Atlas,
Germany) simulating sunlight irradiation [1-3].
Results and discussion: In Fig. 1 XRD plots of
TN, TNS catalysts and TiO2 are presented. In
the case of TNS samples, anatase was the only
crystal phase observed while in the case of
TN1 and TiO2 undoped samples traces of TiO2
brookite crystal phase with orthorhombic Pbca
space group was also observed.
The diffuse reflectance spectra of all prepared
samples are shown in Fig. 2. The absorption
edges of all the doping samples shift to the
visible-light region, compared to the pure
anatase TiO2. Among them, all TNS samples
obviously have stronger absorption to the
visible-light than mono-doped TN1 sample.
N2 adsorption–desorption isotherms for TN1,
TNS0.5 and TNS1.0 (Fig. 3) belong to IV-type
isotherms
according
to
the
IUPAC
classification and exhibited the typical H2
shape hysteresis loop for mesoporous
materials. Narrow pore size distributions
corresponded also to mesoporous materials.
Summary textural-surface characteristics and
band gap energy was shown in Table 1. Porous
“sponge” like structure was obtained for
TNS0.5 and TNS1.0 samples (Fig. 4).
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Figure 3. Adsorption-desorption isotherms and pore
size distributions for TNS1.0 catalyst
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Figure 1. Representative XRD patterns for all
prepared N and N,S-doped TiO2 catalysts.
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Figure 2. UV-Vis absorption spectra for all
prepared N doped and N,S co-doped TiO2 catalysts.
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Table 1. Textural-surface characteristics and
band gap energy (Eg) of TN, TNS catalysts.
SSABET
(m2g-1)
TiO2
108.5
TN1
115.8
TNS0.5 105.4
TNS1.0 111.3
TNS1.5 2.62

VTOT Pore size DLSa
(nm) (nm)
0.262
9.7
281
0.270 12.1
282
0.192
7.3
282
0.171 6.15
278
0.038 68.3
285

Eg
(eV)
3.10
2.96
2.61
2.49
2.32

PZC
5.4
5.1
3.7
3.6
3.2

TCPP degradation followed first order kinetics
(Fig. 5) according
to the trend:
TN1>TNS1.0>TNS0.5>TNS1.5> TiO2.
The trend was somewhat different under

visible irradiation and followed the series:
TNS1.0>TNS0.5> TN1>TNS1.5> TiO2

Figure 5. Degradation kinetics of TCPP by the
studied photocatalysts under simulated solar light
(CTCPP=100 μg L-1, Ccat=250 mg L-1, I= 300 W m-2).
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ΠΔΡΗΛΖΦΖ
Η παξνύζα κειέηε παξνπζηάδεη έλα
ζπλδπαζκό ηεο ηερληθήο ηεο ειεθηξνζηαηηθήο
ηλνπνίεζεο θαη ηεο κεζόδνπ επίζηξσζεο κε
εκβάπηηζε γηα ηελ παξαζθεπή ζσιήλσλ TiO2
γηα ηε δηάζπαζε πγξώλ ξύπσλ. Οη
παξαγόκελνη ζσιήλεο TiO2 ραξαθηεξίζηεθαλ
κε ηηο ηερληθέο ηεο ειεθηξνληθήο κηθξνζθνπίαο
ζάξσζεο
(SEM),
ηεο
ειεθηξνληθήο
κηθξνζθνπίαο
δηέιεπζεο
(TEM),
ηεο
πεξίζιαζεο αθηίλσλ Χ (XRD), θαη ηεο
ηζόζεξκεο πξνζξόθεζεο-εθξόθεζεο Ν2 ελώ ε
εηδηθή επηθάλεηα ππνινγίζζεθε κε ηε κέζνδν
ΒΔΣ. Η θσηνθαηαιπηηθή ηνπο δξάζε
κειεηήζεθε κε ηελ δηάζπαζε ηεο ρξσζηηθήο
Methylene Blue (MB).
ΔΗΑΓΧΓΖ
Oη λάλν ή κίθξν-ζσιήλεο TiO2 πξνζειθύνπλ
ηεξάζηην ελδηαθέξνλ ιόγσ ηεο ηζρπξήο
νμεηδσηηθήο ηθαλόηεηαο ηνπο θαη ηεο ρεκηθήο
αδξάλεηαο, θαζώο είλαη ηθαλνί γηα ρξήζε ζηελ
θσηνθαηάιπζε [1]. Ναλνζσιήλεο TiO2 έρνπλ
παξαζθεπαζηεί κε ηελ πδξνζεξκηθή κέζνδν
[2]. Έρεη αλαθεξζεί όηη νη λαλνζσιήλεο δελ
παξνπζηάδνπλ πςειή θσηνθαηαιπηηθή δξάζε
αλ θαη εκθαλίδνπλ πςειή απνξξόθεζε θσηόο
θαζώο θαη κεγάιε εηδηθή επηθάλεηα [3].

παξαγόκελνη ζσιήλεο TiO2 ραξαθηεξίζηεθαλ
κε ηηο ηερληθέο ηνπ SEM, TEM, XRD, θαη ηεο
ηζόζεξκεο πξνζξόθεζεο-εθξόθεζεο Ν2 ελώ ε
εηδηθή επηθάλεηα ππνινγίζζεθε κε ηε κέζνδν
ΒΔΣ. Η θσηνθαηαιπηηθή ηνπο δξάζε
κειεηήζεθε κε ηελ δηάζπαζε ηεο ρξσζηηθήο
ΜΒ. Αηώξεκα ησλ νύησο παξαζθεπαζκέλσλ
ζσιήλσλ TiO2 ζε δηάιπκα ΜΒ αθηηλνβνιείηαη
κε αθηηλνβνιία UV (365 nm), ε δε δηάζπαζε
ηεο ρξσζηηθήο κεηξείηαη κε ηελ κεηαβνιή ηεο
απνξξόθεζεο ηνπ ππεξθείκελνπ πγξνύ.
ΑΠΟΣΔΛΔΜΑΣΑ
Από ηα δηαγξάκκαηα XRD ηαπηνπνηήζεθε ε
θξπζηαιιηθή θάζε ηνπ ξνπηηιίνπ θαη ηνπ
αλαηάζε. Σν πνζνζηό ηνπ αλαηάζε ήηαλ
πεξίπνπ 90% (Πίλαθαο 1). Η θακπύιε ηεο
ηζόζεξκνπ πξνζξόθεζεο-εθξόθεζεο αδώηνπ
είλαη ηύπνπ IV κε βξόρν πζηέξεζεο Η2
ζύκθσλα κε ηε θαηάηαμε θαηά IUPAC θαη
είλαη ραξαθηεξηζηηθή γηα κεζνπνξώδε πιηθά
(ρ. 1). Από ηελ θακπύιε ηεο ηζόζεξκνπ
πξνζξόθεζεο-εθξόθεζεο ππνινγίζηεθαλ νη
εηδηθέο επηθάλεηεο ησλ δεηγκάησλ κε ηελ
κέζνδν ΒΔΣ, από ηηο ηηκέο ησλ νπνίσλ
παξαηεξνύκε όηη όζν απμάλεηαη ν αξηζκόο ηεο
εκβάπηηζεο ε εηδηθή επηθάλεηα κεηώλεηαη
(Πίλαθαο 1).

Πίνακας 1. Χαξαθηεξηζκόο θαη θσηνθαηαιπηηθή
ΠΔΗΡΑΜΑΣΗΚΖ ΠΟΡΔΗΑ
δξάζε ησλ ζσιήλσλ TiO2
Γηάιπκα πνιπζηπξελίνπ 25% w/v ζε
Δηδηθή
Καλη
δπκεζπινθνξκακίδην (DMF). ππνβάιιεηαη ζε Κσδηθή Αλαηάζεο Ρνπηίιην
επηθάλεηα
ΜΒ
ειεθηξνζηαηηθή ηλνπνίεζε (electrospinning) νλνκαζία
%
%
m2/g
min-1
3
κε ηαρύηεηα εθξνήο 0.8cm /h, απόζηαζε
T2
87
13
54
0.015
βειόλαο - ζπιιέθηε 11cm θαη ε ηάζε 17 KV.
T4
91
9
49
0.012
Οη ίλεο, κεηά ηελ μήξαλζή ηνπο,
T6
91
9
33
0.009
επεμεξγάδνληαη κε ηελ ηερληθή ηεο επίζηξσζεο
T8
89
11
26
0,01
κε εκβάπηηζε (dip – coating, DC) κε δηάιπκα
5%v/v Ti(C3H7O)4 ζε αηζαλόιε. Η δηαδηθαζία
Οη κηθξνθσηνγξαθίεο SEM δείρλνπλ όηη όια
DC επαλαιακβάλεηαη 2, 4 ,6 θαη 8 θνξέο θαη
ηα ππξσκέλα δείγκαηα απνηεινύληαη από
ηα δείγκαηα ραξαθηεξίδνληαη σο T2, T4, T6
κηθξνζσιήλεο πεξίπνπ ησλ ίδησλ δηαζηάζεσλ
θαη T8, αληίζηνηρα. Οη επηθαιπκκέλεο ίλεο
(Δηθ. 1). Από ηηο θσηνγξαθίεο ΣΔΜ
ππξώλνληαη ζηνπο 450νC γηα 3h. Οη
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παξαηεξείηαη όηη θαζώο απμάλεηαη ν αξηζκόο
ησλ εκβαπηίζεσλ απμάλεηαη ην κέγεζνο ησλ
ζσκαηηδίσλ, ελώ ην ηνίρσκα ησλ ζσιήλσλ
γίλεηαη πην ζπκπαγήο (Δηθ. 2). Όπσο θαίλεηαη
από ηελ ινγαξίζκηζε ησλ θακππιώλ
θσηνδηάζπαζεο ηεο ρξσζηηθήο ΜΒ (ρ. 2) ην
δείγκα Σ2 παξνπζηάδεη ηελ κεγαιύηεξε
θαηλόκελε ζηαζεξά ηαρύηεηαο (Πίλαθαο 1).

χήμα 2. Λνγαξίζκεζε ησλ θακππιώλ
θσηνδηάζπαζεο ηνπ ΜΒ

χήμα 1:`Ιζόζεξκεο πξνζξόθεζεο- εθξόθεζεο Ν2

ΤΜΠΔΡΑΜΑΣΑ
ηνπο ζσιήλεο TiO2 πνπ παξαζθεπάζηεθαλ κε
ησλ ζπλδπαζκό ησλ κεζόδσλ ειεθηξνζηαηηθήο
ηλνπνίεζεο θαη επίζηξσζεο κε εκβάπηηζε
ηαπηνπνηήζεθαλ νη θξπζηαιιηθέο θάζεηο ηνπ
αλαηάζε θαη ηνπ ξνπηηιίνπ. Όζν απμάλεηαη ν
αξηζκόο ησλ επαλαιήςεσλ ηεο εκβάπηηζεο
κεηώλεηαη ε εηδηθή επηθάλεηα, απμάλεηαη ην
κέγεζνο ησλ ζσκαηηδίσλ, ελώ ην ηνίρσκα ησλ
ζσιήλσλ γίλεηαη πην ζπκπαγήο. Η θακπύιε
ηεο
ηζόζεξκνπ
πξνζξόθεζεο-εθξόθεζεο
αδώηνπ είλαη ραξαθηεξηζηηθή γηα κεζνπνξώδε
πιηθά. Σελ θαιύηεξε θσηνθαηαιπηηθή
δξαζηηθόηεηα παξνπζηάδεη ην δείγκα κε ην
κηθξόηεξν αξηζκό επαλαιήςεσλ εκβάπηηζεο.
ΒΗΒΛΗΟΓΡΑΦΗΑ

Δικόνα 1: Μηθξνθσηνγξαθία SEM (Σ2)

Δικόνα 2: Μηθξνθσηνγξαθία ΣΔΜ (Σ8)
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ΠΕΡΙΛΗΨΗ
Η 3Δ δομή ινωδών υλικών όπως στρώματα
διάχυσης αερίου, ένα από τα βασικά συστατικά
μιας συσκευής κυψελών καυσίμου, ανακατασκευάστηκε με τη βοήθεια υπολογιστή. Οι
αναπαραστάσεις χρησιμοποιούνται για τον
υπολογισμό
της
διαχύσεως
και
της
διαπερατότητας στο ινώδες υλικό, λαμβάνοντας υπόψη την επίδραση φαινομένων συμπίεσης κατά την κατασκευή τέτοιων υλικών.
ΕΙΣΑΓΩΓΗ
Ινώδη υλικά είναι ένα σημαντικό και
αναπόσπαστο κομμάτι σύγχρονων τεχνολογικών συσκευών, όπως στρώματα διάχυσης
αερίων (Gas Diffusion Layer, GDL) σε
κυψέλες καυσίμου, των οποίων η δομή και οι
ιδιότητές μπορεί να οδηγήσουν σε αποτελεσματική απομάκρυνση του παραγόμενου
νερού [1]. Στην παρούσα εργασία, ινώδεις
δομές ανακατασκευάζονται υπολογιστικά και
η διαπερατότητά τους διερευνάται για τις
περιπτώσεις μειγμάτων αερίων. Ο αλγόριθμος
χρησιμοποιεί πληροφορίες που αποκτώνται
από SEM εικόνες τέτοιων ινωδών δειγμάτων
και δεδομένα από κατασκευαστές τέτοιων
υλικών, συμπεριλαμβανομένων των σχετικών
διαστάσεων των ινών (συνήθως από άνθρακα)
και των συνδετικών υλικών (συνήθως Teflon
και ρυθμιστή υδροφοβικότητας PTFE) και του
πορώδους. Οι υπολογιστικοί αλγόριθμοι περιλαμβάνουν και την επίδραση της συμπίεσης
κατά τη κατασκευή. Οι υπολογισμοί διάχυσης
και διαπερατότητας για τη ροή του αερίου
λαμβάνονται για διαφορετικές ινώδεις δομές.
Η επίδραση της συμπίεσης επί των ιδιοτήτων
μεταφοράς του υλικού έχει διερευνηθεί τόσο
σε εγκάρσιες όσο και σε διαμήκεις κατευθύν-

σεις σε σχέση με το κύριο επίπεδο προσανατολισμού των ινών.
ΜΕΘΟΔΟΛΟΓΙΑ ΚΑΙ ΑΠΟΤΕΛΕΣΜΑΤΑ
Η υπολογιστική ανακατασκευή ενός ινώδους
υλικού ακολουθεί εννοιολογικά τα γενικά
βήματα κατασκευής αυτής της κατηγορίας των
υλικών: (α) ανακατασκευή του ινώδους
τμήματός του, (β) εφαρμογή ενός συνδετικού
υλικού διαβροχής και επιστρωμάτων γύρω και
μεταξύ των ινών [2]. Η διαδικασία που αναπτύχθηκε εδώ επιτρέπει την ανακατασκευή τόσο
του στρώματος ινών, όσο και του συνδετικού
υλικού και των επιστρώσεων. Η μεθοδολογία
είναι ελεύθερη από τη συνήθη προσέγγιση
μονού στρώματος (ουσιαστικά επίπεδης) διαρρύθμισης ινών, τοποθετώντας διαδοχικά τη μία
ίνα πάνω στην άλλη. Παρά το γεγονός ότι είναι
υπολογιστικά και εννοιολογικά πιο περίπλοκη,
αυτή η μέθοδος προσφέρει δύο σημαντικά
πλεονεκτήματα: προσφέρει μια πιο προσεκτική
απεικόνιση της πραγματικής δομής, ενώ
επιτρέπει και μια πιο προσεκτική μελέτη των
επιπτώσεων συμπίεσης στις ιδιότητες μεταφοράς του στρώματος ινών, χάρη στην πλήρως
3Δ διαδικασία ανακατασκευής.
Ανακατασκευή του ινώδους μέρους
Προκαθορισμένος αριθμός από τυχαία προσανατολισμένες ίνες τοποθετούνται σε τυχαίες
θέσεις μέσα σε ορθογώνιο τομέα εργασίας. Η
διάμετρος κάθε ίνας δειγματοληπτείται από
κατανομή προκαθορισμένου μεγέθους. Τόσο η
αριθμητική πυκνότητα των ινών, όσο και οι
κατανομές διαμέτρου τους μπορούν να εξαχθούν
από εικόνες SEM μετά από κατάλληλη ανάλυση
ή μπορούν να ληφθούν απευθείας από δεδομένα
του κατασκευαστή, εφόσον υπάρχουν. Τα ίχνη
από τους άξονες των ινών στις εξωτερικές
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επιφάνειες του χώρου είναι τυχαία κατανεμημένα πάνω σε τομείς που εξασφαλίζουν την
πλήρη τοποθέτηση των ελλειπτικών ιχνών των
ινών μέσα στο ενεργό πάχος του στρώματος. Οι
ίνες μπορεί να επιτρέπεται να αλληλεπικαλύπτονται ελεύθερα, ή να απαγορεύεται η
αμοιβαία επικάλυψή τους.

Σχήμα 1. Τοποθέτηση των ινών (πάνω), προσθήκη
συνδετικού γύρω από ίνες (μέση), και
διασυνδεδεμένες επιφάνειες ιστίων μεταξύ ινών σε
επαφή (κάτω)

Εφαρμογή συνδετικού υλικού ή επίστρωσης
Συνδετικό υλικό ή επίστρωση είναι δυνατόν
επιπλέον να εκτείνεται γύρω από μερικές ή όλες
τις ίνες και να διαβρέχει τις γωνιακές περιοχές
που σχηματίζονται μεταξύ ινών σε επαφή,
ανάλογα με τη διαδικασία. Για την προσομοίωση αυτού εφαρμόζεται μία επικάλυψη επιθυμητού πάχους σχηματίζοντας ένα ομοαξονικό
κυλινδρικό κέλυφος έξω από την ίνα. Η προσομοίωση ενός πλέγματος μεταξύ των ινών σε
επαφή είναι σαφώς πιο περίπλοκη αν γίνεται με
γεωμετρικές προσεγγίσεις (Σχήμα 1).
Εναλλακτικά, η προσθήκη επιθυμητής ποσότητας συνδετικού υλικού μπορεί να γίνει με το
διφασικό μοντέλο lattice-Boltzmann [3], το
οποίο λαμβάνει υπόψη του τη γωνία επαφής
ανάμεσα στο υλικό σύνδεσης και στην
επιφάνεια των ινών, καθώς και το επιθυμητό

κλάσμα όγκου του υλικού αυτού. Μετά την
επίτευξη ισορροπίας, το υγρό που προστέθηκε
θεωρείται ότι στερεοποιείται στις θέσεις που έχει
καταλάβει, ενώ υπάρχει η δυνατότητα προσθήκης και δεύτερης φάσης με την ίδια διαδικασία
(πχ, παράγοντας υδροφοβικότητας).
Προσομοίωση συμπίεσης
Το ινώδες υλικό μπορεί να υποβληθεί σε
διαφορετικά επίπεδα συμπίεσης κατά την
διάρκεια συναρμολόγησης, ανάλογα με τον τύπο
και τη διαμόρφωση της τελικής μονάδας. Η
συμπίεση του ινώδους υλικού είναι γνωστό ότι
έχει σημαντικές επιπτώσεις σε ιδιότητες όπως τη
διαπερατότητα, τη διαχυτικότητα, την αγωγιμότητα, τη συμπύκνωση νερού, καθώς και τη
μεταφορά νερού [4] σε κυψέλες καυσίμου. Η
συμπίεση προσομοιώνεται με τη μετατόπιση των
κατακόρυφων συντεταγμένων κάθε σημείου στο
ανακατασκευασμένο ινώδες στρώμα κατά έναν
προκαθορισμένο συντελεστή συμπίεσης. Αν και
αυτή η διαδικασία μπορεί να αλλάξει ελαφρώς
το βαθμό της αλληλεπικάλυψης ορισμένων
ινών, οι ταυτόχρονες αλλαγές στη διαμόρφωση
του τελικού υλικού είναι συνήθως αμελητέες.
ΠΡΟΣΟΜΟΙΩΣΕΙΣ ΡΟΗΣ
Η τεχνική lattice-Boltzmann εφαρμόστηκε για
την προσομοίωση ροής ενός ή δύο φάσεων είτε
υπό συνθήκες εκτόπισης είτε σε σταθερές
συνθήκες ροής, και την ισορροπία των μη
αναμίξιμων φάσεων [3]. Τυπικές τεχνικές CFD
FEM, είτε μονής φάσης, είτε πολλαπλών, επίσης
χρησιμοποιήθηκαν για υπολογισμούς διαπερατότητας των ανακατασκευασμένων ινωδών
υλικών. Τα αποτελέσματα αυτά μπορούν να
χρησιμοποιηθούν μαζί με πειραματικά δεδομένα
ως κατευθυντήριες γραμμές για τη βελτίωση των
ιδιοτήτων των υλικών και τον εντοπισμό
κατάλληλων συνθηκών λειτουργίας.
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SUMMARY
We utilized the fcu platform of MOFs for the
synthesis of five new UiO-67-OX analogues
bearing novel functional groups. Extensive gas
sorption studies at low and high pressures were
performed, revealing significant CH4 and CO2
storage capacities.
INTRODUCTION
The numerous consequences from the
extended use of fossil fuels followed by the
huge amounts of CO2 that are emitted to the
atmosphere (more than 30 Gt per year)1 have
attracted the interest of the scientific
community for many years. Some of the most
prominent are the thickening of the ozone layer
and the increase of the average temperature of
the planet. Those problems can be alleviated
either by the selective capture of CO2 or by the
partial replacement of fossil fuels with
environmental friendly energy sources such as
natural gas (>95% CH4). The use of porous
adsorbents have been tested extensively for the
capture and storage of CO2 and CH4 and
proved to be highly advantageous.2
Therefore the need for development of porous
materials that can store large amounts of CO2
and/or CH4 at ambient temperature and
moderate pressures is of utmost importance.
Metal organic frameworks (MOFs) are
crystalline nanoporous materials comprised of
metal clusters connected three-dimensionally
by multi-functional organic ligands. This
hybrid architecture opens the possibility to
design and synthesize a great variety of new
porous materials especially for gas storage
applications.3
Of particular interest is a family of MOFs
with fcu topology (face centered cubic), first
synthesized by the University of Oslo (UiO
type MOFs).4 An important characteristic of
these type of MOFs is their high chemical and
thermal stability, which are highly desirable

properties for the efficient utilization of MOFs
into industrial applications.
A very competent method to improve the gas
sorption properties of a porous material is the
incorporation of polar functional groups into
the pores of the MOF. Those groups would act
as strong binding sites, leading to enhanced
gas-framework interactions. This can be
achieved by the design and synthesis of
functionalized organic linkers bearing pendant
functional groups that would be used in MOF
synthesis.5
We have therefore synthesized 5 new organic
linkers bearing novel functional groups that
were used for the synthesis of five UiO-67-OX
analogues. High pressure gas sorption studies
revealed that two of them exhibit very high
CO2 and CH4 uptakes at room temperatures.

Figure 1. The five new linkers that were used for
the synthesis of UiO-67-OX analogues (top). Part of
the 3-D structure showing the octahedral pore of the
MOF (bottom). Turquoise spheres: Zr, gray: C, red:
O, white: H. Solvent molecules and side functional
groups are omitted for clarity.
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RESULTS AND DISCUSSION
Five new organic linkers based on the
commercially
available
biphenyl-4,4′dicarboxylic acid (H2BPDC) were designed
and synthesized. We have successfully
incorporated the following side pendant
functional groups: -OMe, -OPr, -OisoPr, -OPh,
and OAllyl on the H2BPDC linker. Those
ligands, along with the non- functionalized one
were used for the synthesis of six isostructural
UiO-67 analogues, as it was verified by PXRD
measurements.
The acetone exchanged samples were
successfully activated and their gas sorption
properties were studied.
Argon sorption measurements at 87 K and 1
bar confirmed the permanent porosity of all
samples as well as their microporous nature.
The calculated gravimetric surface areas (BET)
range from 2140 m2 g-1 for the UiO-67 to 1334
m2 g-1 for the UiO-67-OPh analogue. Low
pressure CO2 adsorption measurements were
carried out in order to determine the isosteric
heat of adsorption (Qst0). UiO-67-OPr
exhibited the highest value of 28 kJ mol-1,
which is among the highest reported for UiO
type MOFs.6
Similarly the highest CH4 isosteric heat of
adsorption of all six materials, was found to be
24.3 kJ mol-1 for UiO-67-OMe, remaining
constant during methane loading, which is the
second highest recorded for MOFs.7

total volumetric uptake values for UiO-67 and
UiO-67-OMe are 202 cm3 (STP) cm-3 and 186
cm3 (STP) cm-3 respectively, while equally
impressive are the working capacities between
65 bar and 5 bar with values of 150 cm3 (STP)
cm-3 and 133 cm3 (STP) cm-3. Additionally the
same materials revealed notable CO2 uptake
values at 30 bar and 298 K, 283 cm3 (STP) cm3
for UiO-67 and 175 cm3 (STP) cm-3 for UiO67-OMe.
CONCLUSIONS
Six new UiO-67 analogues were synthesized
each one with unique composition and
functional group. Extensive gas sorption studies
at low pressure verified the enhanced interaction
of the materials towards the targeted gas
molecules as it was observed by the very high
CO2, CH4 and H2 isosteric heats of adsorption.
Furthermore
high
pressure
sorption
measurements revealed very high total
volumetric CO2 and CH4 uptake values at 298 K,
which can be well compared to those of the best
performing materials for CO2 and CH4 storage.
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ΠΔΡΗΛΖΦΖ
Η παξνύζα κειέηε πξαγκαηεύεηαη ηελ
παξαγσγή λαλνθπζαιίδσλ (nanobubbles, NB)
νμπγόλνπ κε ηε ρξήζε ζπζθεπήο: α) κε θεθαιή
πνξώδνπο πιηθνύ από ζπκπηεζκέλα ξηλίζκαηα
νξείραιθνπ ζε ηπραία δηάηαμε θαη β)
αθξνθπζίνπ. Ο ραξαθηεξηζκόο ηνπ πνξώδνπο
έγηλε κε ρξήζε Scanning Electron Microscope
(SEM). Η θαηαλνκή κεγέζνπο ησλ ΝΒ
εμεηάζηεθε κε δπλακηθή ζθέδαζε ηνπ θσηόο
(DLS). Τα απνηειέζκαηα δείρλνπλ όηη ε
πνξώδεο
θεθαιή
απνδίδεη
πςειόηεξε
ζπγθέληξσζε θαη κηθξόηεξνπ κεγέζνπο ΝΒ
από ην αθξνθύζην.
ΔΗΑΓΧΓΖ
Ωο λαλνθπζαιίδεο, νξίδνληαη θνηιόηεηεο
αεξίνπ, δηεζπαξκέλεο ζε κηα πγξή θάζε, ε
δηάκεηξνο ησλ νπνίσλ είλαη <1κm. Η κειέηε
ηνπο έρεη πξνζειθύζεη ην ελδηαθέξνλ ηεο
επηζηεκνληθήο θνηλόηεηαο ηα ηειεπηαία ρξόληα
θαζώο ε ύπαξμε ηνπο απνηειεί «παξάδνμν»,
δηόηη ζύκθσλα κε ην λόκν ηνπ Laplace, ε
δηαθνξά πίεζεο (ΓP) θαηά κήθνο ηεο
δηεπηθάλεηαο απμάλεηαη όζν κεηώλεηαη ην
κέγεζνο:

 

2
R

(1)

Όπνπ γ ε επηθαλεηαθή ηάζε θαη R ε αθηίλα ηεο
θπζαιίδαο. Παξόια απηά ηα ΝΒ ππάξρνπλ θαη
κάιηζηα παξακέλνπλ ζηαζεξά γηα κήλεο. Τα
αίηηα
ζπληζηνύλ
αληηθείκελν
επξείαο
ζπδήηεζεο ζηελ επηζηεκνληθή θνηλόηεηα
αθόκε θαη ζήκεξα [1]. Σύκθσλα κε ηνπο
Takahashi et al. [2] ε ζηαζεξόηεηα νθείιεηαη
ζην γεγνλόο όηη ζηε δηεπηθάλεηα ησλ ΝΒ

ζρεκαηίδνληαη αζπλήζηζηα ηζρπξνί δεζκνί
πδξνγόλνπ. Οη Nagayama et al. [3] αλέπηπμαλ
ηε ζεσξία όηη ε εζσηεξηθή πίεζε ησλ ΝΒ είλαη
κηθξόηεξε απηήο πνπ πξνβιέπεη ε εμίζσζε
Laplace. Η κε εθαξκνζηκόηεηα ηεο Δμ.1
ππνζηεξίδεηαη επίζεο από ηνλ Hemmingsen [4]
o νπνίνο αλαθέξεη πσο ε ζεώξεζε κίαο
ζηαζεξήο επηθαλεηαθήο ηάζεο γηα ηα ΝΒ δελ
είλαη δπλαηή.
ΠΔΗΡΑΜΑΣΗΚΖ ΓΗΑΓΗΚΑΗΑ
Οη ζπζθεπέο παξαγσγήο ΝΒ απνηεινύληαη από
3 αληιίεο πίεζεο νη νπνίεο θαηαιήγνπλ ζε κία
θεληξηθή δεμακελή παξαγσγήο ΝΒ ζε
δηάθνξνπο ρξόλνπο θαη πεξηγξάθνληαη αιινύ
[5,6]. Οη ζπζθεπέο πνπ ρξεζηκνπνηήζεθαλ
έρνπλ δύν δηαθνξεηηθέο θεθαιέο: α) πνξώδε
από ζπκπηεζκέλα ξηλίζκαηα νξεηράιθνπ θαη β)
αθξνθπζίνπ. Γηα ηελ παξαγσγή ΝΒ
ρξεζηκνπνηήζεθε απηνληζκέλν λεξό ζε
ζπλζήθεο ~40 νC θαη νμπγόλνπ ζε 24 bar. Τα
δείγκαηα ζπιιέρζεθαλ κεηά από 45 min
ρξόλνπ ιεηηνπξγίαο ηεο κεραλήο.
Γηα ηνλ ραξαθηεξηζκό ηεο πνξώδνπο θεθαιήο
ρξεζηκνπνηήζεθε έλα SEM ηύπνπ JSM-6390
LV. Γηα ηνλ ραξαθηεξηζκό ησλ ΝΒ
ρξεζηκνπνηήζεθε έλα DLS ηεο Nano Zeta
Sizer θαζώο θαη έλα νπηηθό κηθξνζθόπην ηεο
Zeiss Axiostar.
ΑΠΟΣΔΛΔΜΑΣΑ & ΤΕΖΣΖΖ
Η Δηθόλα 1 απεηθνλίδεη ηα απνηειέζκαηα SEM
γηα ηελ πνξώδε θεθαιή θαη ηα απνηειέζκαηα
ηνπ νπηηθνύ κηθξνζθνπίνπ γηα ηα ΝΒ.
Η πνξώδεο θεθαιή είλαη κία ππξνζπζζσκάησζε ζθαηξηδίσλ ην κέζν κέγεζνο
ησλ νπνίσλ είλαη ηεο ηάμεο ησλ 150 κm. Τν
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πνξώδεο είλαη ηα δηάθελα (pendular rings) πνπ
πξνθύπηνπλ από ηελ ζπζζσκάησζε ησλ
ζθαηξηδίσλ. Aλ ππνζέζνπκε όηη ε γσλία πνπ
ζρεκαηίδνπλ ζην επίπεδν νη αθηίλεο 3
εθαπηόκελσλ θύθισλ είλαη 60ν ηόηε ε αθηίλα
ην εγγεγξακκέλνπ θύθινπ ζηα δηάθελα είλαη
r=75(1-cos30o)/cos30o=11.5κm ή κεγέζνπο 23
κm. Η πνξώδεο θεθαιή παξάγεη κεγαιύηεξε
ζπγθέληξσζε ΝΒ ηεο ηάμεσο ησλ 4-5%
ΝΒ/κm2 έλαληη ηνπ 1.5-2% ΝΒ/κm2 πνπ
παξάγεη ην αθξνθύζην.

Η Δηθόλα 2 παξνπζηάδεη ηα απνηειέζκαηα από
ηε δπλακηθή ζθέδαζε ηνπ θσηόο. Η πνξώδεο
θεθαιή παξάγεη ΝΒ κηθξόηεξνπ θαη επξύηεξνπ
κεγέζνπο από ην αθξνθύζην. Σπγθεθξηκέλα:
164-531 nm έλαληη 824 nm, αληίζηνηρα. Η
θησρόηεξε ζπγθέληξσζε ΝΒ από ην
αθξνθύζην θαίλεηαη θαη ζηελ έλζεηε εηθόλα
όπνπ ν ζπληειεζηήο ζπζρέηηζεο είλαη θαηά κία
ηάμε κεγέζνπο κηθξόηεξνο γηα ην αθξνθύζην.
Τν δπλακηθό-δ βξέζεθε -9,83mV γηα ηελ
πνξώδε θεθαιή θαη -17,1mV γηα ην
αθξνθύζην. Η δηαθνξά ππνδεηθλύεη όηη νη
δνκέο ηεο δηεπηθάλεηαο λεξνύ-νμπγόλνπ ησλ
ΝΒ είλαη δηαθνξεηηθέο γηα ηηο δηαθνξεηηθέο
κεζόδνπο παξαγσγήο. Πεξαηηέξσ έξεπλα είλαη
ζε εμέιημε.

Δικόνα 2. Καηαλνκή ηνπ κεγέζνπο ησλ ΝΒ πνπ
παξήρζεζαλ από πνξώδε θεθαιή (κπιε) θαη
αθξνθύζην (πξάζηλν). Σην έλζεην ν ζπληειεζηήο
ζπζρέηηζεο (ACF) ζηα ίδηα ρξώκαηα.

Δικόνα 1. Απεηθόληζε κηθξνγξαθηώλ SEM ηεο
πνξώδνπο θεθαιήο ζε δύν αλαιύζεηο: 100 κm
(πάλσ) θαη 500 κm (κέζε). Κάησ παξνπζηάδνληαη
νη εηθόλεο ησλ ΝΒ από ην νπηηθό κηθξνζθόπην:
Αθξνθπζίνπ (αξηζηεξά) θαη πνξώδνπο θεθαιήο
(δεμηά).
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OH-IRMOF-16 AS POTENTIAL DRUG CARRIER FOR GEMCITABINE
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SUMMARY
The
unique
physical
and
chemical
characteristics of Metal Organic Frameworks
(MOFs) make them promising candidates for
drug storage and drug delivery. MOFs are
organic – inorganic hybrid materials made of
metal ions or clusters interconnected through
an organic linker. In order to develop new and
much-improved drug delivery regimes for the
anticancer agent gemcitabine, the interaction of
gemcitabine with the strategically modified
organic linker from IRMOF-16 (non-toxic,
high-loading MOF) has been investigated by
employing DFT methods (PBE/TZVP). The
introduction of a hydroxyl group in the organic
linker of IRMOF-16 was critical for gaining
key acid-base and hydrogen-bond interaction
sites. The maximum interaction energy with
gemcitabine was found to be 24 kcal/mol for
the modified IRMOF-16. Semi-empirical
calculations (PM7) were also performed in
order to study the interactions of gemcitabine
with larger fragments of the modified IRMOF16 unit cell.

delivery due to their low toxicity, high
payloads and controlled drug release [1,2].
MOFs exhibit many desired characteristics as
drug carriers, including exceptionally high
surface areas and large pore sizes for drug
encapsulation, intrinsic biodegradability and
versatile functionality for postsynthetic
grafting of drug molecules. It was these
advantages in mind that we sought to study the
potential use of MOFs as an improved drug
delivery system for the important anticancer
agent gemcitabine. The interaction of
gemcitabine with the strategically modified
organic linker of IRMOF-16 (non-toxic, highloading MOF) has been investigated by
employing DFT methods (PBE/TZVP). The
introduction of a hydroxyl group in the organic
linker of IRMOF-16 was critical for gaining
key acid-base and hydrogen-bond interaction
sites [3]. Semi-empirical calculations (PM7)
were also performed in order to study the
interactions of gemcitabine with larger
fragments of the modified IRMOF-16 unit cell.

INTRODUCTION
Nanotechnology is increasingly contributing in
the development of drug delivery systems for
medical
applications.
Interestingly
pharmaceutical
sciences
are
using
nanomaterials to reduce toxicity and side
effects of drugs. To develop therapeutic agents
that can achieve this aim, a large number of
drug delivery systems of diverse structure
(from biocompatible dendritic macromolecules
to inorganic porous solids) have been
suggested. However, most of the proposed
routes suffer from important drawbacks such as
low drug capacity or poor control of release
kinetics. Recently, MOFs have been proposed
as potential nano-carrier platforms for drug

RESULTS AND DISCUSSION
The optimized geometries of GEM with OHhTPDC linker can be seen in Figure 1. The
binding energy of GEM to the linker was found
at 24 kcal/mol with RI-PBE-D3/def2-TZVP.
Two close contacts could be identified between
GEM and the linker, which correspond to
hydrogen bonds. These hydrogen bonds are
between NGEM…HOhTPDC and OhTPDC … HOGEM
with 1.71Å and 1.79Å bond length respectively.
PM7 calculations were also performed and we
found out that this method can reproduce very
well the results obtained from DFT, as can be
seen in Figure 1(b). The binding energy from
PM7 was calculated at 23 kcal/mol.
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Figure2. Optimized geometries of OH-IRMOF-16
molecular fragments with gemcitabine (GEM) were
derived from semi-empirical calculations: (a) small
fragment (b) large fragment.

Figure1. Optimized geometries of OH-IRMOF-16
organic linker (hTPDC) with gemcitabine (GEM)
obtained from: (a) DFT, (b) PM7 calculation.

The interaction of GEM with two larger
molecular fragments [Figure 2(a) and 2(b)]
were studied with PM7 method, in order to
explore the interaction of GEM with other
possible binding sites of OH-IRMOF-16. The
first model consists of an OH-linker connected
to two Zn4O units, where the second model
consists of a Zn4O unit and three OH-linkers,
mimicking a pocket. For the first model, the
binding energy was calculated at 14 kcal/mol
and this value can be mainly attributed to the
formation of two hydrogen bonds. In the
second model [Figure 2(b)], the binding
energy was calculated at 36 kcal/mol, with the
GEM molecule to be located in the pocket that
we consider for this model.

To sum up:
•

The highest binding energy of GEM
with OH-IRMOF-16 was calculated at
36 kcal/mol according to PM7 method,
with the GEM to be located at a pocket
site formed by 3 linkers.

•

The interaction of GEM with OHlinker is weaker than in the case of
GEM in the pocket site.

•

PM7 equilibrium geometries and
binding energies agree well with those
obtained with RI-PBE-D3/def2-TZVP.

•

Larger molecular fragments are needed
for an accurate description of the
interaction of GEM with OH-IRMOF16.

•

The strong interaction of GEM with
the OH-IRMOF-16 is attributed to the
formation of hydrogen bonds between
them.
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Summary Natural polyphenols as well as humic acids have fast/efficient antioxidant activity through the Hydrogen
Atom Transfer [HAT] mechanism i.e. one H+ and one e- being transferred in tandem (H-atom=H+e-) from the -OH of
the polyphenol towards the target radical. We studied the thermodynamic analysis of the HAT mechanism of
HA-analogues in comparison to the effect of SiO2 particle on the HAT thermodynamics. This work provides a
quantitative evidence that H-atom transfer by HA or other natural polyphenols is severely influenced by soil particles
and this will differentiate their antioxidant function among different soil compositions as well as soil-HAs vs aquatic
HA or DOM.

Introduction
Antioxidants are one of primary importance in human
health, biosphere function and –subsequentlymaterials’ industry, since they can quench harmful
radical species. The best natural antioxidants are
polyphenolics [4] as well as humic acids [1,2,3]. It is
well established that fast/efficient antioxidant activity is
achieved only through the Hydrogen Atom Transfer
[HAT] mechanism i.e. one H+ and one e- being
transferred in tandem (H-atom=H+e-) from the -OH of
the polyphenol towards the target radical [2]. Recently
we have demonstrated that a Humic Acid Like
Polycondensate
[HALP]
synthesized
from
copolymerization of Gallic and Protocatechuic acid [1]
can be used for the synthesis of HALP-SiO2
nanohybrids that perform efficient HAT [1].
SiO2
nanohybrids may be viewed as model systems for
[HA-soil] composite structures. Herein we present a
detailed thermodynamic study of the HAT effect by
HALP-SiO2 and Gallic-SiO2 nanohybrids towards a
reference stable radical DPPH·. The aim was to
establish –for the first time- a thermodymanic data-base
(activation energy(Ea), entropy (ΔS), enthalpy (ΔΗ),
Gibbs free energy (ΔG)) on antioxidant Hydrogen
Atom Transfer capacity by HA-SiO2 nanohybrids.

dissociation enthalpy (BDE). The lower the BDE the
easier the O–H bond breaking, and stronger will be the
antioxidant potential. After recording the DPPH·
quenching kinetic, from the rate (k) we have

Arrhenius equation:
k= Ae –Ea/(RT)
lnk = (−Ea/R) × (1/T) + lnA
Eyring-Polanyi equation:

ln k/T= ((-ΔΗ)/R)*1/T) +[ln kB/h+

ΔS/R]

Enthalpy (ΔΗ) and Entropy (ΔS) of the
reaction

Materials and methods
Hydrogen atom transfer (HAT) mechanism from
polyphenolic antioxidant to DPPH· radical is :
ArOH+DPPH·→ArO· + DPPH-H
Scheme 1.
This mechanism is governed by the O–H bond

Ea=Activation
energy

SiO2-HA nanohybrids consist of an organic functionality (HA,
GA or HALP) grafted on the surface of SiO2 nanoparticles
particles [1], Scheme 1.

To evaluate the thermodynamic parameters including
enthalpy (ΔH), activation energy (Ea) and entropy (ΔS),
which are basic principles in thermodynamics, we
obtained experimental kinetics data at 515nm of the
DPPH radical interacting with the hybrid materials, at
different temperatures. Α UV-Vis spectrometer (Hitachi
U-2900)
was
used
equipped
with
a
Temperature-controlled cryostat (Unisoku model
CoolSpek UV USP-203B). Our set-up allows recording
of UV-Vis spectra kinetics (10ms per point) in
temperature range +1000C to -1000C. The data-kinetics
in each temperature was fitted with the Arrhenius and
Eyring-Polanyi models to calculate the activation
energy (Ea), and the enthalpy and entropy of reaction.

thermodynamics, and found that for smaller particles
the activation barrier Εa increases. This is correlated
with the agglomeration degree of the SiO2-GA
composite. Thus when extrapolated to real systems, this
work provides a quantitative evidence that H-atom
transfer by HA or other natural polyphenols is severely
influenced by soil particles and this will differentiate
their antioxidant function among different soil
compositions as well as soil-HAs vs aquatic HA or
DOM.

Results and Discussion
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Figure-1 (A, B) shows Arrhenius plots (lnk vs 1/T) of
the HAT reaction rate (k) for GA(Figure-1A) and
SiO2-GA(Figure-1B). The red lines are fits of the
Arrhenius equation providing Εa=38.5kJ/mole for GA
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ΔS, ΔH and ΔG are presented in Figure 1. We have
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SUMMARY
A modified bottom-up approach that combines
Langmuir-Schaefer (LS) deposition and selfassembly (SA) was used for thin films
fabrication of iron molecular magnet
complexes within clay nanosheets. The hybrid
multilayers were characterized by X-Ray
Reflectivity, FTIR spectroscopy while the
morphology was investigated by Atomic Force
Microscopy.
INTRODUCTION
The spatial arrangement of the clay platelets
affords a higher control at the nanoscale level
and an increased grade at the macroscale level.
Although this emerging section of clay
nanoscience is still mostly unexplored, several
studies have demonstrated the successful
integration of molecular magnets complexes
within the clay nanosheets [1].
In this work, we describe a new bottom-up
layer-by-layer approach that combines self
assembly technique (S.A) and the LangmuirSchaefer deposition for fabricating a new
hybrid material that uses the clay nanosheets as
a template for the grafting of magnetic
molecules complexes (Fig.1) in a bidimensional array [2].

Figure 1. Basic metal (II/III) carboxylates are
complexes of the type [M3O(O2CR)6(L)6]0/+

EXPERIMENTAL
A KSV 2000 Nima Technology LB trough was
used for the preparation and deposition of
multilayers at a room temperature. The surface
pressure in the LB trough was monitored with
a Pt Wilhelmy plate. A clay concentration in
the suspension of 20ppm was chosen as the
optimal value. To achieve the hybridization of
the
clay
platelets,
100
μl
of
dimethyldioctadecylammonium
bromide
(DODA) - solvent mixture (0.2 mg/ml) were
spread onto the water surface by the use of a
microsyringe. After a waiting time of 20 min to
allow for solvent evaporation and claysurfactant functionalization to occur, the hybrid
DODA–clay layer was compressed at a rate of
5 mm/min until the chosen stabilization
pressure of 20 mN/m was reached. This
pressure was maintained throughout the
deposition process. Films were transferred onto
the hydrophobic substrate by horizontal
dipping [this way of transferring is known as
Langmuir–Schaefer (LS) technique], with
downward and lifting speeds of 10 and 5
mm/min. In the final step, the hybrid DODAclay film was lowered into a solution of
molecular magnets complexes, with formula
[Fe3O(O2CPh)6(H2O)3](ClO4)
[3]
(their
synthesis is described elsewhere) in acetonitrile
(0.2 mg/ml). A hybrid multilayer film was
fabricated by repeating this procedure for
several times. Each time when the hydrophobic
substrate was lowered toward the liquid
surface, it was allowed to touch the air–water
interface or the solution surface in a very
gentle dip of max 0.5 mm below the surface
[4]. After each deposition step, the sample was
rinsed several times by dipping into ultrapure
water to eliminate any weakly attached
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molecules that remained from the deposition
step and dried with nitrogen flow to avoid
contaminating the Langmuir film air–water
interface or the solution employed in the
following step. A schematic representation of
the synthetic procedure is shown in Scheme 1.

Scheme 1. Hybrid multilayer procedure of
Langmuir - Schaefer deposition.

RESULTS-DISCUSSION
AFM image of DODA-Clay monolayer
deposited on Si-wafer (at surface pressure 20
mN/m) is shown in Figure 2. The topographic
images show that the surface coverage of the
substrate is quite high. Clay nanosheets observed
with well-defined edges and are almost
contacting each other with small voids between
them, forming a dense and a closely continuous
packed array, verifying the highly controllable
formation of hybrid DODA-Clay monolayers

Figure 2. AFM image of DODA-clay at surface
pressure 20 mN/m.

The X-Ray Reflectivity pattern of the produced
clay/molecular magnets hybrid multilayer (20
layers) is shown in Figure 3 in comparison with
that of an organo-clay (DODA-Clay) hybrid
multilayer film (40 layers) that was fabricated
under the same experimental conditions. The d001
spacing is much lower compared to that of the
organoclay implying that the complex molecules
are accommodated between the double alkyl
chains of the surfactant and not on top of it.
Moreover, the broad reflection peaks suggest
that the clay layers are not stacked in perfect

registry due to the big size of the molecular
magnets.

Figure 3. XRR patterns of DODA-clay-Molecular
magnets hybrid multilayer in comparison with
DODA-clay hybrid multilayer.
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SUMMARY
A newly developed carbon material called
porous carbon cuboids has been synthesized by
polymer pyrolysis. Due to its ultra-hydrophilic
properties, the synergetic effect between
heterogeneity and micropore architecture is
maximized. [1] By immobilizing metal cations,
metal-substituted porous cuboids could be
achieved without particular loss of their
porosity. Toward this aim, copper, vanadium,
palladium and magnesium substituted carbon
cuboids were successfully synthesized and
characterized using a combination of analytical
techniques including X-ray diffraction, thermal
analysis (DTA/TGA), Raman spectroscopy,
Scanning
Electron
Microscopy,
X-ray
photoelectron spectroscopy as well as nitrogen
adsorption-desorption measurements.
INTRODUCTION
A very new member of the carbon family with
excellent properties has been reported as a high
performance material. This novel nanostructure
is called Carbon Cuboids which combines a
series of intriguing properties such as light
way, unusual ultra-hydrophilic behavior, great
stability, surface heterogeneity and a very high
hierarchical porosity (estimated approximately
800-900 m2/gr).[1] These new type of
functional carbons possess all the appropriate
characteristics to be considered as very
promising candidates for diverse energy,
biomedical and catalytic applications. In
contrast with graphene oxide, carbon cuboids
do not need to pass through the oxidation state
due to the high functional groups they possess
on the surface which renders cuboids highly
hydrophilic. Porous carbon cuboids show a
very high number of N:C and O:C active sites

which in combination with the narrow
micropore size distribution constitute a very
promising sorbent. The advantage that porous
carbon cuboids present over other carbon
materials is the fact that they are stable up to
500oC, whereas most of them cannot be
functional in temperatures further than 300oC.
In this work, metal-substituted carbon
cuboids, targeting specific applications, were
synthesized and characterized.
EXPERIMENTAL
In a typical procedure, two solutions were
prepared: The first solution consists of triblok
copolymer (pluronic) dissolved in 100 mL of
0.1M 4, 4’ bipyridine water-ethanol solution
while the second solution contains 5.6 mM of
CuCl2.2H2O dissolved in 900 mL of distilled
water. The reaction was performed by rapid
mixing via pouring the first solution (100 mL)
into the second one (900 mL). The material
was selected by centrifugation and washed
three times with distilled water. The sky blue
colored polymer was then pyrolized at 500οC
for 2h with the heating rate of 60οC/h under
argon atmosphere. The obtained black powder
was then immersed into a 4M HNO3 solution
for 24h in order to remove copper species, and
was centrifuged and washed until pH~5.
Τhe metal-substituted porous carbon
materials were synthesized using various
metals such as V, Mg, Cu and Pd. PCC were
dissolved in a metal salt aqueous solution
(approximately 10% w/w). The mixture was
stirred for 1h and then centrifuged. The
precipitate was dissolved again in a new
solution (1h stirring) and the material was
centrifuged again, washed with water and airdried.
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The characteristic N2 adsorptiondesorption isotherms for porous carbon cuboids
and the four metal substituted samples are
presented in Fig. 2. All of curves exhibit typical
isotherms of microporous materials (type I)
while the abrupt increase in the high relative
pressure region (P/P0>0.9) indicates the
existence of macropores. The values of specific
surface area (SBET) from the experimental
measurements as well as the micro-mesopore
volume (VBJH), the macropore volume (VBJH)
and porous diameter (Dpore) are reported in
Table I. A minor decrease in the specific
surface area of the metal substituted samples,
compared to pristine carbon cuboids, is
observed indicating that the porous structure
remained unaffected.
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Figure 3. Thermal analysis (DTA/TGA) of porous
carbon cuboids.
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Thermogravimetric
(TGA)
and
differential thermal (DTA) analysis was
performed on pure carbon cuboids. The DTA
curve shows only one exothermic peak at 510
o
C, due to carbon combustion. The latter is a
major advantage for the use of these porous
carbons in several applications, including
catalysis and gas storage, since these materials
are stable up to 500oC.

Tg%

Figure 1. SEM image of porous carbon cuboids.

Table I. Textural characteristic of PCC samples.
Specific
MicroMacrosurface mesopore
pore
Dpored
Sample
area
volume
volume
(Α)
(m2/g)
(cm3/g)
(cm3/g)
PCC
824
0.371
0.154
0.03
PCC-V
768
0.413
0.263
0.06
PCC791
Cu
PCC629
0.321
0.134
0.10
Pd
PCC827
0.435
0.168
0.08
Mg

DTA (uV)

RESULTS - DISCUSSION
SEM image in Fig. 1 shows that the uniform and
hierarchically porous carbon cuboids are
randomly aggregated and overlapped with each
other, possessing a highly rough surface and
many macroporous holes distributed all over the
particles.

0.8

1.0

Figure 2. N2 Adsorption-Desorption isotherms of
porous carbon cuboids.
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SUMMARY
Metal-organic frameworks (MOFs) comprise
currently an extremely active area in materials
research mainly because of their remarkable
properties, which make them potential
candidates for numerous applications including
hydrogen storage [1]. The construction of
porous MOFs with open metal sites in
combination with organic linkers of
predetermined shape, bearing functional
groups, can lead to specific and selective
recognition of guest substrates which is crucial
for the sorption properties of such materials.
Here we report the preparation and
characterization of the first heterobimetallic
In(III)-Pd(II)-based MOF with soc topology. In
this compound, the μ3 oxo-bridged In-trimer
SBU is connected with the metalloligand trans[PdCl2(PDC)2] (L) to form a 3D network
(PDC = 3,5-pyridine dicarboxylate). This
novel MOF, that has relatively narrow
channels (<1 nm) and high localized charge
density, exhibits remarkable H2 affinity (Qst at
zero coverage = 7.1 kJ mol−1) and high CO2
selectivity over other gases, such as CH4 and
N2.
INTRODUCTION
MOFs are porous crystalline materials formed
by the self- assembly of metal ions or metalcontaining clusters (generally termed as
secondary building units, SBU) with usually
rigid organic linkers (connectors). Because the
SBUs can have certain preferred coordination
geometries, self-assembly of these connecting
nodes with organic linkers of predetermined
shapes can lead to the construction of metal–
organic
frameworks
with
predictable
structures. Such a so-called rational design or
reticular synthesis approach is very important

to synthesize microporous MOFs of
predictable structures with pores of defined
size, shape and functionality (such as open
metal sites and Lewis acidic and basic sites) in
order to explore their potential influence on the
energetics of sorbed molecules[2].
EXPERIMENTAL
Complex L (trans-[PdCl2(PDC)2]) was
synthesized according to a published procedure
[3] and was then mixed and dissolved in
THF/DMF/H2O. After processing, high quality
yellow cubic crystals of the final MOF material
were deposited. The collected material was
characterized with regard to its morphological,
structural and textural properties, while its gas
sorption performance was evaluated using
various gases at different temperature
conditions and low pressure (up to 1bar).
RESULTS
The composition of the as-synthesized material
was confirmed by combining single-crystal Xray diffraction, TGA, EDS, SEM and
elemental analysis. Single crystal X-ray
diffraction analysis revealed that the structure
is built from trimers of corner-sharing
octahedrally coordinated indium centers joined
by the L linkers as shown in Figure 1.
The structure of the new MOF material
combines a highly ionic framework (due to its
open metal sites) and localized charge density
with relatively narrow pores (<1nm) which make
it a very good candidate for gas sorption and
separation processes. In this respect low-pressure
nitrogen, hydrogen, carbon dioxide and methane
and ammonia sorption measurements were
carried out at different conditions using an
Autosorb 1-MP volumetric system from
Quantachrome.
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Figure 1. Crystal structure of the new MOF as
determined from the single crystal X-ray diffraction
analysis.

Prior to gas sorption measurements the MOF
material was activated using a custom made
super-critical CO2 drying device. N2
adsorption/desorption measurements revealed a
reversible type I isotherm (Figure 2) with no
hysteresis, characteristic of a microporous
material with homogeneous pores. The estimated
BET surface area, using the IUPAC consistency
criteria, and pore volume are 795 m2 g-1 and 0.35
cm3 g-1, respectively, which is in good agreement
with the respective theoretical values.

Figure 2: Nitrogen uptake isotherm at 77K

On the other hand, it was found that the newly
synthesized MOF shows remarkable value of
isosteric heat of adsorption for H2 (Qst at zero
coverage = 7.1 kJ/mol) as well as exceptional for
CO2/CH4 selectivity values compared to other
known MOFs [4].
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INTRODUCTION
As hydrogen storage is one of the main
challenges toward its generic use as energy
carrier, intense efforts have been devoted to
developing new storage materials and systems,
and the potential use of carbon-based hydrogen
sorbents such as carbon nanotubes, fullerene,
and graphene, has been explored extensively
for this purpose. However as the H2 storage
capacity and overall performance of the
respective materials is resulting from weak van
der Walls interactions between H2 molecules
and the surface of the carbonaceous matrix, the
amount of H2 that can be stored at room
temperature is very low. Several studies have
shown that the interaction of hydrogen with
SWNHs is far stronger than in the case of other
carbon nanostructures (e.g. carbon nanotubes),
and as such they have been considered quite
appealing as hydrogen stores. Indeed highresolution quasielastic and inelastic neutron
scattering measurements that were performed
to investigate the effects of confining
molecular hydrogen within SWNHs as well as
a possible temperature dependence [1], showed
that hydrogen interacts far more strongly with
the SWNHs than it does with carbon
nanotubes, suggesting that nanohorns and
related nanostructures may offer significantly
better prospects as lightweight media for
hydrogen storage applications.
Aiming to assess the hydrogen storage capacity
of such carbon nanohorn structures a
systematic series of H2 adsorption/desorption
measurements (volumetric and gravimetric)
were conducted at different temperatures and
pressures.
RESULTS
N2 adsorption –desorption isotherms obtained
at 77 K of the as produced SWNH material
were of type II (based on IUPAC

classification) and revealed moderate surface
area (around 250 m2/g).
In an attempt to enhance porosity, the sample
was subjected to controlled, careful heat
treatment under air as it has been shown that
oxidation increases the specific surface area of
SWNHs through the formation of defects [2].
Indeed the air oxidation treatment resulted in
the increase of the N2 uptake at low relative
pressures, without strongly affecting the
isotherm shape, and led to the increase of
surface area (which was found to be around
650 m2/g) and micropore volume (which was
practically doubled compared to the pristine
sample).
The hydrogen storage capacity of the pristine
and heat treated materials was determined at 77
and 298 K up to 120 bar, using both
gravimetric (RUBOTHERM balance) and
volumetric (PCTPro-2000) systems. The
samples showed a hydrogen uptake close to 1
wt% at 77 K, but rather low capacity (around
0.1 wt%) at room temperature that increased
practically linearly with pressure (Henry-like
behaviour), while no hysteresis was observed
during desorption.
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INTRODUCTION
Metal organic frameworks (MOFs) are a class
of low density and high surface area porous
materials with clear potential for gas
storage/separation applications. They are
crystalline, chemically tunable structures
assembled by linking metal clusters with
various organic linkers resulting in infinite 2D
and 3D networks [1].
Their remarkable properties qualify them as
candidates for hydrogen storage, among others.
Here we report on the synthesis,
characterization and gas sorption performance
on three different 2D layered MOFs.

pressures up to 1 bar and cryogenic
temperatures (77K) using a volumetric system
and hydrogen uptake values less than 1 wt% at
1 bar and 77K were recorded.

Figure 1: Crystal structure of Zn3(Py)2(ter)3
N2 @ 77K

140

after heating under vacuum

120
Volume @ STP (cc/g)

RESULTS
Three MOFs were synthesized through
solvothermal reactions involving three
different metals (Zn, Cd, Co) and various
organic linkers resulting to Zn3(Py)2(ter)3,
Cd3(BPDC)3 and Co2(bipy)2(Oba)2, (where
Py=pyridine,
ter=terepthalic
acid,
BPDC=biphenyl-dicarboxylic
acid,
bipy=bipyridine, Oba=4,4oxybis benzoic acid)
respectively. The composition of the assynthesized materials was confirmed by
combining single-crystal X-ray diffraction,
TGA, powder X-ray diffraction, while their
porous properties (specific surface area, pore
size distribution, total volume etc.) were
evaluated
by
measuring
nitrogen
adsorption/desorption isotherms at 77K. N2
sorption data (Figure 2), before and after the
activation of the material by super-critical CO2
treatment showed that the MOF porous
structure partially collapses upon this solvent
removal step, which was however necessary to
open up the porous system. As such the
specific surface area of the materials did not
exheed 230 m2/g. The H2 sorption behavior of
each material was studied by systematic
adsorption/desorption
measurements
at

after SC-CO2 drying
100
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0
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Figure 2: Nitrogen uptake isotherm before and after
SC-CO2 drying for Co2(bipy)2(Oba)2
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INTRODUCTION
The LiNH2–2LiH system is gaining significant
attention for hydrogen storage applications as it
desorbs H2 at lower temperature (150 °C)
compared to the individual components [1].
Further thermodynamic improvements were
obtained by partially replacing Li with Mg,
which acts by destabilizing the N–H bond and
then decreasing the desorption enthalpy down
to 40 kJ/mol. 2LiNH2–MgH2 and Mg(NH2)2–
2LiH are the most studied combinations within
the Mg–Li–N–H class of materials; they, in
fact, can theoretically desorb 5.58 wt.% H2
under moderate conditions (<150 °C) forming
the ternary imide Li2Mg(NH)2, which can be
converted in turn to Mg(NH2)2+LiH under
certain conditions.
As in the case of conventional metal hydrides
the particle-crystallite size distribution also
plays a crucial role on determining the sorption
properties of the above N-containing
compounds. A recently employed method to
ensure a fine and stable particle size
distribution, is the confinement of hydride
materials, in high surface area scaffolds [2].
The presence of a scaffolding structure limits
the hydrides’ particle size to the pore size of
the host, hindering in addition particle
agglomerations of the reactants. As such the
reaction products have a limited mobility and
they are in intimate close contact, facilitating
the storage properties of the material and
enhancing the reaction kinetics. Beyond these
effects, nanoparticles smaller than ~5 nm may
have significantly different thermodynamic
properties compared to bulk materials. In this
context the present work focuses on the
investigation of the effect of nanoconfining
imide-based composites (Li2Mg(NH)2) into
different carbons (mesoporous carbons, carbon
nanotubes etc.) having different pore
properties.

RESULTS
The starting materials and composites were
developed by both high-energy ball milling and
wet chemistry for different imide loading. The
effect of nanoconfinement was investigated by
combining a wide range of techniques to study
the behaviour of the obtained composites.
N2 adsorption/desorption measurements at 77K
allowed to assess the efficiency of the imide
infiltration into the carbons. In a next step the
hydrogen storage properties of the composites
was studied by H2 absorption/desorption
studies at 200°C and 80/0.1 bar of H2 through
high pressure manometric measurements, to
determine the effect of confinement in the
hydrogenation / dehydrogenation of the imides.
Finally Temperature Programmed Desorption
measurements
combined
with
mass
spectroscopy on the re-hydrogenated samples
were performed to determine the hydrogen
temperature desorption and the evolution of
gaseous byproducts (such as NH3).
The results were quite promising as they
showed for the first time the beneficial effect
of nanoconfinement on the thermodynamic
properties of Li2Mg(NH)2, as it can lead to
lower decomposition temperatures.
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INTRODUCTION
Global demands on mobile energy mainly rely
on fossil fuels derived from oil. Since the
forecast for the natural reserves availability
exhibits a depletion trend within the current
century, scientific interest has been redeployed
to developing alternate energy supply
strategies for mobile applications. One
considerable energy storage medium is
hydrogen, since it is carbon-free, abundantly
available from water, and has an exceptional
mass energy density. Storage of hydrogen in
liquid and compressed gas state is
economically inefficient, while also possessing
a security risk. Thus, emphasis has been placed
on developing solid-state technologies, based
either on chemical or physical sorption of H2
on high surface area adsorbents.[1]
Ionic liquids (ILs), which were first observed
at 1914, by Paul Walden who reported the
physical properties of ethylammonium nitrate
([EtNH3][NO3] [2], are organic salts with low
melting temperature (below 100 oC).They are
comprised of anions and large-asymmetric
cations (alkylimidazolium, alkylpiridinium,
alkylphosphonium, alkylpirollidinium and
alkylammonium). They possess high thermal
and chemical stability, non-flammability and
almost zero vapor pressure, and as such they
are considered environmental friendly. Due to
their unique physico-chemical properties they
have been lately considered also for hydrogen
storage, either as storage materials, or as
special solvents, co-catalysts or stabilizing
agents. However hydrogen storage studies on
ILs are still scarce.[3]
Here, we report on the hydrogen storage
properties of four ionic liquids loaded into
cellulose aerogels in the presence of a Pd/C
catalyst (10% wt. Pd loading on active carbon).
RESULTS
The main aim was to investigate the H2 storage
capacity of all materials under different

pressures (1-20 bar at 298 K), using two
volumetric systems.
The samples were outgassed under high
vacuum overnight in order to remove any
imurities
before
the
measurement.
Interestingly, one of the four samples showed a
relatively increased hydrogen uptake (ca. 0.3
wt%) compared to the low Pd loading in the
sample (10 wt%) pointing to the possible
existence of a cooperative catalytic sorption
mechanism.
3.5
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Figure 1: H2 uptake isotherns for the four
investigated samples at 298K.
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INTRODUCTION
One of the most important parameter for the estimation of a photocatalytic reaction efficiency is
the calculation of quantum yield. Many researchers reported apparent quantum yields in various
heterogeneous photocatalytic systems which are helpful in estimating the efficiencies of the
photodegradation reactions [1,2]. If the quantum yield of a well-studied, photochemical reaction is
known, the light absorber and the photoproduct are thermally stable, and the photoproduct is
photostable at the exposure wavelength, the yield of the photochemical product can be used to
determine the photon flow entering a solution.
Such a photochemical system is called an actinometer. The most popular actinometer in the
ultraviolet wavelength range is the potassium ferrioxalate actinometer, involving the
photochemical reaction
2Fe(C2O4)3 3−+ h+→ 2Fe2+ + 5C2O4 2−+ 2CO2
which first developed by Hatchard and Parker [3], is probably one of the most useful solution
phase actinometer and can be employed over a wide range of wavelengths (254-577 nm). After
exposure of a ferrioxalate solution to UV light (e.g. at 254 nm), the Fe 2+ generated can be assayed
by a colorimetric method in which the Fe2+ is complexed with o-phenanthroline (ε= 11,100 M−1
cm−1).
In the present study we calculate the Quantum Yield (QY, φ) of OH● radicals, electrons (e-) and
holes (h+) of TiO2 photocatalyst using the Electronic Paramagnetic Resonance (EPR) as
quantification method of them. The QY determined by the using of ferrioxalate actinometer, where
for every 1 μΜ of Fe3+ reducing to Fe2+, using a UV lamp source corresponds to 1 photon.
EXPERIMENTAL
Materials: Potassium Oxalate Monohydrate, K2C2O4•H2O solution (500gr/L) heating in 80οC until
melting the crystals. After Iron(III) chloride hexahydrate, FeCl3 • 6H2O adding in the hot solution
with vigorous stirring. The solution keeping in 4 oC and the precipitation of green crystals
recrystalized tree times from warm water. Then they collected, washed with Ethanol/H2O=1/1 and
dried by suction in a current air at 45 OC. The Potassium ferrioxalate K3[Fe(C2O4)3] •3H2O
crystals stored in black vessel.
-TiO2 obtained from Degussa (Diameter 21 nm, Size Porous 35-65m2/gr)
Experimental procedure: 200 μl of 100 μΜ of K3[Fe(C2O4)3] x 3H2O solution (pH=2,8 with
H2SO4) put in 5mm quartz tube and light on with a 450 W lamp inside the EPR cavity. After a
certain period of irradiation the [Fe 2+] determined by comparing with standards of ophenantroline Fe 2 + complex, at 510nm
EPR samples were prepared by placing 10 mg of TiO2 into a quartz EPR tube, with an outer
diameter of 3 mm at 77K. Kinetic runs of OH● were performed in 2 capillaries containing 12 μL
each, by recording the signal intensity of the DMPO-OH spectrum as a function of irradiation time
at room temperature (25 °C).
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Spin quantification was done using DPPH as a spin standard [4].
RESULTS
The graphs below describe the g values of h+ e- and OH●, which quantification became by
calculating the area by the second integration of spectrum. After, became comparing with the
standard DPPH, which is known, that the 1 mm3 powder DPPH, contains 2x10 17μmol/gr.

The Flux (IO, Einstein/sec) of the light beam incident on the photolysis cell from the cavity
window, calculated by the formula [2]:
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where φ= 1.40 [2]
For 100 μΜ ferrioxalate need 30 second for total conversion in Fe 2+, so IO= 142 μEinstein/min.
The Quantum yield (φ) given by equation:
Φ=

μmol spins/gr
TiO2
Quantum Yield
(φ)

number of product molecules
𝐼0

OH●
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*450 W the lamp source in 52 cm destination from the cavity
**Io for 100 μmol Ferrioxalate 142 μEinstein/min
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SUMMARY
Measurements of adsorption in-situ with small
angle x-ray scattering (SAXS) were carried out
under the influence of a rotation field at various
relative pressures (p/po). The spectra indicate that
rotation provides an additional 13% free space
within the porous matrix for the partially filled at
p/po=0.4 Vycor porous glass. Fractal analysis
confirms the result.

INTRODUCTION
Adsorption [1] of gases or vapors by porous
materials is an important process in many
industrial applications such as: catalysis, gas
separation, heavy metal removing, hydrogen
storage, etc. Although numerous studies [2, 3]
have been done towards this direction, the
effect of a rotational field on the adsorption
mechanism is reported for the first time.
In this study SAXS spectra were measured in
conjunction with adsorption on porous glass,
being in both: static and rotating conditions at
various p/po. Again, in order to obtain a
comparison of the SAXS spectra between the
two conditions (static and rotation) the contrast
matching technique was employed. This
specific technique requires that the adsorbate
should have the same electron density with the
adsorbent. For a two phase system:

I (Q)  1  2 

2

(1)

Where ρ1,2 are the electron densities of the
phases and Q is the scattering vector. When
ρ1=ρ2 then I(Q)0 and since ρpores=0 the filed
pores will cease to act as scatterers and only
the remaining empty pore will produce a
measurable intensity.
Fractal analysis was carried out as an
additional approach for evaluating the effect of
rotation. Surface roughness is determined in

terms of the fractal dimension D which in
general takes values between 2 and 3.
Apparently a surface with D=2 is Euclidean. At
the Porod’s region of a scattering curve I(Q)
decays by following a power law that is related
to D [4]:

I (Q)  Q D  6

(2)

EXPERIMENTAL PROCEDURE
A consolidated particle of Vycor® 7930
porous glass with a light path of less than 1
mm was used as adsorbent and CH2Br2 which
has the same electron density as the solid was
used as adsorbate. Rotation in-situ with SAXS
was engineered by a specially designed sample
cell [5]. The cleaning procedure of Vycor is
conducted with H2O2 30% w/v at 90 0C for
30min, then rinsing with de-ionized water until
neutral pH and dried at 160oC for 24h in a
stream of O2.
The experiment involves four cases; 1) dry
sample (i.e. p/po=0) at static conditions (dry-S),
2) dry sample under rotation (dry-R), 3)
partially filled sample static (wet-S) and 4)
partially filled sample under rotation (wet-R).
For the partially filled sample the adsorption
equilibrium of CH2Br2 was at p/po=0.4 and
isothermal temperature of 20oC. For rotation
the speed was set at 2150 rpm.
RESULTS & DISCUSSION
Figure 1 shows the SAXS spectra for all four
cases. Vycor main peak is located at
Q=0.0248Å-1 corresponding to a Bragg spacing
of about 250Å. After the main peak the
scattering curve decays by following a noninteger power law; a fingerprint of surface
fractals. The dry-S peak has the highest I(Q)
value followed by the dry-R peak which is
located in a slightly lower position. This
different may be attributed to the statistics of
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the spectrum due to the apparent fuzziness of
the scatterers caused by rotation. For wet-S
there is a substantial decrease in I(Q) but wet-R
gains some space back. The result suggests that
there is an adsorbate contraction leaving thus,
at the same p/po, more space to be adsorbed. In
order to determine the free space (Vfree) gained
due to rotation, the following equation was
implemented:

 I (Q)

sample becomes more transparent. Further
investigation is underway.

Qmax

V free (%) 

Qmin
Qmax

j

 I (Q)
Qmin

 100

(3)

dry S

Where the subscript (j) denotes: dry-R or wet-S
or wet-R accordingly. Table 1 summarizes the
result. It can be seen that rotation increases
Vfree by at least 13%. Note that rotation by
itself inflicts fuzziness to spectrum statistics of
about 6%. In other words the true free space
may be as high as 19%.
Table 1: Vfree and D
CASE
dry-S
dry-R
wet-R
wet-S

D
2.37
2.34
2.37
2.25

Vfree (%)
100
94
83
70

In addition, fractal analysis shows that DwetS=2.25 while Dwet-R=2.37. Although Ddry-R=2.34
is almost equal to Ddry-S=2.37; Dwet-S<<Ddry‒R
(see also Table 1). The result confirms that
rotation leads to adsorbate contraction. More
specifically, the fact that the wet-S sample
performs a lower D value than wet-R indicates
that rotation forces molecules to either a more
compact deposition or to a different space that
is not illuminated by the given x rays; as a
result, the investigated surface reinstates some
of its fractality.
However, in order the adsorbed film to be
detached from the solid surface the centrifugal
force must compensate the isosteric heat of
adsorption. At ~2,000 rpm this is not likely to
be the case. Therefore more free space is
gained. For instance there may be a transition
of the adsorbed film under rotation from e.g.
random loose packing to a closer packing.
Another effect of rotation is that sample dry-R
shows an I(Q) upturn at the innermost part of
the scattering curve (see Fig.1). This may be
similar to a rotating blade effect; that is, the

Figure 1. SAXS spectra on four sample cases:
green=dry-S; red=dry-R; blue=dry-R; yellow=wet-S;
and wet-R. Dry samples are at p/po=0 and wet at
p/po=0.4; S=static conditions and R=rotating conditions.
Note that dry-R peak is slightly lower than dry-S but there
is an I(Q) upturn at the innermost part of the spectrum.
Wet-R peak is clearly higher than wet-S indicating a
contraction of the adsorbed film; hence more free space.
For details consult the text.
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INTRODUCTION

N(r) in the intervals dA = 2πrdr.
Z rc
N(r)

The functional ligand on the crystal of a gme ZIF
modifies the adsorption characteristics of the structure [1]. This has been extensively studied, using
different mainly theoretical approaches[3]. Recently, Kontos et.al combined Raman and gravimetric
adsorption and gave a first experimental evidence,
that CO2 is preferentially coupled by the substituted linker of ZIF-69[2]. Motivated by this work, we
employ a simulation approach to estimate the adsorbate density inside the cavities of all ZIF members
of the gme family, considering the adsorption from
single, binary and ternary component systems.

Figure 1: Sketch of the gmelinite tiles structured by hpr,
gme and kno cage units.

MATERIALS AND METHODS

RESULTS

The gme ZIFs is a particular class of synthesized
ZIF materials named after the gme topology which
first was found in the tiling of natural gmelinite. As
seen in Figure 1, the gme ZIFs are hexagonal crystal systems, featuring hpr, gme and kno-type cages
on their frameworks. They are synthesized using an
equimolar mixture of 2-nitroimidazole (nIm) and another organic imidazole linker. Depending on the
type of the second imidazole, the resulting ZIF obtains a kno cavity of specific diameter. There are 8
members (ZIF-68,-69,-70, ZIF-78,-79,-80,-81 and
ZIF-82) in the gme family of ZIFs.
We simulated the adsorption of single, binary
and ternary mixtures on gme ZIF crystals, (containing CO2 , CH4 , N2 , O2 and water), with the multipurpose simulation code (MUSIC). We extract adsorbate density maps for the tested systems. Based
on these maps, we divided the ZIF cages into concentric regions of equal thickness dr and recorded
the fraction of the nodes in the map that belong in
each of these concentric regions. The density inside
the cage Ncage was given by the integral of densities

The Langmuir constant of CO2 adsorption in ZIFs
and the coulombic part of solid fluid interaction energy were positively correlated as seen in Figure 2.
The maximum CH4 density and surface area values
of the ZIFs were also proportional. ZIFs that contain benzene nitroimidazoles exhibit linear trends
with steeper slope than those without.

∗ a.gotzias@inn.demokritos.gr

Ncage =

0

2πrdr

dA

(1)

For target areas of kno− type cage we set a radius of
rc = 20A, for hpr− or gme− types we set rc = 10A.

Figure 2: Gas adsorption related to the structural properties of gme ZIFs. For ZIFs with benzene on
their ligand (bIm) and for those without (Im).
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The selectivity values of ZIFs obtained from
multicomponent adsorption simulations are shown
in Figure 3. We used equimolar mixtures, while, for the ternaries, the water content was set to
5 o/oo . The selectivity order of the tested ZIFs, for
CO2 /N2 and CO2 /O2 mixtures was the same. Most
ZIFs could adequately remove CO2 from such mixtures. CO2 /CH4 and CH4 /N2 order of selectivity
was almost reversed for these structures. The presence of water traces caused minor changes in the
selectivity values. An apparent change was observed in the ternary mixture of CH4 /N2 /H2 O adsorbed in ZIF-78, that has the most polar ligand (nitrobenzoimidazole) in the gme family.

Figure 4: Profiles of CO2 density inside a kno−type cage
of a ZIF. The curves correspond to pure component, equimolar binary or ternary with 5 o/oo
water, mixture adsorption

CONCLUSIONS

Figure 3: Selectivity values obtained by binary and ternary mixtures adsorption on gme ZIFs at
298K.

The density profiles of CO2 particles in a kno−
type cage of ZIFs are shown in Figure 4. The particles were more likely to be located closer to the center than the trim of the cage. Compared to the pure
component distributions, the CO2 densities decreased for a binary adsorbate mixture containing N2 or
CH4 . We observed that all density curves exhibit a
local minimum close to 1 nm radial distances. Beyond this distance small amounts of density could
also appear. The ligands, especially the polar ones,
attract water in a way that it blocks the entrance of
CO2 , resulting to essentially low CO2 density profiles.

Adsorption in gme ZIFs, is practically controlled by
the interactions that stem from the kno− channels
where the nitroimidazole ligands are aligned. The
chemistry on the surface of knos sufficiently affects
the adsorption capacity and selectivity performance
of these materials. Benzene ring on the substituted
ligand may enhance carbon capture. Even if in minute amounts, the presence of water in the mixture
can cause a dramatic decrease of the CO2 adsorption capacity.

REFERENCES
[1] R. Banerjee, H. Furukawa, D. Britt, C. Knobler,
M. O Keeffe, and O. Yaghi. Journal of the American Chemical Society, 131(11):3875, 2009.
[2] A. Kontos, V. Likodimos, Ch. Veziri, E. Kouvelos, N. Moustakas, G. Karanikolos, G. Romanos, and P. Falaras. ChemSusChem, 7(6):1696,
2014.
[3] B. Liu and B. Smit. The Journal of Physical
Chemistry C, 114(18):8515, 2010.

7o Πανελλήνιο Σύμποσιο Πορωδών Υλικών
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SUMMARY
In order to investigate carbon capture from post
combustion gas streams we simulate adsorption isotherms on clinoptilolite crystal structures[2]. The
post combustion flue gas contains CO2 , N2 and vapour water at temperatures higher than 323K. Starting from a set of single component adsorption simulations, we employ the Ideal Adsorption Theory (IAST), to plot contours of CO2 /N2 selectivity
by tuning the temperature and the vapour content.
Concerning the calcium clinoptilolites, water has a
great influence on the selectivity for such mixtures.
We also investigate flue gas streams containing traces of other components to relate their presence with the CO2 adsorption capacity and selectivity performance of the clinoptilolite crystals.

POST-COMBUSTION GAS
We considered a temperature range and a composition, that resembles the post-combustion streams of
a flue gas. We set the temperature in (323, 373)K.
The volume ratio of N2 , CO2 and of the vapours
was varied. We labelled each case of the simulated
multi-component stream using a pair of variables
(xw , xr ), where xw was the water content and xr
was the v/v ratio of N2 /CO2 in the stream. We set
0 < xw < 3% and 5 < xr < 9. We discuss the
CO2 adsorption capacity of clinoptilolite for such
mixtures, and then the CO2 /N2 selectivity performance under these conditions.
The pressure on the stream was fixed at 1bar.
However in order to extract Langmuir adsorption
coefficients and employ (IAST) for the corresponding gas streams, we simulated the single component isotherms at 323K for a wider pressure
range[3]. For temperatures other than 323K the
Langmuir adsorption parameters were computed by
∗ a.gotzias@inn.demokritos.gr
† v.kouvelos@inn.demokritos.gr
‡ a.sapalidis@inn.demokritos.gr

the heat of adsorption on the basis of a Runge Kutta
scheme.
We explored gas mixtures that contained also
traces of CO, O2 , N Ox and SOx . Along with the
water vapour the volume of these components on
the stream was cumulatively set to 5%, xw was set
in the same as previously range.

CLINOPTILOLITE MODEL
We used a model of the purified Ca2+ -exchanged
clinoptilolite. This structure is a crystal system with C2 /m space group, cell edges (17.6, 17.9, 7.4)A
and cell angles (90o , 116.37o , 90o ) [2]. As it can be
seen in Figure 1, the clinoptilolite contains parallel channels with 10 and 8-membered rings. These channels are interconnected with an 8-membered
ring channel providing a rigid two dimensional pore
network.

Figure 1: The crystal structure of the calcium clinoptilolite used in the simulations, Ca atoms are coloured in green.

RESULTS
The single component isotherms of CO2 , N2 , O2
and water adsorption on calcium clinoptilolite at
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323K are shown in Figure 2. The isotherms were
expressed in values of excess density.

se in the adsorption might be noticeable even if the
amount of water is very small.

CONCLUSIONS

Figure 2: Adsorption isotherms of calcium clinoptilolite
for a set of gasses related to industrial flue gas
streams at 323K

According to simulations at 323K, clinoptilolite
yielded 40 cc/g high pressure CO2 adsorption density which is an adequate storage capacity. N2 and
O2 storage was sufficiently low. Water showed a
very peculiar behaviour when adsorbed on clinoptilolite. The surface of the crystal is in general hydrophilic as it contains calcium ions. The first molecules are adsorbed around these centers through
hydrogen bonding then function as nuclei around
which water clusters can grow.
All multi-component streams involved in the
CO2 capture processes are prone to contain water
in various amounts, depending on the process, and
therefore in post-combustion flue gas it is important to include water into consideration. The role of
polar surface groups on water adsorption has been
of extensive investigation [1][4]. What in general emerges from the study is the fact that small amounts
of humidity in the mixtures do change the shape of
the adsorption isotherms and influence the pore filling mechanism. They also have an effect in decreasing the adsorption, to an extent proportional to the
amount of water present in the system. The decrea-

Calcium clinoptilolite has been studied in detail for
carbon/nitrogen separation from post-combustion
flue gas streams. In an attempt to study the postcombustion conditions, the selectivity computations have been carried out at different N2 to CO2
volume ratios and different contents of vapour water at temperatures higher than 323K. We have also
considered minor compositions of other industrial
gasses in the stream. IAST gives a reasonable prediction of the mixture adsorption selectivities on the
basis of pure component adsorption isotherms. Purifed calcium clinoptilolite was found to be promising for carbon capture if low content of vapour water is present in the flue gas. Calcium ions were blocking the entrance of nitrogen particles in the
channel of the crystal hindering nitrogen adsorption
resulting in a relatively good CO2 /N2 selectivity.
For gas streams rich in water, the selectivity performance of the clinoptilolite declined dramatically.
There is an immense potential for improvements on
post combustion capture processes. The use of purified or mixed ion-exchanged clinoptilolites as adsorbents could serve on this purpose.
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SUMMARY
Hybrid clay-CNTs thin films were produced
with a new deposition method that combines
the Langmuir-Schaefer deposition and the selfassembly technique. The samples were
characterized by X-Ray diffraction, FTIR,
Raman
and
X-Ray
photoelectron
spectroscopies and as well as Atomic Force
Microscopy. The results showed that highly
ordered clay/ hydroxylated carbon nanotube
multilayer films can be obtained by this facile
layer-by-layer deposition procedure.
INTRODUCTION
Single clay platelets serve as templates for
creating highly ordered low-dimensional
assemblies of nanostructured systems in thin
film form. A method that combines selfassembly and Langmuir–Schaefer deposition
has enabled the creation of a new type of clay
hybrid grown layer-by-layer [1]. The territorial
settlement of the clay platelets affords a higher
control at the nanoscale level.
In this work, we report on a new bottom-up
layer-by-layer approach for the production of a
highly controllable hybrid superstructure of
clay/SWCNTs. For this manufacturing, an
hydrophilic derivative of SWCNTs containing
phenol groups was employed (named
SWCNTs-f-OH [2]) while montmorillonite a
hydrophilic clay was used as a template.
EXPERIMENTAL
Clay suspensions in 18.2 ΜΩ Millipore
ultrapure water were used as subphase. A clay
concentration in the suspension of 20ppm was
chosen as the optimal value. To achieve the
hybridization of the clay platelets, 100 μl of
dimethyldioctadecylammonium
bromide
(DODA) - solvent mixture (0.2 mg/ml) were
spread onto the water surface. After a waiting

time of 30 min to allow solvent evaporation
and the clay surfactant functionalization to
occur, the hybrid DODA-clay layer was
compressed until the chosen stabilization
pressure of 20 mN/m was reached [3]. This
pressure was maintained throughout the
deposition process. Films were transferred onto
the hydrophobic substrate by horizontal
dipping. In the final step, the manufactured
hybrid DODA-clay film was lowered in the
solution of SWCNTs-f-OH (in DMF). The
SWCNTs were organically functionalized via
1,3 dipolar cycloaddition. Multilayer films
were constructed by repeating this procedure.
RESULTS-DISCUSSION
A typical AFM image of clay nanosheets
deposited on Si-wafer (at surface pressure 20
mN m-1) is shown in Fig. 1. The image shows
the presence of high substrate coverage of clay
nanosheets with well-defined edges. The average
height of the sheets is 1-2.5 nm corresponding to
the size of single clay layers (clay monolayer).

Figure 1. AFM image of DODA-clay at surface
pressure 20 mN/m.

The XRD pattern of the hybrid DODA-claySWCNTs-f-OH multilayer is shown in Fig. 2.
A reflection peak at lower 2θ angles
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corresponding to the (001) Bragg peak, is
observed at 2.1o. This corresponds to a d001spacing of 54Å, indicative of the succesful
intercalation of both SWCNTs-f-OH and DODA
molecules between the clay layers. In fact, a
comparison with the XRD pattern of pristine
clay, which shows the main peak at 2θ = 7.14ο
(d001 = 12.38Å), and that of a DODA–clay–
DODA multilayer (d001 = 36.7Å) [4] testifying
the successful intercalation of the nanotubes
between the organo-clay nanosheets.

wall carbon tubes as well from the C-C organic
chains of DODA molecules representing 12%
of the whole carbon amount. The second peak
at 286.5 which dominates in the carbon spectra
(84.2 %) is due to the oxidized with hydroxyl
groups of SWCNTs attesting the successful
oxidation of the tubes with hydroxyl moieties.
Finally a very weak photoelectron peak (3.8 %)
at 288.5 eV may be due to some C-O-C or –
COOH groups derived from impurities
absorbed on the nanotubes.

C-Oh

Intensity (arb.units)

286.5 eV
84.2 %

C-O-C,

C-C

Cooh

284.8 ev

288.5 eV

12.0%

3.8%

Figure 2. XRD pattern of DODA-claySWCNTs-f-OH.
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290

288
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284

282

280

278

Binding Energy (eV)

The Raman spectra of SWCNTs-f-OH
compered with the pristine SWCNTs (left) and
of
hybrid
DODA-clay-SWCNTs-f-OH
multilayer (right) are shown in Fig. 3. The
characteristic first-ordered D and G peaks
appear at around 1320 cm-1 and 1600 cm-1,
respectively. The intensity ratio of ID/IG for the
hybrid multilayer was calculated to 0.23
similar to that of SWCNTs-f-OH (ID/IG =0.10)
indicating that the structure of the
functionalized carbon nanotubes was remained
unaffected upon intercalation between the clay
layers.

Figure 3. Raman spectra of SWCNTs-f-OH
and SWCNTs.

The C1s core level X-ray photoelectron
spectrum of hybrid DODA-clay-SWCNTs-fOH multilayer is shown in Fig 4. After
deconvolution
with
mixed
Gaussian−Lorentzian functions (mix ratio 0.9),
all spectra consist of three components. More
specific the main peak at 284.8 eV is attributed
to the hybridized C-C bonds from the single

Figure 4. C 1s photoelectron spectra of DODAclay-SWCNTs-f-OH FTIR spectra of SWCNTs-fOH and SWCNTs.
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THEORETICAL STUDY OF H2S INTERACTION WITH
FUNCTIONALIZED BENZENES WHICH CAN ACT AS LINKERS IN
METAL ORGANIC FRAMEWORKS
M. B. Tsanai, E. Klontzas and G.E. Froudakis
Department of Chemistry, University of Crete P.O.Box 2208
Voutes 71003, Heraklion, Crete, Greece

ABSTRACT
Quantum mechanical calculations were
performed in order to study the interaction of
Hydrogen Sulfide (H2S) with several
functionalized benzenes which can act as
linkers in Metal-Organic Framework1 (MOF)
materials. Furthermore, a set of three aromatic
molecules were also examined in this study,
the selection of which was based on chemical
intuition. DFT2 and MP23 methods alongside
with def2-TZVPP4 basis set and empirical
dispersion correction that has been proposed by
Grimme (D3)5 with Becke-Johnson damping
(BJ)6 for DFT method were used. Our results
indicate that these organic linkers are very
promising for H2S capture and storage.

selected seems to be the most promising for
H2S capture.
INTERACTION OF H2S WITH THE
FUNCTIONALIZED BENZENES.
Both DFT and MP2 methods were used to
locate dimer geometries which correspond to
stationary points of the potential energy surface
and to calculate the corresponding interaction
energies of H2S with ten functionalized
benzenes. The top five interaction energies for
the corresponding dimers are summarized in
Table 1.

INTRODUCTION
Capture and storage of Hydrogen Sulphide
(H2S) is important for both industrial and
biomedical applications7. Recently MetalOrganic Frameworks (MOFs) have been
proposed as promising nanoporous materials
for such applications due to their extraordinary
physicochemical properties and the high
tunability of their structure. MOFs are a class
of materials composed by periodically
arranged metal clusters held together by
bridging organic linkers, forming a periodic
three-dimensional periodic network and a
corresponding periodic pore network.
In order to develop new materials with
enhanced capture and storage abilities, the
exploration of the interaction of H2S with the
components of the MOF network is needed. As
a first step, the interaction of H2S with
functionalized benzenes and three more
organic molecules were studied by using abinitio techniques. All the molecules that were
studied can act as organic bridges in MOF
network. The functional groups that were

5.

6.

Figure 1. Optimized structures of H2S with top five
functionalized benzenes: 1) C6H5COOH
2)
C6H5NH2 3) C6H5OH and 4) C6H5CH3 5) C6H5CF3
6) C6H6. The equilibrium structure of C6H6 is
reported for comparison

7ο Πανελλήνιο Συμπόσιο Πορωδών Υλικών

Table 1.
Interaction energies of H2S with the top five
functionalized benzenes. All energies are in
Kcal/mol. The interaction energy of H2S with
benzene is reported for comparison.

C6H5COOH
C6H5NH2
C6H5CH3
C6H5OH
C6H5CF3
C6H6

DFT
-4.9
-4.5
-4.1
-3.9
-3.4
-3.4

MP2
-4.7
-4.3
-3.8
-3.8
-3.2
-3.1

The interaction energies that were calculated
with the less computational demanding DFT
method are in excellent agreement with the
corresponding interaction energies calculated
with the more demanding MP2 method.
INTERACTION
OF
H2S
WITH
PORPHYRIN, L–TRYPTOPHAN AND E)1,2-DI(PYRIDIN-2-YL)ETHANE.
We also examined the interaction of H2S with
three more aromatic molecules and we found
higher interaction energies relative to
functionalized benzenes. These calculations
reveal high interaction energy which make them
promising linkers for H2S capture in MOFs. In
Figure 2 we present the optimized structure of
H2S with porphyrin, which presents the highest
binding energy of the whole study. The
interaction energy was calculated at -8,1
kcal/mol.

Figure 2. Optimized geometry of H2S with
porphyrin calculated with RI-PBE-D3(BJ)/Def2TZVPP.

CONCLUSIONS
In this study we calculate the interaction of
H2S, a compound of natural gas with some
organic bridges in MOF network. Our
results demonstrate that DFT equilibrium
geometries and binding energies are in
excellent agreement with those obtained with

MP2 method. Also with this study we came
to the conclusion that porphyrin, which
presents the highest binding energy with H2S,
is the most promising linker for H2S capture
in novel MOFs. In conclusion, our results can
be used as a strategy to novel MOFs for
enhanced H2S capture and storage.
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THEORETICAL STUDY OF CH4 INTERACTION WITH ORGANIC
LINKERS OF MOF
P. Siginou, E. Klontzas and G.E. Froudakis
Department of Chemistry, University of Crete P.O.Box 2208
Voutes 71003, Heraklion, Crete, Greece

ABSTRACT
The interaction between CH4 and a series of
organic bridging molecules was studied with
quantum mechanical methods in order to
enhance methane storage in MOFs. Most of the
molecules that were examined can be
considered as bridges connecting Copper
paddlewheels in a recently synthesized tboMOF. The two highest binding energies
between CH4 and organic linkers were found to
be -4,4 kcal/mol for corrole and -4,6 kcal/mol
for both corrin and 3,6-dimethyl-1,2,4,5phenylanthrace(6,9-dicarboxylic
acid)benzene.
Figure 1.
Schematic illustration of coordination modulation,
where a monodentate ligand, or modulator, caps
mof crystal growth for MOF5.1

INTRODUCTION
Methane (CH4) is contained in natural gas2 and
it can be used for energy production. The
reason is that methane produces more heat per
mass than other organic hydrocarbons.
Among all the materials that have been studied
for CH4 sorption, metal-organic frameworks
(MOFs)3 have attracted major scientific
interest due to their enormous structural and
chemical diversity as well as their possible
applications in gas storage. In addition, MOFs
can be used in a variety of applications
including gas separation and drug delivery.
One way to enhance the CH4 storage ability of

MOFs is to tune methane’s interactions with
organic bridges either by changing their size or
by adding functional groups.
METHODS

In order to study the interaction of CH4 with
organic linkers, we performed DFT4 calculations
(PBE) with the def2-TZVPP5 basis set and the
corresponding auxiliary basis sets for the RI6
approximation. Dispersion interactions were
explicitly accounted in the calculation of the
energy by using the empirical pairwise method
proposed by Grimme (D3)7.
The interaction energy of the CH4-linker dimers
was calculated using super-molecular approach
and the counterpoise method, proposed by Boys
and Bernardi, was applied for the basis set
superposition error (BSSE)8. All calculations
were performed with TURBOMOLE 5.9.1
software9.
RESULTS AND DISCUSSION
It is known that there are 3 adsorption sites for
CH4 in tbo-type linker. First site is located at the
window entrance of the octahedral cage. The
second one at the v-shaped pocket formed by the
neighboring arms of the ligand and the final site
at the top of the central phenyl ring of the ligand
carrying the two methyl groups. All three sites
were examined in this study for numerous tbotype linker analogous. In addition, the same
calculations were performed for other organic
linkers such as porphyrin, corrole, corrin.
Our results indicate that the interaction energy
increases with the substitution of hydrogens of
the central benzyl ring by methyl groups and CH2N3CHCH groups [Figure 2, A., H.].
It is also observed an enhancement in
interactions between methane and the molecules
of corrin and corrole is observed, compared to
those of porphyrin.
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Figure 2.
Optimized geometries of CH4 with organic linkers
calculated with RI-PBE-D3/def2-TZVPP method.
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Table 1.
Interaction energies of CH4 with organic
linkers.

Dimers
A

Interaction
energy
(kcal/mol)
-4.6

(tbo-MOF-5 organic
linker)

B
C
D
E
F
G
H
I

-4.7
-4.6
-4.4
-4.4
-4.2
-4.1
-3.6
-3.6
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Supramolecular isomers, water clusters and solvent-mediated
transformations in a series of Lanthanide MOFs
Adonis Michaelides and Stavroula Skoulika
Department of Chemistry, University of Ioannina

SUMMARY
A series of lanthanide mofs of hydromuconic
acid (h2hymuc) with cations of different size
(Gd3+, Y3+, La3+, Ce3) were generated using
water as solvent. Two microporous genuine
supramolecular isomers were found for the
larger cations (La3+, Ce3+) sustained either by
Discrete ( H2O)18 clusters or by infinite water
tapes. The
smaller cations (Gd3+, Y3+)
produced a 2D phase. MOFs obtained with
Ce3+, Gd3+and Y3+ undergo
irreversible
solvent-mediated transformation
yielding
isomorphous 3D two-fold interpenetrated
MOFs.
RESULTS AND DISCUSSION
Lanthanide Metal-Organic Frameworks are
attractive materials exhibiting a variety of
interesting physical properties[1]. Their high
coordination
numbers
and
flexible
coordination environments may lead to a
variety of crystal architectures depending on
the experimental crystallization conditions
(concentration, pH, temperature, solvent etc.).
An additional
parameter, complicating
structure predictability in Ln-MOFs is the socalled lanthanide contraction effect i.e. the
considerable contraction in the size of Ln3+
cations, from 1.20 Å for 9-coordinated La3+ to
1.00 Å for 9-coordinated Gd3+[2,3]. Thus,
using the same ligand, it is possible to
generate a series of crystal structures just by
varying the nature of the Lanthanide cation.
Generally, it is expected that the “large”
cations will lead to higher dimensional solids
than the “small” ones.
In this work, we investigate the nature of
phases obtained upon mixing Ln3+cations of
various radii (La3+, Ce3, Gd3+, Y3+) with transβ-hydromuconic acid (H2hymuc, systematic
name: trans-hex-3-enedioic acid, scheme 1 left)
in water at pH=5.5-5.8. A recent compilation
of Ln-MOFs with the closely related adipic
acid (scheme 1right) gave a total of 28
structures, classified in 8 structure types[4]. An
additional ionic adipate phase was obtained
recently by us through solvent-mediated

transformation of neutral 3D microporous Lnadipate MOFs[5] A beautiful example of new
phase discovery was published some years ago,
whereby 7 phases were found in the
Co2+/succinate system by systematic variation
of the crystallization conditions[6].
These results prompted us to investigate the
Ln-hydromuconate system in a systematic way
in order to discover new phases and examine
the transformations between
them. ……
Beyond the applied nature of this type of work
i.e. the synthesis of new phases of potential
interest in materials science, systematic work
using one or closely related ligands may lead to
identification of persisting molecular links in
building such complex extended structures.
The identification of prenucleation and
nucleation aggregates in MOF crystallization is
a subject of current research interest[7].

Scheme 1. trans-β-hydromuconic acid (left)
adipic acid (right).
In the present work we describe the structures
of two microporous genuine supramolecular
isomers, formed with La3+ and Ce3+, one
microporous 2D structure formed with Gd3+
and Y3+, which is a supramolecular and
catenane isomer of adipate structures (with
Gd3+, Y3+, Eu3+and Tb3+) and a doubly
interpenetrated pillared square-grid polymer, ,
formed with Ce3+,Gd3+ and Y3+.We also
discuss the structure of acyclic and cyclic
water clusters sustaining the above-mentioned
phases. In presence of water, most of the
above-mentioned polymers transform, slowly
and irreversibly, into the most stable
interpenetrated structure. Based on these

7ο Πανελλήνιο Συμπόζιο Πορωδών Υλικών

results it was possible to propose a molecular
mechanism of formation of the interpenetrated
structure . from the 2D structure.
The structure of one of the Lanthanum
supramolecular
isomers is shown in
Fig.1.There are two distinct channels filled
with water molecules.An infinite water tape is
formed along the direction of the large channel.

The structure of the water tape is shown in
Fig.2.

Figure 1. Structure of one of the Lanthanum
supramolecular isomers.

Figure 2. Infinite water tape running along the b
axis inside the large channel.

REFERENCES
1. S. Batten, S. M. Neville and D. R. Turner,
Coordination Polymers, RSC, 2010.
2. L. Pan, X. Huang, J. Li, Y. Wu and N.
Zheng, Angew. Chem. Int., Ed, 112, 537, 2000.
3. A. Dimos, D. Tsaousis, A. Michaelides, S.
Skoulika, S. Golhen, L. Ouahab, C. Didierjean
and A. Aubry, Chem. Mater., 14, 2616, 2002.
4. D. S. Chowdhuri, S. K. Jana, D. Hazari, E.
Zangrando, S. Dalai, J. Sol. State Chem.,
203,128, 2013.
5. A. Michaelides, S. Skoulika, Cryst. Growth
Des., 9, 2039, 2009.
6. P. M. Forster, N. Stock, A. K. Cheetham,
Angew. Chem. Int. Ed., 2005, 44, 7608.
7. S. L. James, IUCr, 1, 263, 2014.

7ο Πανελλήνιο Συμπόζιο Πορωδών Υλικών

WETTING MEASUREMENTS ON POROUS SURFACES UPON
BACKPRESSURE APPLICATION
E. Rizos, N. Apostolaras, N. Vourdas, E. Tsampasis and V.N. Stathopoulos
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SUMMARY
Modulation of droplet mobility on surfaces is
crucial in numerous technological applications.
Here we present an easy to implement
methodology in controlling the mobility of
water droplets by means of backpressure
application. Tuning the backpressure the
inherently sticky hydrophobic porous surface
may be readily rendered non-sticky, and hence
slippery dynamically and reversibly and with
low response time. We follow the shape of
water droplets upon backpressure.
INTRODUCTION
The importance of studying phenomena related
to the mobility of droplets on surfaces has
rapidly increased recently due to the numerous
pertinent technological applications [1]. The
flow in open or closed microfluidics, the
collection of rain drops and fog, many
chemical processes in droplets, self-cleaning
technology, icephobic coatings, membrane
contactors, fuel cells are only some of the
applied areas that call for dynamic, and
reversible droplet mobility transitions in order
to offer adaptive technical solutions and
enhanced performance.
With regard to the droplet mobility, a
hydrophobic surface may attain many states
from a sticky to multiple slippery states and
ultimately the frictionless state. In the first state
the droplet pins to the surface and exhibits low
mobility, because the liquid fully wets the solid
(Wenzel state), as depicted in Figure 1 for the
case of a surface with protruding posts.
The concept of our approach is the following.
A quiescent droplet on a porous surface
partially wets the surface due to the existence
of the porosity, in which gas pockets are
inherently present. Several combinations of
porosity morphology and solid surface energy
exist in which the intrusion of the liquid in the
porous network is not allowable 42. However,

in this energetically stable state, the droplet
exhibits low mobility; it is impaled to the
surface. With the application of backpressure
the volume and the pressure of the gas pockets
increase, gradually pushing the liquid out of
the porous network. In this pressure-mediated
state the droplet exhibits higher mobility and
the surface exhibits slippery characteristics.
Transitions between these two states are the
core of our study. However, further increase of
the backpressure accompanied with increased
gas flow leverages a droplet take-off and may
render the droplet afloat, in which frictionless
movement may be realized.

Figure 1. Schematic representation of a droplet
exhibiting various wetting states, corresponding to
different mobility states of the surface.

SL200KS from Kino was used to measure the
contact angle (CA), the CA hysteresis and the
tilt angle (α).
RESULTS
In Figure 2 we present the respective
experimental data for the porous surface
fabricated by extrusion. In this case the pores
appear as holes, contrary to the previous case
where the particles protrude, as posts. For a
virtually horizontal (tilt at 1o) surface (Fig. 5a)
the surface exhibits sticky behavior for droplets
up to 70 ul. This maximum droplet volume
gradually decreases with tilt angle, from 70 ul
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to 65 ul, 27 ul and 15 ul under the line
connecting the experimental data. Significantly
lower backpressure values are needed to render
the surface slippery, compared to the surface
from particles. The effect of the backpressure
and the tilt angle is more intense for droplets
with volumes bigger than 15 ul.

sticky, and hence macroscopically slippery state
and back. With the application of backpressure
the capillary bridges, which act as hinges
hindering the droplet movement, are forced to
collapse, thus enabling the downward droplet
motion. Droplet movement is recorded by a
contact angle meter in situ during actuation. The
adequate backpressure to incite the transition
from sticky to slippery, is rather low, in the order
of some few tens of mbar, thus providing
comparative advantages, compared to the stateof-the art pertinent technologies.
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SUMMARY
In this study we report the synthesis and
characterization of ceramic beads of
hierarchical porosity in the meso and macro
pore range. The materials preparation is based
on the combination of polymer templating and
phase inversion methods. Three different kind
of ceramic powders: α-alumina (α-Al2O3),
yttria stabilized zirconia (YSZ) and apatite type
lanthanum silicate oxide (LFSO) were used for
the formation of mm monomodal sized beads.
High total porosity values were found (40%75%) depending on the material sintering
properties and the preparation method. The
pore size distribution revealed graded pores in
the range of large meso and macro pore range
depending on the thermal treatment of the
materials.
INTRODUCTION
In the recent past several synthetic strategies
for tailoring spherical particles in terms of
meso and macroscale ordering. Most of them
use colloidal chemistry based methods some
times in combination with engineering
methods. Particles with a wide range of
composition,
morphology,
and
pore
microstructure have been reported [1]. In cases
spray drying achieves agglomeration in the μm
range introducing hierarchical mesoporosity
[2].
However for the preparation of mm or even cm
sized functional beads only a fraction of the
published studies report on the existence of a
hierarchical porous structure [1, 3]. In such
cases structures are reported as polymer or

polymer matrix composites with methods
originating
from
polymer
membranes
fabrication including phase inversion [3].
However mesostructured but not hierarchical
ceramic spheres are known using templating
techniques [4].
In this work we report the preparation and
characterization of mm sized YSZ, α-Al2O3
and LFSO beads of radial hierarchical porosity.
This was achieved by combining a polymer
templating and a polymer/solvent/ non-solvent
induced phase inversion method.
METHODS AND RESULTS
In a polyethersulfone (PESf)/methyl-2pyrrolidone (NMP) solution, a proper amount
of polyvinylpyrrolidone (PVP) was added
followed by the addition of ceramic powder [5,
6]. The as prepared slurry was dropwise added
into an aqueous bath, forming beads of uniform
size. Each drop readily forms a bead due to the
non-solvent induced phase inversion method.
During phase inversion the PESf/ceramic
powder slurry is transformed into a two phase
system in which a solidified polymer/ceramic
phase forms a porous structure, while a liquid
phase, poor in polymer, fills the pores [7].
Thermal treatment removes the polymer
matrix, forming inorganic beads of porous
ceramic structure. The features of the as
formed porous macrostructure of the beads can
be largely determined by adjusting parameters
controlling the phase inversion process.
Beads (Figure 1) were calcined under air at
various temperatures up to 1500oC.
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A
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E

and LFSO, show high porosity even after
sintering at high temperatures e.g 40% to 75%
at 1500oC. SEM reveals a microstructure of
hierarchical porosity radially graded. The core
of the particle is hollow. Beads exhibit finger
like macropores from the core to the outer cell.
Outer cell has a sponge like structure i.e. in
YSZ this cell has pores of 70 nm (Figure 2)
together with finger-like larger pores ranging
from few to several μm (Figure 1, 2).

F

Figure 1. SEM images of the as prepared (A),
calcined (B, C, D, E, F) YSZ beads as well as LFSO
and Ni impregnated LFSO beads (E, F: Ni EDX)
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0
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0
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Figure 2. Hg intrusion results for the as prepared
YSZ beads and sintered at 600oC and 1300oC
respectively.

The as prepared polymer/ceramic composite
beads samples were studied for their thermal
properties by Thermal Gravimetry (TGA) and
Differential Scanning Calorimetry (DSC). The
porosity features of the prepared beads were
measured by Hg intrusion and Archimedes
method.
Samples
morphology
and
microstructure was observed by means of
optical and Scanning Electron Microscopy
(SEM).
Typical pore size distribution results are shown
in Figure 2. Ceramic beads of α-Al2O3, YSZ

CONCLUSIONS
Highly porous beads of radial hierarchical
multimodal porosity were prepared. Typical
sponge like and finger like pore structure is
fabricated with size ranging in 3 orders of
magnitude from large mesopores to large
macropores. The as formed porosity,
microstructure and shape are maintained even
after sintering at elevated temperature i.e.
1500oC. These structures may be beneficial for
the development of various surface processes
including catalysis (supports, membrane
microreactors etc), adsorption and separation.
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SUMMARY
A siliceous layered material has been
fabricated through an one-pot sol-gel process
and mild thermal aging, anchoring novel
functionalities using the aqueous solution of
silica source. The hybrid material possesses a
high content of sulfonate groups fixed on the
solid matrix and shows great stability in water.
Its extraordinary characterisics coupled with
the easy-scalable method make it a very
attractive filler for diverse applications. In this
work, sulfonate-rich organosilica layered
hybrid (denoted as SSLM) was tested as
nanofiller for the preparation of new Nafionbased nanocomposites. The pristine and hybrid
membranes were characterized by a
combination of techniques, which showed that
highly
homogeneous
exfoliated
nanocomposites were obtained. The pulsed
field gradient NMR technique was used to
measure the water self-diffusion coefficients
verifying the exceptional water retention
properties of this material. Dynamic
mechanical analysis showed that hybrid
membranes were much stiffer and could
withstand higher temperatures than pure
Nafion.
INTRODUCTION
Monofunctional organosilanes hold great
promise since they may condense in a singlestep through sol-gel processing into robust
silica materials. Such an approach is simple
with good yield, affording organosilicas with
the highest possible functional group loadings
in the solid state [1]. In addition, the plethora
of available monofunctional organosilane
precursors facilitates the design of a wide
range of task-specific materials, provided that
long-range condensation can be achieved. In
general, the presence of acid groups is
considered advantageous various applications

offering strong binding sites and high thermal
stability.
Herein, we describe the synthesis and
characterization of a novel sulfonate-rich
layered organosilica hybrid (denoted as
SSLM), which has proven quite useful
amongothers
for
the
preparation
of
nanocomposite Nafion-based membranes with
improved water retention, proton conductivity
and thermal-mechanical properties required for
Polymer electrolyte membrane fuel cells
(PEMFCs) [2,3]
METHODS
The SSLM material was directly obtained from
an aqueous solution through a xerogel process
under mild thermal aging (45 oC, 1 day). The
obtained layered solid is insoluble in water,
displays good thermal stability and possesses a
high acid group content.
In a further step, Nafion nanocomposites were
prepared using the novel SSLM nanomaterials
and structurally characterized by a combination
of techniques in order to evaluate the
synergestic effect of the sulfonic groups of the
layered material with the Nafion matrix. The
mechanical properties of the polymeric
membranes were tested by Dynamic
Mechanical Analysis in a wide temperature
range while the proton conductivity properties
of the membranes were evaluated at various
relative humidity and temperature values.
Finally, the water self-diffusion was studied by
Pulse-Field-Gradient NMR (PFG-NMR) and
correlated with the ionic conductivity of the
membranes in the absence of any external
humidification system.
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the new modified Nafion membranes offer
significant
advanatges
for
PEMFC
applications.

Figure 1: Schematic illustration of the synthesis of
SSLM.

RESULTS
Modified Nafion membranes with enhanced
properties were successfully synthesized by
incorporating a novel siliceous layered material
with high content of sulfonate groups. This
disperses well in the Nafion matrix, providing
extra proton sites but also leading to
nanocomposites with enhanced thermal and
mechanical properties. XRD results showed
that the crystallinity of all nanocomposites was
limited compared to that of the pristine Nafion
membrane, indicating that the presence of the
hybrid layered material led to membranes with
essentially more amorphous structure.

Figure 2: TEM micrograph of pristine layered
material.

Table 1. Percentage of amorphous and
crystalline phases for nanocomposite and fillerfree membranes.
Sample
Nafion
1 wt% SSLM
3 wt% SSLM
5 wt% SSLM

16.4o
(amorphous
phase) (%)
87.3
95.7
96.0
97.6

17.7o
(crystalline
phase) (%)
12.7
4.3
4
2.4

Thermogravimetric analysis suggests that
Nafion nanocomposite membranes are more
thermally stable (while they also appear stiffer)
than neat Nafion. At elevated temperatures (>
80 °C) and/or low relative humidity the
nanocomposite membranes were able to retain
adequate hydration levels and thus high
diffusion coefficients for several hours at
temperatures as high as 130 °C without any
external humidification. It is thus shown that

Figure 3: Water self-diffusion coefficient, D,
versus temperature in completely swelled
membranes of filler-free and nanocomposite
membranes at 1, 3, and 5%wt loadings. (Inset
shows corresponding values collected at 130 oC
at different times.)
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INTRODUCTION
Clay minerals comprise a big family of
materials that have been studied for a wide
range of applications due to their excellent
characteristics such as, high specific area
associated with their small particle size,
lamellar structure, high ion-exchange capacity,
low cost, and abundance in most soil and
sediments environments [1]. Especially, the
incorporation
of
clay
particles
in
nanocomposites systems provide enhanced
thermal stability, mechanical, and barrier
properties. Over the last two decades, the
surface treatment of clay minerals has received
great interest, as the nature of the
microenvironment between the aluminosilicate
sheets regulates the topology of e.g.
intercalated molecules and affects possible
supramolecular rearrangements or reactions,
thus extending the possible applications of
modified clays [2]. The present work focuses
on the modification of montmorillonite with
alkylammonium cations that differ in the
number of long alkyl chains and the systematic
study of the physicochemical properties of the
synthesized organoclays, aiming to contribute
to a better understanding of the nature and
structure of the interlamellar space, which may
play a significant role for the efficient
dispersion of such particles in polymer
matrices. .

surfactants with different number of alkyl
chains, namely single, double triple and
fourfold alkyl chains (C18, 2C18, 3C18, and
4C18,
respectively).
The
synthesized
organoclays (OMMT) were characterised
through a combination of techniques such as
X-ray diffraction, FTIR spectroscopy and
thermal analysis while a bubble contact angle
technique was used to determine the interfacial
free-energy characteristics of the modified clay
particle surfaces.
RESULTS
The XRD patterns of the parent sodium
exchanged montmorillonite and the organoclay
systems presented in Fig. 1, not only confirm
the successful preparation of the organoclays
but also provide details of the molecular
arrangement of cationic surfactants within the
microenviroment of the clay. The pristine
montmorillonite MMT has a d-spacing of 12.6
Å while after the insertion of organic cations
an increase of ~41 Å is observed due to the
successful intercalation of alkyl ammonium
chains into the interlayer space. As the number
of alkyl chain increases, structural changes of
MMT occurs, leading to expanded basal
spacings while the use of less number of alkyl
chains of the surfactant leads to a more packed
arrangement of the aluminosilicate layers due
to the elimination of steric effects between the
organic molecules.
4C18

Intensity (a.u.)

SUMMARY
Here we report the synthesis of a series of
organomodified montmorillonite clays that
may be used as fillers for the preparation of
nanocomposites.
The
materials
were
characterized by a combination of techniques
placing emphasis on the interfacial free-energy
characteristics of the modified clay particle
surfaces.

3C18
2C18
C18
MMT
5

METHODS
Montmorillonite (MMT) has been successfully
modified using four different cationic

10

15

20

2 theta (deg)

Figure 1: X-ray diffraction patterns of MMT and
OMMTs samples.
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FTIR spectroscopy and thermogravimetric
analysis also confirm the presence of organic
cation in the interlayer space of the clay.
Furthermore, the weight loss of the samples
upon heating (due to the organic content) as
determined from TGA measurements (Fig. 2)
indicate the almost complete exchange of Na+
ions.
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Figure 2: TGA curves of MMT and OMMTs
samples.

Figure 3 shows the contact angle values for the
organo-modified clays. The contact angle of
the pristine MMT was much lower (24.1o) than
that of the organoclay (64o) with the minimum
number of alkyl chains.
Contact angle
increases with the number of alkyl chains and
reaches the maximum value of 105o, which
may facilitate the efficient dispersion of the
clay platelets in polymers, and thus enable the
use of the organoclays for the development of
new nanocomposite materials.
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ABSTRACT
In this study oxygen and air nanobubbles (NB)
were produced by using a NB generator with a
porous plug head. The head was manufactured
by compression and sintering of bronze metal
debris and characterized by SEM. The size of
NB was measured by dynamic light scattering
(DLS). Aqua solutions with so produced air
and O2 NB as well as a blank water sample
were used in the cultivation of soybean plants
in peat substrate. It was found that NB flow
rather than stuck on the pore walls of the given
porous medium. As a result they accelerate the
plant growth. Air NB give the best results.
INTRODUCTION

Nanobubbles are nanoscopic gas cavities in
liquids with d<1μm [1]. They have
attracted the attention of the scientific
community mainly due to the fact that
despite their small size they demonstrate an
extended lifetime [2]. The flow of an aqua
solution of NB through a porous medium is
not clearly understood. Nanobubbles can
result to permeability differentiation of the
fluid [3]; one reason being that NB may be
aggregated onto the pore walls. In this case
NB will not have effect on the plant’s
growth [4].
EXPERIMENTAL
Nanobubbles are produced within aqueous
solutions of de-ionized water. The mixture of
gas and water is forced through a porous
medium of random metal particles packing.
Figure 1 shows the NB generator. Oxygen or
air and de-ionized water were introduced first
to G1-generator, where micro-bubbles (MB)
are formatted. Then this MB water mixture is
entered to G2-generator, the one with the
porous head. Finally NB are formatted in the
water tank, from the shrinkage of MB [5].
The production pressure and temperature were
24 bar and 40 oC respectively. The samples
were collected after 45 min of operation.

Figure 1. Nanobubble generator.

Seeds form commercially cultivated soybean
(Glycine max, cv PR92B63) plants were used
for this experiment. Four replicates of 25 seeds
for each irrigation treatment were used for the
germination assessment. Seeds were put in
large glass Petri dishes with previously
sterilized sand and irrigated with the three
types of water. The treatments were with aqua
solutions of O2 and air NB, NBO2 and NBatm
respectively, and de-ionized water (DW).
Successfully germinated seeds were scored
after 2-4 days. Successfully germinated
plantlets were subsequently transferred into 3L
pots filled with peat and continued to be treated
with the same irrigation water for the growth
study.
RESULTS AND DISCUSSION

From SEM images of porous head, the
average radius of the spherical debris
particle was estimated to be R=75μm. By
assuming random packing of porosity
φ=40%, the mean pore radius r of the
porous pug head is calculated from Kozeny
equation:

2 φ
r 
R  45m
3 1- φ

(1)

Based on DLS experiments it was measured
that the average size of the produced NB is
164nm at concentrations of ~500x106NB/mL
and zeta-potential -9.8 mV. The negative sign
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represents the negatively charged NB, where
repulsive forces prevent coalescence [6].

Figure 2. Effect of oxygen NB (NBO2 green bar) and air
NB (NBatm yellow) on soybean plant growth. The effect
of de-ionized water (DW blue bar) is also shown. From
top (1) to bottom (6): 1) Total plant dry weight (mg) for
the three treatments. 2) Mean total dry weight of the root
system (mg) per plant for the three treatments. 3) Mean
primary stem dry weight (mg) per plant for the three
treatments during the initial developmental stages. 4)
Average total plant dry weight (mg) for the three
treatments. 5) Leaf phenotypic traits measured for the
three treatments in terms of mean total leaves dry weight
per plant. 6) Average total root dry weight (mg) for the
three treatments. Error bars indicate standard errors of the
means less than 5%.

The effect of NB on plant growth is shown in
Fig.2. The result indicates that air NB affect
plant development and physiology in a more
substantial way than O2 NB and de-ionized
water. Other parameters which are measured
(e.g. area, length, elongation rate, etc), but not
shown here, confirm the result.
Although NB are in general accepted to
accelerate the plant growth in hydroponic
systems; it is not clear weather they can have
the same effect on soil. The reason is that the
transport of NB through a porous medium is
thought to be limited; NB are assumed to stuck
on the walls of the capillaries rather than travel
in bulk phase. Our result shows that NB travel
in bulk phase, however; at least to some
extend, good enough to have an effect on
plant’s growth. Since the effect of air NB is
grater than O2 NB it is reasonable to assume
that their surface charge is also different;
causing thus a different interaction with the
solid surface. Probing the transport phenomena
with their effect on biological matter is a very
innovative method; yet further research on the
transport mechanism of NB in porous media is
needed.
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SUMMARY
In this work fly ash was reutilized into novel
products by incorporation into a polystyrene-bpolybutadiene (PS-b-PB) polymer matrix.
Surface modification of pristine fly ash was
performed by reaction with organosilanes of
the type (RO)3SiCH2CH3 that are covalently
attached to the fly ash surface. Covalent
grafting of the silane via the silanetriol group
onto the surface of fly ash particles is leaving
the organophilic alkyl groups exposed and thus
leading to highly hydrophobic derivatives.
Synthesis of nanocomposites involved mixing
of two toluene suspensions of PS-b-Pb and
hydrophobic fly ash and subsequent
precipitation using methanol. Pristine and
modified materials as well as the final
nanocomposites were characterized by a
combination of analytical techniques including
FT-IR, DSC and XRD.
INTRODUCTION
Lignite plays an important role in Greece’s
energy sector as it satisfies over 67% of the
country’s needs in electric power. Greek lignite
is of low quality, characterized by low calorific
value and high moisture content. The fly ash
coming out from the Greek Thermal Power
plants is classified in type C (according to
ASTM C 618) ,due to the high CaO, Ca(OH)2,
CaCO3 ash. 1. Min and Max values of the main
encountered components are presented in
Table 1.
Table 1. Chemical composition of the main
components of fly ash
Al2O3 SiO2 CaO Fe2O3 MgO C
Min 11.3
25.1 38.7 5.4
5.4
1.1
Max 12.4
27.4 40.3 5.6
5.9
1.5

Particularly, the emitted fly ash cause serious
environmental pollution because of the
presence of trace amounts of numerous dioxins
and toxic constituents, like arsenic, boron,
cadmium, chromium, lead, mercury etc. 2 Fly
ash has been used as filler for cement, concrete
and other construction products, although there
exists a strong scientific and environmental
challenge, to reutilize fly ash into novel
product. Fly ash is a promising candidate as a
filler to incorporate into polymer matrices.
In this work nanocomposites of PS-b-PB with
fly ash were prepared in order to improve the
thermal and mechanical properties of neat
polymer. To increase the compatibility of the
filler with the copolymer, the surface of fly ash
was chemical modified, using ethyltrimethoxysilane, in order to obtain a
hydrophobic filler.
EXPERIMENTAL
Fly ash originated from the St. Dimitrios
Power Plant (1595 MW) situated in Western
Macedonia, Greece. The chemical modification
of fly ash was performed as follows: A solution
of 2.2 g ethyltrimethoxysilane in a 9 ml of
chloroform was added to a suspension of 1 g
fly ash in 160 ml toluene. The mixture was
refluxed at 100oC upon stirring for 72 h. The
mixture was then and centrifuged and washed
with 20 ml chloroform four times. Finally the
sample was dried at room temperature RT3.
For the synthesis of nanocomposites 1.94 g of
PS-b-PB were dissolved in 10 ml toluene upon
stirring in low heat for about 3h.At the same
time a suspension of 0.06 g chemical
modificated fly ash in 5 ml toluene was
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particles
of
modified
fly ash are
homogeneously dispersed in the polymer
matrix.

(d)

heat flow (W/g)

prepared. The two suspensions were mixed and
reacted for 3 hours. After this time, methanol
solvent was added in order to precipitate the
solid, separated by siphoning and dried in air.
Finally the solid sample was heated for 2 h
under vacuum at 140 oC for the efficient
removal of the solvent. The final
nanocomposite contains 3wt% of fly ash. The
same procedure was followed for prepared
nanocomposites with 1and 0.5 wt% fly ash.

(c)
(b)

(a)
-100

-50

0

50

100

o

T( C)

Fig. 2. DSC thermograms of (a) neat PS-b-PB and
nanocomposites with (b) 3wt% ( c) 0.5wt% and (d)
1wt% .

Fig. 3 shows the FT-IR spectrum of the
nanocomposite with 1wt% modified fly ash, in
comparison with that the neat copolymer.

Si-O-Si

absorbance(a.u.)

RESULTS
The chemical modification of fly ash is
expected to generate an highly organophilic
derivative. A first indication for the
modification with the organosilane agent arises
from the exceptional solubility behaviour in
toluene (and other non-polar solvents) of the
functionalised fly ash. While pristine fly ash is
almost insoluble in toluene a stable light-brown
colloidal dispersion is formed as demonstrated
in Fig. 1.

-150

1025
1070

(b)

842

450

(a)
4000

Fig. 1. Colloidal dispersion of modified fly ash (left)
in comparison with the pristine one

In order to elucidate the thermal behavior of
nanocomposites, the DSC thermograms of the
three nanocomposite samples with 0.5, 1and 3
wt% of modified fly ash as a filler in
comparison with pristine neat PS-b-PB were
measured and the relative curves are shown in
Figure 2. The DSC curve of the neat PS-b-PB
shows two distinct Tg revealing phase
separation. The lower Tg at the temperature of 93.53oC is attributed the PB phase and the
higher Tg at the temperature of 94.73oC (barely
seen) is attributed to a phase of PS. The DSC
curves of the three nanocomposites also show
two Tg which are attributed to the same phases
as mentioned earlier. However the glass
transitions are quite altered from that of the
original blend. 4In fact the Tg of PB phase is
much lower in the case of nanocomposites .
For the nanocomposite with 3%wt the Tg of
PB phase is -91.84oC for 3wt%, -91.28oC for
for 1wt% and -90,16 oC for 0.5wt%) compare
to that of neat copolymer implying that the

3500
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Figure 2 . FT-IR spectra of (a) neat PS-b-PB and
nanocomposites with (b) 1%wt .

The spectrum of the nanocomposite presents all
the characteristic bands of the copolymer PS-bPB without significant changes. The appearance
of the picks 1070, 1025, 842 and 450 cm-1 which
correspond to Si-O-Si vibrations are indicative
of the existence of surface of the modificated fly
ash in the final composite5.
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SUMMARY
Hierarchical porous carbon, with high specific
surface area, loaded with copper has been
synthesized and examined for catalytic
reduction of NO with CO.
INTRODUCTION
Carbons with designed pore architecture
promises to provide new advanced materials
for several energy and environmental
applications. These hierarchical porous carbons
(HPCs) possess high specific surface areas
(SSA), pore volumes and porosities at all three
different length scales: macro-, meso-, and
micro
[1].
Such
materials,
after
functionalization, mainly by introducing
COOH groups, and insertion of metals, can be
great catalysts to reduce the emission of
nitrogen oxides (NOx) [2] which are
atmospheric pollutants [3].
In this work, HPCs including copper (Cu) were
synthesized and characterized in order to study
their NOx catalytic properties.
MATERIAL
SYNTHESIS
AND
CHARACTERIZATION
HPC was synthesized through ice templating
coupled with hard templating and physical
activation [1]. HPC was oxidized using a
solution of ammonium persulfate, (NH4)2S2O8
(APS), in 2M H2SO4 in concentration 1.75 M
[4]. After the oxidation, about 10% w/w of
CuCl2 was added to the initial oxidized
material. The samples were characterized by
nitrogen adsorption and desorption analysis,
DTA/TGA and SEM while their catalytic
properties were studied as well.

RESULTS
The initial HPC materials possess a high SSA
of 2000 m2/g and pore volume of 4 cm3/g. In
Fig. 1 is presented the SEM image of HPC
powder. The oxidation process did not affect
the porosity of the samples.

Figure 1. SEM image of HPC

The successful insertion of Cu in the oxidized
HPC was confirmed by TG results (Fig.2). The
remaining percentage of 6% w/w corresponds
to the presence of Cu in the sample.

Figure 2. DTA, TGA analysis of HPC-Cu
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In Fig. 3 is shown the NO conversion of HPCCu catalyst. The NO conversion changes with
increasing of temperature. HPC-Cu yields 4050% NO conversion in the range of 200-400oC
while 90% NO conversion is achieved at 500oC.

Figure 3. NO conversion

In Fig.4 is presented the SEM image of HPC-Cu
after the NO conversion. The Cu particles own a
fairly spherical shape (white dots in SEM
image).

Figure 4. SEM image of HPC-Cu after NO
conversion
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INTRODUCTION
Nanoscale layered silicates cannot only
reinforce significantly the physical properties
of single polymer phases but can also affect the
dynamics and morphology of polymer
mixtures [1]. The properties of the
nanocomposites
resulting
from
the
incorporation of clay fillers in polymers
depend largely on the effectiveness of the
dispersion, which is determined by the affinity
of the clay-polymer components. The addition
of clay particles may also however induce a
compatibilization effect in multiphase polymer
systems, as it has been shown that the presence
of clays in e.g. heterogeneous polymer blends
can trigger interfacial phenomena that may
lead to a re-distribution of the individual
phases towards enhanced mechanical strength
[2]. Such effects are of great importance
especially for the development of new resin
systems for coatings applications typically
requiring a good balance of toughness,
durability and stability. In the present work,
pristine and organomodified montmorillonite
clay sheets were incorporated in a series of
immiscible polyester-elastomer blends with
various compositions, of direct relevance to
advanced polyester coating technologies,
aiming to investigate the effect of the clay
content in the spatial distribution of the
elastomer phase and the mechanical behaviour
of the final system.
RESULTS

A range of techniques (XRD, FTIR, DSC,
SEM, mechanical properties testing) were used
to characterize the structural properties of the
clay-polymers composites. Scanning electron
and optical microscopy images showed that the
type of the clay’s modification has a significant
effect on the distribution and the size of the
elastomer domains. XRD results provided
additional information regarding the interlayer
space as well as the packing of the clay
platelets. In the case of pristine clays the XRD
results indicated a low degree of exfoliation
which tend to form a well-developed structure
of rubber particles surrounded by stacks of clay
platelets, promoting the good dispersion of the
elastomer phase in the final nanocomposite.
In addition, DSC and rheology measurements
were used to study the positive effect of the
added clay (with respect to both modification
type and content) on key functional features of
the polymer mixture.
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SUMMARY
It is assumed that increasing expenditure in research
focused on specific fields of science and technology
will produce the best return on investment of efforts
and resources. It is believed that the fast
development of nanotechnology in the last fifteen
years is due to increased funding by the U.S.
government and other large countries. This interest
has produced an increasing number of scientific
publications and patents, which are analysed in this
paper for the USA, the European Union, Japan,
China and the Russian Federation in an attempt to
understand their effectiveness.

INDRODUCTION
In year 2000 the US National Nanotechnology
Initiative was officially announced and has been
running ever since. Its budget has increased over the
years to reach $1.5 billion for the FY2015, with the
cumulative US government research budget,
totaling almost $21 billion [1]. Other governments
have similarly followed without having surpassed
the US [2] in monetary terms. In order to model and
assess these large coordinated efforts, data such as
research budgets [3] are necessary as input, to
identify the governmental level and extent of
interest and the size of the research community
involved. Their output are patents [4], an index of
innovative research as it has to meet the substantive
criteria of novelty and inventiveness, and scientific
papers published, as they require peer review.

NANOTECHNOLOGY RESEARCH BY
NUMBERS
A number of large countries, such as the USA,
South Korea, Japan, China, the Russian Federation
and the European Union, are heavily financing
R&D in nanotechnology [2, 3] over the past years.
It can be clearly seen (see Fig. 1) that research
expenditure has been rising strongly for the USA.
The USA had already started investing at an
increasing rate in the four years (1996-2000) prior
to the NNI announcement, while the EU had a
steady R&D budget which increased in similar
exponential terms following the US announcement.

Figure 1 Government spending of the USA and the
European Union on R&D in nanotechnology
(Purchase Power Parity corrected data), where data
are amplified to demonstrate trends over time.
Among the most commonly used mathematical
functions to model natural processes, which exhibit
a rapid change from small beginnings to a plateau,
is the sigmoid function (see Eq.1). It has a positive
derivative at each point and its derivative can be
expressed by the function itself. The s-curve can be
brought to the form:

dN
r
 rN  N 2
dt
K

(1)

where N is the quantity of interest, t is the time, r is
the rate of growth of the quantity, K is the plateau
which the quantity reaches. In plain terms, the Scurve predicts that at the beginning the first term is
dominant and growth is fast, while with increasing
N the second term takes over in significance. So in
the case of a new technology such as this, quick
growth at the beginning reaches a saturation state
for widespread use and industrial applications.
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When looking at input, the research money spent,
and the output, the number of publications and
patents, it can be seen (see Fig.2) that both the USA
and the EU have been investing at similar rates,
which resulted in a larger number of publications
for Europe and a much larger number of patents for
the American side.
An interesting observation (see Fig.3) can be made
when looking at the output for two of the closest
competitors, the USA and the EU. The second
derivative of the output, patents and publications,
indicates that after so many years of research and
investment the US has decreased its rate of
publication production while increasing the rate of
patent production, and the EU is producing patents
and publications in tandem rates. If all other things
are equal, this may be attributed to more innovative
research being performed in the USA, which
increase financial gains at a later may stage during
commercialization.
If it were to assess the effectiveness of government
funding on R&D in nanotechnology for a number of
actors worldwide (see Fig.4) it can be seen that the
USA is clearly above, followed by the European
Union, and Japan in the middle of the ranking, and
China and the Russian Federation at the other end.

Figure 3 Analysis of output of the nanotechnology
research efforts in terms of the number of
publications and patents for USA and the European
Union

Figure 4 Analysis of the nanotechnology initiatives
for various countries with the S-curve
CONCLUSIONS
•Focusing R&D investment by governments
produces different outcomes in terms of
publications and patents produced
•Large R&D investments do not produce the same
mix of patents and publications as outcomes, as the
USA and the EU case shows
•The financial effort, as judged by the rate of budget
increases, does not correlate to high outcomes
China and the Russian Federation at the other end.
In spite a high rate of budget increases, as r
demonstrates, the Russian Federation reaches a
lower outcome. In the case of the EU and Japan,
with similar financial efforts, the outcome is more
favorable for the EU, possibly due to the market
size. Of all actors, the USA is the most effective by
the outcome given the low rate of budget increases
and the high outcome scores.
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SUMMARY
A novel templating strategy for the
development of composite nanoporous
CuO/CeO2/SiO2 materials with advanced
properties and significant thermal stability is
proposed in this work, for potential use in
automotive catalysts. The synthetic process is
based on the dual role of low cost
hyperbranched polyethyleneimine (PEI) acting
both as a reactive template to control the
formation of a siliceous porous network and as
a metal chelating agent to facilitate the
incorporation of finely dispersed CuO/CeO2
nanoparticles into the silica matrix. Direct
Ce(III)/Cu(II) introduction into the reaction
mixture or post-synthetic impregnation of a
preformed hybrid organic/inorganic xerogel
was employed. Materials properties were
assessed by means of XRD, SEM, TEM, N2
adsorption, TPR and XPS techniques. Final
Cu(II) loading was determined by a novel UVVis spectroscopic method. Activity tests were
performed under stoichiometric, O2-deficient
and O2-rich conditions simulating realistic
exhaust environment. Catalytic performance
was found to be strongly depended on the
employed synthetic pathway.

reduction or even their replacement mandatory
[1]. Catalytic systems comprising of
CuO/CeO2 have gained considerable interest as
noble metal-free alternatives with synergetic
redox properties at the CuO/CeO2 interfacial
positions being responsible for their high
catalytic activity [2-3]. Lately, great efforts
towards the production of CuO-CeO2 materials
with enhanced textural properties have led to
the design of nanostructured Cu–Ce–O
materials as well as the utilization of
mesoporous supports, mostly SBA-15, as hosts
for the inclusion of active species [4-6].
RESULTS
Samples’ coding, final chemical composition
and synthesis conditions are summarized in
Table 1. To assess thermal stability the sample
with the optimum catalytic performance was
subjected to an aging process at 800 oC for 5 h.
Table 1. Coding, chemical composition and
synthesis conditions
Samples

Description

NS
NSCuimp

Nanoporous SiO2
Impregnation with a
CuII solution
Direct introduction of
CeIII
Impregnation with a
CuII solution
Direct introduction of
CeIII&CuII
Direct introduction of
CeIII&CuII

NSCe

Cu wt
%
—
6.5
—

CeO2
wt %
—
—
20

INTRODUCTION
Nowadays, three way catalytic converters NSCeCuimp
2.2
20
(TWCs) have been established as the most
2
20
effective technology for vehicular emission NSCeCuL
abatement. Their operation relies on the
6.5
20
transformation of the main exhaust gas NSCeCuH
pollutants such as CO, CxHy and NOx to
Materials isotherm plots, which could be
inactive CO2, N2 and H2O [1]. Platinum group
classified between type I and IV, reflect the
metals (PGMs), especially Pt, Pd and Rh, are
complex texture of the samples consisting of
considered
key
components
for
the
both micropores and mesopores. Significant
simultaneous reduction and oxidation reactions
differences in terms of pore structural
carried out over the TWC. However scarcity
characteristics can be spotted among the
and relatively high price of PGMs, render their
catalytic materials. In the case of copper free
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samples (NS and NSCe) a deep microporous
texture is observed whereas Cu loaded solids
demonstrate a more pronounced mesoporous
character.

Figure 3. CO conversion profiles

Figure 1. Isotherm plots

TEM micrographs of NSCeCuimp, NSCeCuL,
NSCeCuH and NSCeCuL-aged samples (Fig. 2)
reveal a three-dimensional wormhole-like pore
structure lacking long-range pore ordering. The
porous network walls are semi-crystalline
comprising of an amorphous silica phase with
highly dispersed nanosized CeO2 and CuO
crystallite particles.

Figure 2. TEM micrographs of A-B) NSCeCuL, C)
NSCeCuH and D) NSCeCuimp

CO conversion profiles as a function of catalyst
temperature are illustrated in Fig. 3. Copper
oxide – ceria loaded nanoporous samples
(NSCeCuL and NSCeCuH), derived from the
direct introduction of cerium and copper ions,
exhibit the optimum performance due to their
higher homogeneity.

CONCLUSIONS
The described templating method enables the
development of CuO-CeO2-SiO2 nanoporous
materials that could constitute an essential
component in automotive aftertreatment
systems. Catalytic tests under harsh and realistic
operational environment reveal very high
oxidation activity, especially towards CO and
C3H6. The enhanced performance could be
attributed to the highly porous wormhole-like
network and uniform distribution of CuO and
CeO2 nanocrystallites into the amorphous silica
matrix. Direct introduction of Ce(III) and Cu(II)
into the initial reaction mixture generates more
homogeneous materials with increased porosity,
superior catalytic activity and notable thermal
stability.
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SUMMARY
Herein, the synthesis of novel nanoporous
silicate materials containing copper or
palladium nanoparticles, by means of coassembly and one-pot templating pathways is
described. Inclusion of metal nanoparticles
within the porous network of the silicate
materials is accomplished with the use of
hyperbranched Polyethyleneimines (PEIs),
serving both as chelating and secondary
structure directing agents. Several parameters
are investigated including solution’s pH,
reaction path and PEI’s molecular weight.
Results from TGA, XRD, N2 porosimetry,
electron microprobe, SEM and UV-DR
analyses, confirm that both synthetic strategies
can produce nanoporous materials with
advanced
and
tunable
textural
and
morphological characteristics and thus widened
application prospects. Among the examined
synthesis parameters, PEI molecular weight
and synthetic gel’s pH were found to have the
most pronounced effect on final material pore
architecture, morphology, copper loading and
dispersion. Preliminary deNOx activity tests in
the NO + CO reaction indicated that the
developed materials could find use in
environmental applications.
INTRODUCTION
Mesoporous inorganic solids have gathered
immense interest, due to their unique pore
architecture namely their high internal surface
area, pore volume and tunable mesochannels.
These appealing structural features render
mesoporous materials excellent candidates as
catalyst supports, facilitating the transportation
of reagent gas molecules and the high
dispersion of active species [1-2]. Indeed, the
confinement of nanoparticles into mesoporous
hosts is considered a very effective way for the
size, shape control of nanoparticles and the
limitation of growth phenomena, providing
higher dispersions as compared to more
conventional non-porous carriers [1-3]. It is

well documented that particle size is closely
related to materials’ catalytic properties,
having a pronounced impact on both selectivity
and conversion [4]. Another important factor
influencing the dispersion and thus the
catalytic performance of metal and metal oxide
nanoparticles is the methodology followed for
their immobilization within the mesoporous
channels [5-6]. To this line, in the present
study, two different, novel synthetic strategies
are described for the production of metal
loaded
nanoporous
silicas
combining
simplicity
and
cost-effectiveness.
Our
proposed methodologies rely on the
exploitation
of
Hyperbranched
Polyethyleneimine (PEI) both as chelating and
secondary structure directing agent. PEI is a
highly branched cationic polymer, inexpensive,
readily available in several molecular weights
and able to chelate several metal ions dissolved
in water, such as Pt2+, Pd2+, Au3+, Cu2+, Ni2+,
etc. Consequently, its use as structure directing
agent and its integration into the inorganic
matrix can easily yield metal functionalized
nanoporous materials.

RESULTS
The two employed synthetic pathways include
co-assembly and one-pot routes. The coassembly method involves the introduction of
PEI into the initial reaction mixture containing
the triblock copolymer Pluronic P123 as the
main template and TEOS as the silica source,
in
two
different
pH
environments.
Incorporation of metal nanoparticles is
performed at a second step by impregnation
into metal nitrate solutions. The one-pot
approach, achieves metal loading in a single
step through the direct insertion of PEI already
complexed with the desired metal, into the
synthetic gel.
Materials final metal loading determined by
EPMA analysis along with N2 adsorption data
are summarized in Table 1.
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Table 1. Samples coding, textural
characteristics & final metal loading
Samples
PEI-A-2000
PEI-A-5000
PEI-A-2000Cu
PEI-A-5000Cu
PEI-A-5000Cu-NE
PEI-N-2000
PEI-N-5000
PEI-N-2000Cu
PEI-N-5000Cu
PEI-1-2000-Cu
PEI-1-5000-Cu
PEI-1-5000-Pd

Synthetic
procedure
Co-assembly
Co-assembly
Co-assembly

Metal
wt %
―
―
0.0

SSA
(m2/g)
686
737
852

TPV
(cm3/g)
1.02
1.05
0.61

Co-assembly

0.4

779

0.47

No extract.

2.1

990

0.84

Co-assembly
Co-assembly
Co-assembly

―
―
6.6

167
112
594

0.20
0.11
0.45

Co-assembly

5.2

561

0.37

One – pot
One – pot
One – pot

3.9
3.7
0.8

464
587
558

0.34
0.35
0.38

Different behaviors can be distinguished in terms
of pore network architecture depending on the
employed synthesis parameters. All samples
synthesized through the co-assembly pathway
under neutral initial conditions exhibit type IV
isotherms accompanied by a very broad
hysteresis loop corresponding to type H2,
according to the IUPAC classification. Samples
synthesized in a highly acidic environment
display a type IV isotherm with a H1 hysteresis
loop typical of ordered mesoporous solids with
channels of cylindrical geometry. Remarkably,
metal loaded samples demonstrate superior
textural properties compared to the parent
nanoporous silicas which can be justified by
taking into account the catalytic properties of
metal species assisting the decomposition
process of PEI generating that way additional
polymer-free nanocavities.

Figure 2. Isotherm plots of co-assembled
samples prepared under neutral pH conditions

De-pollution performance was assessed by
preliminary experiments towards NO reduction
by CO. Maximum NO conversion over copper
loaded silicas reached up to 54 % whereas
palladium loaded sample demonstrated an
excellent deNOx activity under two different
space velocities.

Figure 3. NO conversion profiles as a function
of temperature
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Figure 1. Isotherm plots of co-assembled
samples prepared under acidic pH conditions
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SUMMARY
A facile, environment-friendly, versatile and
reproducible approach to the successful
oxidation of fullerenes and the formation of
highly hydrophilic fullerene derivatives is
introduced. This synthesis method, based on
the well-known Staudenmaier’s method
applied with great success to the oxidation of
graphite, produces oxygen functional groups
such as epoxy and hydroxyl groups on the
surface of C60, improving its solubility in polar
solvents (e.g. water). The presence of epoxy
groups allows for further functionalization via
nucleophilic substitution reactions to generate
new fullerene derivatives which can potentially
lead to a wealth of applications in the fields of
medicine, biology, and composite materials.
INTRODUCTION
Over
the
last
decades
covalent
functionalization of fullerenes has been
extended to include various functionalization
reactions, among which the most commonly
employed is the Prato reaction for fullerene
functionalization through fulleropyrrolidine
formation based on the 1,3 dipolar
cycloaddition. As a result, a plethora of
organic reagents rich in biological and
pharmaceutical activity have been covalently
attached to C60 yielding derivatives with
enhanced properties for a broad range of
biological and medicinal applications. All

these
reactions
imply
complicated
manipulation and require special experience in
handling. There is therefore a growing demand
for controllable and easy-to-handle methods
for the functionalization of C60.
EXPERIMENTAL SECTION
Oxidized buckminster fullerene (oxC60) was
obtained by a modified Staudenmaier’s
method. In a conical flask, 100 mg of C60
(98%, Sigma-Aldrich) were added upon
stirring to a mixture of 4 ml of H2SO4 (9597%) and 2 ml HNO3 (65%) kept in an icewater bath at 0o C. 700 mg of KClO3 were then
added in small portions to the mixture under
vigorous stirring and the reaction was
continued for 18 hours. 20 ml water were then
added and the mixture was stirred for another
30 minutes. The resulting aqueous acid mixture
was neutralized by slowly adding a 2M NaOH
solution until a pH of 12 was reached. The
precipitate was separated from the solution by
centrifugation, washed with a 1M NaOH
solution and centrifuged again. This washing
process was repeated three times in order to
eliminate the remaining salts used or formed
during the oxidation procedure. The precipitate
was dispersed in 50 ml toluene, stirred for 20
min and centrifuged to remove unreacted
fullerenes. Finally, the oxidation product was
dispersed in ethanol and air-dried on a glass
plate.
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RESULTS-DISCUSSION
The FTIR spectra of C60 and oxC60 are
presented in Figure 1. The four IR active
vibration modes with F1u symmetry of pristine
fullerite (a) are located at wavenumbers of 524,
577, 1180, and 1423 cm-1 and assigned to radial
displacements of the carbon atoms for the two
lowest wavenumbers and tangential modes of
carbon atoms for the two modes above 1000
cm-1. The infrared spectrum of the oxidized
fullerene (b) reveals the existence of additional
peaks compared to C60. The spectrum of oxC60
displays by bands at 615 cm-1 and 848 cm-1,
which are assigned to wagging vibrations of
hydroxyl groups. In the wavenumber range
between 1050 cm-1-1470 cm-1 three new bands
appear, one centered at 1135 cm-1, which is
attributed to stretching vibrations of C-O-C
ether (epoxide) species, and two located at
1380 cm-1 and 1442 cm-1 stem from stretching
vibrations of C-OH groups. Finally, the intense
band at 1637 cm-1 might be due to water
bending, which would be in agreement with the
increased hydrophilic character of the oxidized
fullerene derivatives.

The successful incorporation of ODA and the
creation of a new fullerene derivative were
further confirmed by FT-IR spectroscopy, as
shown in Figure 7. The spectrum of oxC60–
ODA shows absorption bands which are absent
in the spectrum of pristine C60 (compare with
Figure 2). More specifically, for the
functionalized fullerene we observe a band at
718 cm-1, which is attributed to the wagging
vibration of N-H stemming from noncovalently bonded ODA. The absorption bands
at 1570 cm-1 (in plane-deformation) and 3332
cm-1 (stretching) are similarly assigned to
vibrations of NH2 groups, while C-N stretching
vibrations are observed at 1170 cm-1 and 1310
cm-1. Moreover, the peak at 1135 cm-1 due to
epoxide
vibrations
disappears
upon
functionalization, indicating that the primary
amines of ODA have reacted with the epoxide
groups of the oxC60. These results together
confirm the initial presence of epoxy oxygens
in oxC60. Finally, the bands at 2847 and
2918 cm-1 are attributed to symmetric and
asymmetric vibrations of -CH2-and –CH3 (alkyl
groups), respectively, indicative of the presence
of aliphatic hydrocarbon chains of ODA
moieties attached to the carbon cage.
2918
2847
1570

3332

Absorbance (a.u.)

For the further chemical functionalization of
oxC60, 100 mg of oxidized fullerenes,
dissolved in 50 ml of distilled water, were
mixed with a solution of 300 mg of
octadecylamine (ODA) in 16.5 ml EtOH while
the pH was set to 7 and the system was stirred
for 24 h. The product was collected by
centrifugation, washed with ethanol and dried
at room temperature (sample denoted as oxC60ODA).
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Figure 2. FTIR spectrum of oxidized C60 (oxC60)
(black line) and functionalized oxidized C60 (oxC60ODA) (purple line).
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Figure 1. FT-IR spectra of (a) pristine (C60) and (b)
oxidized buckminster fullerene (oxC60)
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MESOPOROUS SILICA AND CARBON NANOPARTICLES AS REINFORCING
AGENTS OF EPOXY POLYMERS
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SUMMARY
High surface area mesoporous silica and carbon
nanoparticles can enhance the mechanical
properties of elastomeric epoxy polymers, due to
the large internal surface area of the mesopores
that lead to enhanced interfacial interactions
between the inorganic surface and the polymer
matrix.
INTRODUCTION
Polymer nanocomposites usually exhibit
improved physical and performance properties
in comparison to pristine polymers and
conventional composites. The reason why
polymer nanocomposites are superior compared
to micro-composites is the larger interface area
of interaction per unit mass of the inorganic
additive. Many different types of nano-additives
have been studied for polymer reinforcement,
such as carbon nanotubes [1], organo-modified
clays [2] and more recently mesostructured
silicas [3] and carbons [4].
Ordered mesoporous silicas are synthesized
in the form of micro/nanoparticles and exhibit
internal mesoporosity with pore sizes of ~2-20
nm and high surface areas (up to ~1000 m2/g).
Mesoporous silicas are mainly used as
catalysts/catalyst supports or adsorbents, but due
to the large surface area and volume of the
mesopores they can also be ideal for hosting
macromolecular chains. Furthermore, their
surface (external surface of the particles and
internal surface of the mesopores) is decorated
with mildly acidic hydroxyls, which however are
capable of forming hydrogen bonds with guest
molecules or can react with organosilanes to
provide organo-functionalized silicas. In both
cases, the silica surface can react with functional
groups of polymers (e.g. epoxide rings) to form
bonds and improve interfacial properties.
Activated micro/mesoporous carbons are
attractive because they can be prepared

relatively inexpensively from a wide variety of
low-cost precursors, they are biocompatible and
chemically stable under non oxidizing
conditions, they have low density, high thermal
conductivity, good electrical conductivity,
mechanical stability and are easily handled.
These desirable characteristics have led the
porous carbon materials, especially those
exhibiting high degree of graphitization, to be
extensively applied in various technological
areas, including electrodes for batteries, fuel
cells, and supercapacitors, as hosts for the
immobilization of biomolecules for biosensors,
as sorbents for separation processes and gas
storage, and as supports for many important
catalytic processes in general. Organic
modification of mesoporous carbons is also
necessary in order to match polarity and become
compatible with polymeric systems.
In the present work, we studied the effect of
addition of SBA-15 type mesoporous silica with
hexagonally ordered tubular mesopores and
CMK-3 mesoporous carbon with hexagonally
ordered pores (derived from SBA-15) on the
thermal stability and mechanical properties of
rubbery epoxy polymers. The reinforcing
mechanism of nanoadditives, as well as the
effect of the addition of different silica and/or
carbon variants are discussed.
EXPERIMENTAL
The SBA-15 mesoporous silica was synthesized
via self-assembly procedures using P123 block
copolymer as the mesopore directing agent and
TEOS as silicon source, at acidic pH (~1-2).
Hydrothermal aging of the suspension was
performed at 100oC for 72 hrs and the formed
solid was separated by filtration and washing
with deionized water. The as-synthesized silica
was dried at 90oC overnight and was then
calcined at 500oC for 7 h in air to remove the
organic template and generate the mesoporosity

Table 1. Tensile strength of rubbery epoxy nanocomposites
Pristine
Loading (wt. %)
Stress (MPa)
Strain (%)

0
0.5
33.1

1
0.6
33.1

SBA-15
3
6
0.8
1.0
29.4
31.3

9
1.2
36.6

0.01
0.5
40.3

0.05
0.5
36.2

CMK-3
0.1
0.5
36.2

0.5
0.6
36.0

1
0.6
26.3

(mesopore size ~9.8 nm, surface area 850 m2/g).
The CMK-3 mesostructured carbon was
synthesized using the calcined SBA-15 silica as
the template which was impregnated with
sucrose as the carbon source in the presence of
sulfuric acid. Carbonization was performed at
900oC under vacuum. The resulting carbon/silica
composites were washed twice with 5 wt%
hydrofluoric acid at room temperature to remove
the silica template.
The pristine rubbery epoxy polymer was
prepared by the cross-linking of a DGEBA
epoxy resin with Jeffamine D-2000. Curing was
performed at 75oC for 3 hrs and at 140oC for
another 3 hrs. The epoxy nanocomposites were
prepared by premixing under stirring of the
liquid epoxy resin with the mesoporous
nanofillers, followed by curing with D-2000.
RESULTS AND DISCUSSION
Both SBA-15 and CMK-3 nanoparticles have
tubular pores with hexagonal arrangement. Upon
dispersion in the epoxy polymer, both types of
nanoparticles preserve the hexagonal ordering in
their structures, as it was revealed by the TEM
images (Figure 1).
The
mechanical
properties
of
the
nanocomposites, determined by tensile strength
measurements, have been improved compared to
those of the pristine polymer (Table 1). More
specifically, the mechanical properties of SBA15 nanocomposites increase monotonically by
increasing the silica loading, while the properties
of CMK-3 nanocomposites remain relative the
same from 0.01 to 1 wt. % loading. The thermal
stability of the nanocomposites was similar to
that of the pristine polymer, as evaluated by the
temperature at which the degradation of the
polymer started (weight loss of 1.5 %, measured
by TGA; not shown here).

Figure 1: TEM images of a) epoxy/SBA-15 and
b) epoxy/CMK-3 nanocomposites
In conclusion, both mesoporous nanofillers, and
mainly SBA-15 mesoporous silica, can induce
improvements to the mechanical properties of
the rubbery epoxy polymer due to the enhanced
interaction of the polymer matrix with the high
surface area provided by the mesopores. In
addition, the thermal stability of the polymer is
not sacrificed since the nanoparticles were
effectively dispersed in the polymer without
damaging the cross-linked network.
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EFFECT OF ZEOLITE STRUCTURE & ACIDITY ON N-HEXADECANE
HYDROISOMERIZATION OVER SUPPORTED Pt CATALYSTS
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SUMMARY
The combined effect of microporous structure
and acidity of zeolites control their
performance as hydroisomerization supported
Pt catalyst, with zeolites BETA and Ferrierite
exhibiting the best i-C16 selectivity and yield.
INTRODUCTION
Zeolites
are
microporous
crystalline
aluminosilicate
minerals
with
various
structures and different acidic properties
depending on their Si/Al ratio. Their welldefined pore structure and adjustable acidity
make them highly active in a large variety of
reactions and processes such as pyrolysis or as
supports of metal catalysts like in the
hydrodeoxygenation (HDO) of phenolics in
bio-oil. These latter catalysts are called
bifunctional and are commonly used for the
hydroisomerization of n-alkanes.
The hydroconversion of n-alkanes is an
important process in petroleum refining as well
as in bio-refining for the conversion of biomass
derived Fischer-Tropsch waxes to diesel range
iso-alkanes. Hydroisomerization of n-alkanes
is important for enhancing the octane number
of gasoline and for improving the lowtemperature properties (pour point) of diesel
and lubricating oils [1]. It also improves the
properties of diesel coming the hydrotreatment
of waste cooking oils (acidic vegetable oils) by
converting the initially produced C15-C19 nalkanes to their branched isomers [2].
The catalysts used for the hydroisomerization
of n-alkanes are mainly noble metals (i.e. Pt,
Pd) or transition metals (Ni) supported on
acidic materials, such as amorphous silicaalumina, silicoalumino-phosphate (SAPO),
mesoporous materials such as MCM-41, anionmodified metal oxides, such as sulfated
zirconia (SO4/ZrO2), tungstated zirconia
(WO3/ZrO2) and zeolites. The metal acts as a
dehydrogenation/hydrogenation agent, while

the acidic support is responsible for the skeletal
isomerization reaction of the olefinic
intermediates formed over the metal sites [3].
The advantages of using zeolite as supports for
hydroisomerization catalysts are: controlled
acidity levels by tuning Si/Al ratio, molecular
shape selectivity, low coking tendencies, and
easy regeneration ability [4]. Zeolites therefore
are very effective but at the same time can lead
to undesired hydrocracking. Thus, tuning of
acidity in combination with the favorable
micropore structure is required.
In this study, different zeolitic supports were
used for Pt catalysts in order to optimize the
isomerization process of n-hexadecane as
model diesel component.
EXPERIMENTAL
The zeolites used as supports were (the values
in parentheses represent the atomic Si/Al):
ZSM-5 (40), Ferrierite (10), Mordenite (10),
BETA
(12.5),
USY
(6)
and
a
desilicate/dealuninated ZSM-5 with combined
micro- and meso/macroporosity (DMZ-1-d3).
The amorphous SiO2/Al2O3 (ASA) was also
used for comparison. Platinum (0.5 wt.%) was
supported by the incipient wetness method of
Pt salt aqueous solution, followed by
calcination in air and reduction at 350oC in H2.
All zeolites and catalysts were characterized by
XRD, ICP-AES, N2 porosimetry, TPD-NH3
and FT-IR/pyridine. In order to reduce BETA’s
acidity, 50% of its protons were exchanged by
K+ using an aqueous solution of K2CO3. The
hydroconversion of n-hexadecane (Chem-Lab
NV, >99%) was carried out in a 100 ml
stainless steel, batch stirred autoclave reactor
(Parr Instruments). The reactor was loaded
with 0.25 g of catalyst and 30 ml of nhexadecane. The reaction conditions were 225
o
C, 30 bar H2, 30 min., 400 rpm. After the
reaction, the liquid and gas products were
analyzed by GC (TCD and FID).

RESULTS
Representative characterization data of the
zeolites used as Pt supports are shown in Table
1. It can be seen that surface area varies
between the zeolites and depends on the
specific zeolitic structure. Acidity is mostly
related to the Si/Al ratio and the presence or
not of extra-framework aluminum species,
which generate Lewis acidity, as in USY. The
K-exchanged BETA zeolite has lower number,
nearly half, of the acid sites of the parent H+BETA, as expected.
Table 1. Zeolite characterization data
Zeolite
Supports

ASA
ZSM-5
DMZ-1-d3
Ferrierite
USY
Mordenite
BETA
K50%BETA

Surfac
e area
(BET)

Al
(wt.%)

(mmoles/g)

Brønsted
/Lewis
ratio

200
437
557
368
761
528
691
680

12.5
0.91
3.01
3.72
5.90
3.63
2.90
2.85

0.20
0.27
0.90
0.72
0.68
0.97
0.59
0.25

Lewis
6.6
2.5
9.3
1.6
13.7
1.9
1.2

TPD-NH3

Conversion % n-C16

The catalytic results of n-C16 hydroisomerization with the Pt/zeolite catalysts are
shown in Fig. 1-3. It can be seen that the ASA
based catalyst is the less active, due to its low
number of relatively weak strength acid sites.
100
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0

Selectivity % i-C16

Figure 1. Conversion % of n-hexadecane
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Figure 2. Selectivity % of iso-hexadecane

Yield % i-C16
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Figure 3. Yield % of iso-hexadecane

All zeolitic catalysts were highy active with
observed variations being attributed to
differences in their microporous structure and
acidity. However, the selectivity to iso-C16 was
very low due to enhanced hydrocracking instead
of skeletal isomerization of the n-C16 feed, in
contrast to the mildy acidic silica-alumina based
catalyst. Only one zeolite was proven selective
for this reaction, that of Ferrierite. It could be
suggested that the narrow channel like pore
structure of Ferrierite is the most appropriate for
restricting secondary cracking reactions via
intermediate carbenium ion mechanisms. In
addition, reduction of BETA’s acidity via Kexchange, led also to a very selective and still
highly active catalyst, thus providing the highest
yield of iso-C16 (Fig. 3). Introduction of
meso/macroporosity in ZSM-5 (DMZ-1-d3) had
a minor effect on activity and selectivity.
After identifying the best, in terms of activity and
selectivity, microporous zeolitic supports, process
parameters (i.e. temperature, time and H2 pressure)
optimization can lead to higher iso-C16 yields.
REFERENCES
1. A. Chica, U. Diaz, V. Fornes, A. Corma,
Catalysis Today, 147 179 (2009).
2. H. Wang, Biofuels production from
hydrotreating of vegetable oil using
supported noble metals, and transition
metal carbide and nitride (2012).Wayne
State University Dissertations. Paper 485
3. S.Mehla,
K.R.
Krishnamurthy,
B.
Viswanathan, M. John, Y. Niwate S.A.
Kishore Kumar, S. M. Pai, B. L. Newalkar,
Microp. Mesop. Mat., 177 120 (2013).

4. S. Mehla, Synthesis, Characterization and
Evaluation of Zeolites for Hydroisomerization of Model Feed nHexadecane, Department of Chemical
Engineering,
Indian
Institute
of
Technology-Madras, (2012).

7ο Πανελλήνιο Συμπόζιο Πορωδών Υλικών

ΤΠΟΣΤΛΧΜΕΝΟ ΓΡΑΦΕΝΙΟ ΜΕ ΠΟΛΤΟΞΟΚΑΣΙΟΝΣΑ ΑΡΓΙΛΙΟΤ

K. Spyrou,1 E. Thomou,2 A. Enotiadis,1 E. Diamanti,2 F. Κ. Katsaros, 1 Z. Sideratou,1 D.
Gournis
1

Institute of Nanoscience & Nanotechnology, National Center for Scientific Research “Demokritos”
GR-15310 Athens, Greece
2
Department of Materials Science and Engineering, University of Ioannina
GR-45110 Ioannina, Greece

ΠΕΡΙΛΗΦΗ
Σηε παξνύζα εξγαζία πεξηγξάθεηαη ε
αλάπηπμε ππνζηπισκέλνπ γξαθελίνπ κε
πνιπνμνθαληηόληα
αξγηιίνπ
(Al13)
ζε
αληηζηνηρία κε ηνπο ππνζηπισκέλνπο αξγίινπο
πνπ απαζρνινύλ ηελ εξεπλεηηθή θνηλόηεηα γηα
πάλσ από ηξείο δεθαεηίεο.1,2 Τα πιηθά πνπ
παξαζθεπάζηεθαλ
ραξαθηεξίζηεθαλ
κε
πεξίζιαζε αθηηλώλ-Χ, θαζκαηνζθνπίεο XPS
θαη FT-IR θαη κε ζεξκηθή αλάιπζε (DTA/TG).
ΕΙΑΓΧΓΗ
Τν πνιπνμνθαηηόλ ηνπ αξγηιίνπ κε γεληθό
κνξηαθό ηύπν Al13O4(OH)24(H2O)127+ γλσζηό
θαη σο Al13 Keggin ion παξνπζηάδεη κηα
ηδηαίηεξα ζπκκεηξηθή δνκή πνπ απνηειείηαη
από έλα θεληξηθό ηεηξάεδξν [AlO4] ην νπνίν
πεξηβάιιεηαη από 12 νθηάεδξα [AlO6]. Εθηόο
από ηελ ρξήζε ηνπ ζαλ ππνζηπισηήο ζε
θπιιόκνξθεο δνκέο έρεη ρξεζηκνπνηεζεί γηα
ηελ αλάπηπμε αξγηιηθώλ λαλνϋιηθώλ3 θαη ζε
δηαδηθαζίεο πήμεο γηα ηελ επεμεξγαζία
ιπκάησλ λεξνύ4. Τν ππνζηπιισκέλν γξαθέλην
κε Al13 Keggin ion απνηειεί έλα πνιιά
ππνζρόκελν πιηθό ζε εθαξκνγέο αληίζηνηρεο
κε απηέο πνπ έρνπλ ρξεζηκνπνηεζεί νη
ππνζηπισκέλνη άξγηινη. Πξόζθαηεο κειέηεο
αλαθέξνπλ ηελ αλάπηπμε ηέηνησλ πιηθώλ γηα
ηελ ρξήζε ηνπο ζηελ πξνζξόθεζε ακκσλίαο5-7
θαη ζηελ θαηαζθεπή ειεθηξνδίσλ γηα
κπαηαξίεο ιηζίνπ.8
ΠΕΙΡΑΜΑΣΙΚΟ
Σην Σρήκα 1 παξνζζηανληαη ηα δηαγξάκκαηα
ζεξκηθήο
αλάιπζεο
(DTA/TG)
ηνπ
ππνζηπισκέλνπ γξαθελίνπ ακέζσο κεηά ηελ
έλζεζε ηνπ Al13 Keggin ion ζην GO
(PILGOK). Από ηελ ζεξκηθή ζπκπεξηθνξά πνπ
επέδεημε
ην πιηθό επηιέρζεθαλ
δύν
ζεξκνθξαζίεο ζεξκηθήο θαηεξγαζίαο ηνπ
πιηθνύ γηα ηελ δεκηνπξγία ππνζηπισκέλνπ
γξαθελίνπ κηα αξθεηά πξηλ από ηελ εμώζεξκε
θνξπθή ηεο απνζύλζεζεο ηνπ γξαθηηηθνύ
πιέγκαηνο (200νC) θαη κηα αξθεηά θνληά ζε
απηήλ (370νC).

χήμα 1: Δηαγξάκκαηα ζεξκηθήο αλάιπζεο
(DTA/TG) ηνπ ππνζηπισκέλνπ γξαθελίνπ
PILGOK

Αλαιπηηθόηεξα,
ζηελ
θακπύιε
TG
παξαηεξείηαη απώιεηα βάξνπο ~9% κέρξη ηνπο
120 °C ε νπνία απνδίδεηαη ζηελ απνκάθξπλζε
ησλ θπζηθά πξνζξνθεκέλσλ κνξίσλ λεξνύ.
Πάλσ από απηή ηελ ζεξκνθξαζία ζηελ
θακπύιε DTA εκθαλίδνληαη δύν εμώζεξκεο
θνξπθέο όπσο θαη ζηελ πεξίπησζε ηνπ
αξρηθνύ GO. Η πξώηε κε θέληξν ζηνπο 159oC
αληηπξνζσπεύεη ηελ απνκάθξπλζε ησλ
νκάδσλ νμπγόλνπ θαη αληηζηνηρεί ζε απώιεηα
κάδαο ~24% θ.β., ελώ ε δεύηεξε ζηνπο 381oC
αληηζηνηρεί θπξίσο ζηελ θαύζε ηνπ γξαθηηηθνύ
πιέγκαηνο κε απώιεηα κάδαο ~56% θ.β..
Τέινο, παξαηεξήζεθε κηα παξακέλνπζα κάδα
~11% εμαηηίαο ησλ νμεηδίσλ ηνπ αξγηιίνπ (π.ρ
θπξίσο Al2O3 ή/θαη Al(OH)3, γ-AlOOH) πνπ
δεκηνπξγνύληαη.
Σην ζρήκα 2 παξνπζηάδνληαη ηα δηαγξάκκαηα
πεξίζιαζεο αθηηλώλ-Χ ησλ ππνζηπισκέλσλ
γξαθελίσλ πνπ πξνέθπςαλ από ηελ έλζεζε
πνιπνμνθαηηόλησλ ηνπ αξγηιίνπ ζην νμείδην
ηνπ γξαθελίνπ πξηλ θαη κεηά ηελ ζεξκηθή
θαηεξγαζία ζε δύν δηαθνξεηηθέο ζεξκνθξαζίεο
(200 θαη 370νC) ζε ζύγθξηζε κε ην αξρηθό GO.
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χήμα 2: Δηαγξάκκαηα πεξίζιαζεο αθηίλσλ-Χ ησλ
ππνζηπισκέλσλ γξαθελίσλ
(PILGOK, PILGOK-200, PILGOK-370) θαη ηνπ
νμεηδίνπ ηνπ γξαθελίνπ (GO).

Μεηά ηελ ζέξκαλζε ηνπ δείγκαηνο ζε
ζεξκνθξαζία
200oC
(PILGOK-200)
παξαηεξήζεθε πεξαηηέξσ αύμεζε ηεο d001
θαηά 0.8 Å θαη θαη’ επέθηαζε απμάλεηαη ν
ελδνζηξσκαηηθόο ρώξνο. Η κηθξή απηή
αύμεζε απνδίδεηαη ζηελ δηαηαξαρή ησλ
γξαθηηηθώλ θύιισλ (turbostratic effect)9
επηβεβαηώλνληαο όκσο ηελ ζηαζεξόηεηα ηεο
δνκήο ηνπ ππνζηπισκέλνπ γξαθελίνπ. Η
πεξαηηέξσ αύμεζε ηεο ζεξκνθξαζίαο κε
ζέξκαλζε ηνπ δείγκαηνο ζηνπο 370νC
(PILGOK-370) νδεγεί ζηελ θαηάξξεπζε ηεο
ππνζηπισκέλεο δνκήο πξνθαιώληαο ηελ
πιήξε απνθπιινπνίεζε ηνπ πιηθνύ κηαο θαη
δελ παξαηεξείηαη θακία θνξπθή ζην
δηάγξακκα πεξίζιαζεο αθηηλώλ-Χ.
Τα θάζκαηα θσηνειεθηξνλίσλ αθηηλώλ-Χ
(XPS) ησλ ππνζηπισκέλσλ γξαθελίσλ πνπ
πξνέθπςαλ από ηελ έλζεζε πνιπνμνθαηηόλησλ
ηνπ αξγηιίνπ (Al13 Keggin ion) ζην νμείδην ηνπ
γξαθελίνπ πξηλ θαη κεηά ηελ ζεξκηθή
θαηεξγαζία ζε δύν δηαθνξεηηθέο ζεξκνθξαζίεο
(200 θαη 370 νC) παξνπζηάδνληαη ζην Σρήκα 3.

χήμα 3: Φάζκαηα XPS ζηελ πεξηνρή Al 2p ησλ
ππνζηπισκέλσλ γξαθελίσλ PILGOK, PILGOK200 θαη PILGOK-370

Σύκθσλα κε ηελ πεξίζιαζε αθηηλώλ-Χ,
κηθξόηεξα ηκήκαηα (clusters) από ην Keggin
ion έρνπλ ελαπνηεζεί ζηνλ ελδνζηξσκαηηθό
ρώξν ηνπ GO. Πξνθεηκέλνπ λα δηεξεπλεζεί
πνηεο δνκέο ηνπ Al έρνπλ ζρεκαηηζηεί, αιιά
θαη γηα λα επηβεβαησζεί ε παξνπζία ηνπ ζηα
ηειηθά πιηθά πξαγκαηνπνηήζεθε αλάιπζε ησλ
θαζκάησλ ζηελ πεξηνρή Al2p. Σεκαληηθό ξόιν
ζηε ζέζε θαη ζην ζρήκα ησλ θνξπθώλ παίδεη
ην κηθξνπεξηβάιινλ ηνπ δείγκαηνο. Με βάζε
ηα βηβιηνγξαθηθά δεδνκέλα ε θύξηα θνξπθή
κπνξεί λα αλαιπζεί θαηά πξνζέγγηζε ζε
επηκέξνπο θνξπθέο όπσο δίλνληαη ζην Σρήκα
3.
ΤΜΠΕΡΑΜΑΣΑ. Σηελ παξνύζα εξγαζία
επηηύρακε ηελ ελζσκάησζε ζπκπιόθσλ
πνιπνμνθαηηόλησλ αξγηιίνπ κεηαβιεησλ κεγεζ
ζηνλ ελδνζηξσκαηηθό ρόξν ηνπ νμεηδιηνπ ηνπ
γξαθελίνπ. Τν πβξηδηθό απηό πιηθό ζα
εθαξκνζηεί γηα δηάθνξεο εθαξκνγέο όπσο
πεξηβαληνινγηθέο
θαη
θαξκαθεπηηθέο
εθαξκνγέο.10,11
ΕΤΥΑΡΙΣΕΙΕ. This work was financially
supported by European Union under the FP7
PEOPLE-2012-IAPP-SANAD (N0324443).
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ON THE USE OF SWELLABLE POLYMERS AS STRUCTURE
DIRECTING SCAFFOLDS IN POROUS SOLIDS DESIGN
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SUMMARY
The development of new improved hierarchical
mesoporous oxides through the design of novel
synthetic strategies and particularly with the
use of swellable polymeric gels as structure
directing scaffolds is presented in this
work.Randomly cross linked polymeric gel
DMAEMA50PEGMA50EGDMA1,
was
synthesized by radical polymerisation to be
used as removable scaffold as it showed
superior
physicochemical
characteristics
compared to other kinds of gels that were also
synthesized for this use. The synthesized ceria
and titania showed improved properties such as
a higher specific surface area and pore volume
In the case of titania a much narrower pore size
distribution compared to the corresponding
pristine materials proving that the use of the
polymeric gel has a great influence on the final
products porosity and texture. The materials
were characterised with the use of powder XRay
Diffraction
(pXRD),
N2
adsorption/desorption, Scanning Electron
Microscopy (SEM), Fourier Transform
Infrared Spectroscopy (FT-IR), Differential
Scaning Calorimetry (DSC) and Atomic Force
Microscopy (AFM).
EXTENTED ABSTRACT
Many materials have been used as supports in
several reports for the synthesis of porous
oxides, proving that their use altered and
improved the synthesized materials surface
properties and that presaged that this process
would possibly lead to novel porous
materials.In the present work, ceria and titania
are selected as the target materials. TiO2 and
CeO2 have rapidly attracted material scientists
and chemist’s attention and have been widely
used due to their unique properties and
advantages. These materials find significant

and fascinating applications in a wide variety
of fields. Because of its catalytic activity and
redox characteristics, CeO2 is an effective
component of the three way catalysts used for
the treatment of automobile exhaust [1-2].
Supported CeO2 catalysts are widely used for
oxidation of different hydrocarbons and
removal of organic pollutants [3-4]. TiO2 has
been studied widely due to its applications in
photocatalysis[5-6] and solar cells [7].
Up to now, many researchers have reported
several kinds of CeO2 nanostructures prepared
by using structure directing agents to improve
their properties. Such reports include carbon
nanotubes [8] and mesoporous carbon CMK-3
[9]. The use of these templates played
important role in the formation of the
precipitates and improved the structural
characteristics of the synthesized materials. In
this work, a novel alternative methodology was
implemented with the use of swellable
polymeric gels as removable scaffolds where
the material was synthesized into the scaffolds
net-like structure.
Results and discussion
The N2 adsorption/desorption isotherms and
DFT pore size distribution plots of synthesized
TiO2 with the use of scaffold and pristine TiO2
calcined at 500 0C for 3 h are shown in Figure
1 and Figure 2 respectively.
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Figure 4. Scanning electron microscopy images of
modified (a) and unmodified ceria (b) after
calcination at 650 ◦C for 3 hours.
Figure 1. Comparison of the pore size distribution
of modified and unmodified TiO2.

Conclusions:
The interpretation of the research results, points
out that this scaffold provides us with control of
the solids morphology and this could be the
beginning of a new series of experiments that
will prove further more and specify in more
detail the role of these scaffolds in material
fabrication.
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MODIFIED FUNCTIONAL
MESOPOROUS MATERIALS
WITH QUANTUM DOTS AND
WIRES
Anastasia Vassilakopoulou, Vasilios
Georgakilas and Ioannis Koutselas
Materials Science Department
School of Natural Sciences
University of Patras, 26504, Greece

SUMMARY

Effective entrapment of quantum dots,
such as carbon dots and lead halide
quantum dots, and of lead halide quantum
wires within mesoporous materials is
presented. The final materials are in the
form of luminescent free standing,
transparent and flexible films or white
powder like MCM. It is shown that the
mesoporous structure not only hosts the
quantum entities but also provides
protection from degrading procedures.
These optical properties place these
materials suitable for complex photonic
devices fabrication.
INTRODUCTION

Incorporation of highly luminescence
quantum dots or wires in appropriate solid
state matrices is highly attractive in order
to materialize their properties in real device
applications.
Stabilization
in
solid
materials such as polymers and ceramics, is
an important challenge since often
fluorescence quenching pathways are
presented due to quantum dots aggregation.
In the literature, there are only few
examples where carbon dots have been
successfully incorporated into polymer
matrices such as polymethylmethacrylate
(PMMA), polyvinyl alcohol (PVA) or gel
glass. Among the candidate solid matrices,
silica gel is particularly attractive due to its
optical properties and inherent stability
which would allow direct incorporation
into existing lighting formats. [1]

EXPERIMENTAL

The main step of the procedure was a sol
gel technique where quantum dots or wire
precursors were added to the ethanolic
solution of F127 block copolymer without
affecting the dispersibility of the polymer
or the micelles formed. Finally, after the
addition of TEOS –the silica precursorand the related hydrolysis step, the
quantum entities remained homogenously
dispersed in the reaction solution without
affecting the micelles formation. The final
products have been thermally treated to
evaluate their degradation. In the case of
the lead halide quantum wires and dots,
MCM-41 spherical nanoparticles have
been calcined and impregnated with a
solution of 3D hybrid organic-inorganic
semiconductor based on methylammonium
lead halide and a long alkyl amine [2]. The
resultant material has been washed
thoroughly with dimethylformamide which
is known to dissolve the lead halides.
RESULTS – DISCUSSION

Figure 1 shows the PL characteristics of
the silica/polymer hybrid doped with
carbon dots (Silica/F127/CDs) (a), the
porous silica matrix doped with carbon
dots that occur after the removal of F127
(silica/CDs) (b) and CDs solution (c).
Comparing the emission bands, Fig1a and
1b, of free CDs with that embedded in the
silica/polymer matrix, a blue shift was
observed from 483 nm to 466 nm which is
due to the fine spreading of CDs and the
dissolution of aggregated carbon dots
within the silica matrix. The spectrum of
the thermally degraded composite at
550oC for 20 minutes has shown that the
PL is not seriously affected. The pores
have a mean diameter of 7nm as decuced
from TEM images. In a similar synthesis,
perovskite semiconductors have been
synthesized within the pores of calcined
spherical MCM-41 nanoparticles. In
particular, lead bromide based hybrid
semiconductor (3D methylammonium
lead bromide reacted with a non
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stoichiometric amount of a long alkyl
amine) was introduced within pores. The
reaction
products
show
different
spectroscopic properties, such as UV/Vis
absorption and PL, when synthesized
within/outside the MCM pores.

strong PL, outside the pores implies the
successful synthesis within pores.
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Figure 1. PL spectra of Silica/F127-CDs (a),
Silica-CDs (b) and CDs solution (c).

In Figure 2 it can be seen that the
photoluminescence spectra of the pristine
semiconductor Fig.2a and that of the
semiconductor within the pores of the
spherical nanoparticles of MCM-41 Fig.
2b. differ drastically.
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Figure 2. PL spectra of the semiconductor (a) and
the semiconductor within the pores of the spherical
nanoparticles of MCM-41.

Finally, the porous nature of all the
materials can be observed in Figure 3. In
particular, Fig.3 3(left) shows the flexible
film with carbon dots micro/meso
structure, while Fig.3 (right) shows the
structure of the MCM-41 structure with
embedded perovskite. The lack of any
TEM visible structures, yet exhbiting

Figure 3. TEM micrographs of the silica flexible
film (left), the spherical nanoparticles of MCM41
(right) and digital photograph of the silica flexible
film illuminated with UV light (365nm) (bottom).
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Table 1. Gas sorption measurements
Total Pore
BET area
Material
volume
2 -1
(m g )
(cm3 g-1)
1
2
3

2375
5810
4486

1.23
2.03
1.72

analogue has a total pore volume of 1.72cm3 g-1
and a BET area 4486 m2 g-1.
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Figure 1. Argon adsorption (closed circles) and
desorption (open circles) isotherm at 87 K of 1.
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SUMMARY
Metal organic frameworks (MOFs) are
a new class of porous materials that consists of
inorganic nodes (metals or clusters) bridged by
polytopic organic linkers. Altering the nature
of the inorganic node or the size and
functionality of the organic linker or even
combining two topologically different organic
linkers, it is possible to design materials with
the desired pore size. Mesoporous MOFs (pore
width > 2 nm), due to their high specific
surface area and large pore volumes, are
excellent candidates for gas storage
applications. However, mesoporous MOFs are
considered more fragile comparing to
microporous analogues and tend to collapse
during their activation procedure which
involves the removal of the guest solvent
molecules [1].
We will present the synthesis and the
characterization of three new mesoporous
mixed-ligand MOFs, with chemical formula
Zn4O(BDC)(TATAB)4/3
(1),
Zn4O(NDC)(TATAB)4/3 (2), and Zn4O(NDC2NO2)(TATAB)4/3 (3) (the dinitro-analogue)
[2]. These materials were successfully activated
using supercritical CO2 [3]. Surface area and
total pore volumes were calculated from the
corresponding Ar adsorption isotherms
recorded at 87 K, see Figures 1 and 2. The
results are summarized in Table 1. The
Zn4O(BDC)(TATAB)4/3 has a total pore
volume of 1.23 cm3g-1 and a BET area of 2375
m2 g-1. The Zn4O(NDC)(TATAB)4/3 has a total
pore volume of 2.03 cm3 g-1 and a BET area of
5810 m2 g-1 while the dinitro-functionalized
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Figure 2. Argon adsorption (closed circles) and
desorption (open circles) isotherms at 87 K of 2
(red) and 3 (blue).
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Functionalized Ln3+ - based Metal Organic Frameworks with fcu topology for
gas storage applications
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Department of Chemistry, University of Crete, Voutes 71003 Heraklion, Greece

SUMMARY
We have designed and successfully developed
three new MOFs with fcu topology using the
functionalized organic linker, naphthalene 2,6
dicarboxylic acid, NDC-OH with three
different metal cations, Dy3+, Er3+ and Y3+. The
gas sorption properties of the material with
Dy3+ were measured after its activation with
supercritical flow CO2. This material, despite
of its moderate surface area, exhibits increased
CO2, CH4 and H2 adsorption. Its gas sorption
properties are presented and discussed.
INTRODUCTION
The extensive combustion of fossil
fuels, which has as major product the carbon
dioxide (CO2), has resulted in an increase of
the concentration of CO2 in the atmosphere
from about 310 ppm to over 380 ppm during
the last half century.[1] This increase has both
climatic, and environmental impact. Therefore,
the capture and the storage of CO2 is of a great
importance. At the same time, the use of
alternative energy sources is required. These
are methane (CH4), which is the main
component of natural gas, and hydrogen (H2).
Porous materials, such as activated
carbon, carbon molecular sieves, and zeolites
have extensively been studied as adsorbents for
those gases. The common drawbacks of those
traditional adsorbents are either low capacities,
or difficult regeneration processes.
Metal organic frameworks (MOFs) are
novel crystalline porous materials that recently
have attracted considerable attention due to
their unique structural properties, including
high surface areas and porosity with good
thermal and chemical stability. MOFs consist
of an organic part and an inorganic part which
is a metal ion or cluster. The organic part is
linked with the inorganic part through
coordination bonds. Most of the MOF
materials have 3D structures incorporating
uniform pores and a network of channels. The
integrity of these pores and channels can be

retained after careful removal of the guest
species.
A relatively new MOF family, consist
of materials made of ditopic organic linkers
and hexanuclear, 12-connected metal cluster
based on Ln3+, Y3+, Zr4+ and Hf4+. Their
topology is fcu. These materials exhibit
enhanced adsorption of CO2. [2]
With the aim to develop a series of
funactionalized fcu MOFs, we synthesized a
ditopic organic linker with one hydroxyl group,
NDC–OH.[3] Solvothermal reactions of this
linker with Dy3+, Er3+ and Y3+, resulted in the
desirable new fcu-type MOFs.
RESULTS AND DISCUSSION
The desirable crystalline materials resulted
after the solvothermal reactions of the NDCOH with the three different metal cations Dy3+,
Er3+ and Y3+, using DMF as solvent, ethanol as
co-solvent and 2-fluorobenzoic acid as
modulator. Within two days, large colorless
single crystals were formed, see figure 1.

Figure 1: Representative optical microscope image
of the as synthesized material.

The activation of the Dy3+ MOF was achieved
with supercritical flow CO2. In order to
evaluate
the
porosity,
Ar
sorption
measurements at 87 K were performed. As
shown in figure 2, the isotherm is fully
reversible with a steep slope at low relative
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pressures indicating that the material is
microporous. The calculated surface area
(BET) is 904 m2 g-1.

Figure 2: Ar sorption isotherm at 87 K for DMA2
[Dy6(OH)8L6]

Carbon dioxide sorption measurements at low
pressure and at 273K, 283K and 298K were
recorded. Even though, steep slope, which
indicates strong CO2 – MOF interactions, is not
observed, the material adsorbs a significant
amount of CO2. At 273 K and at 1bar, the
amount adsorbed is 95 cm3 gr-1.

Figure 3: The isotherms of CO2 at 273K, 283K and
298K of DMA2 [Dy6(OH)8L6].

Methane and H2 sorption measurements were
also executed, showing moderate adsorption.
CONCLUSIONS
We have developed three new porous MOFs
using the organic linker NDC-OH and three
different metal cations Dy3+, Er3+ and Y3+ with
fcu topology. One of the most crucial parts is
that the activation of Dy-MOF was achieved
with the use of supercritical flow CO2. Despite
the fact that this material does not have very high

surface area, it adsorbs high amount of CO2 at
1bar and 273K.
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SUMMARY
A microporous polymeric organic framework
(POF) was investigated, for the first time, to
evaluate the feasibility of these materials on
the photoreduction processes and removal of
hexavalent chromium from aqueous solutions.
The dark red color phloroglucinol-based POF
has a surface area of 331 m2/g, microporous
structure and exhibits semiconductor-like
optical
absorption
properties.
Batch
experiments under UV-C irradiation on Cr(VI)
contaminated water showed a rapid removal of
Cr(VI) ions in the presence of the POF,
described by modified Freundlich equation
kinetic model. The efficiency of POF on
Cr(VI) reduction was found to be ~200%
higher than Degussa P-25 TiO2 catalyst.
Finally, POF has the ability to adsorb the Cr
species that have been reduced and can be
applied to recycle use for many times (more
than 6) on Cr(VI) reduction.
INTRODUCTION
Cr(VI) is both a powerful epithelial irritant and
a confirmed human carcinogen [1]. In the
present work we resynthesized a new class of
POF based on the reactions of phloroglucinol
with
terephthalaldehyde.
That
new
phloroglucinol-based POF is well described at
the work of Katsoulidis et al., [2] and is a
polymeric based semiconductor with high
surface area. Those two characteristics are
crucial advantages of exhibiting the
photocatalytic activity of a semiconductor and
the adsoption efficiency of a porous material.
The
structural
and
morphological
characteristics of this material were verified by
means of Fourier-Transform infrared (FT-IR)
and UV-Vis spectroscopy, thermal analysis
(DTA/TGA) and N2 adsorption-desorption
measurements. POF has been tested for its
ability to redox and immobilize Cr(VI) ions
from aqueous solutions and comparatively
tested with pristine TiO2.

EXPERIMENTAL
The phloroglucinol-based POF was prepared as
described by Katsoulidis et al. [2]. The POF
has been used to remove Cr(VI) from aqueous
solutions and for this purpose it has been tested
by batch experiments under UV irradiation. In
particular, 9 mg of POF (180 mg/L) was added
to a 50 mL solution of Cr(VI) 6, 12, 24 and 48
mg/L in distilled water and stirred at room
temperature for 1h. The pH of the suspension
was adjusted to 3 by adding HCl (1N). During
the reaction, at different time periods,
appropriate amount of the Cr(VI) solution was
withdrawn and used for colorimetric
measurements to determine the Cr(VI)
concentration at 540 nm by using the 1,5diphenylcarbazide method. Furthermore, the
ability of reusing POF has been tested by
applying different cycles of reaction with
Cr(VI) 6 mg/L. After each use, POF has been
washed with distilled H2O for 2 hours,
centrifuged and dried at 80 oC for 18 hours.
RESULTS - DISCUSSION
The infrared spectrum of POF is in Fig. 1a. The
presence of terminal -OH groups is verified by
the stretching vibration mode of the O−H bond
at ~3500 cm−1. In addition, the characteristic for
hydrogen bonding broad absorbance between
3400 and 2900 cm−1 is present in the spectrum.
Moreover, the low intensity peak at 1700 cm−1
originates from residual unreacted aldehyde
(C=O) groups.

Figure 1.(a) FT-IR spectra of POF photocatalyst.
(b) Solid state absorption spectra for POF.
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POF is red-brown colored and exhibits light
absorption in the visible region that corresponds
to band gap of 2.1 eV. The solid state absorption
spectra is given in Fig. 1b and show strong
semiconductor-like light absorption which
probably is the result of extensive electron
delocalization within the polymeric framework.
The N2 adsorption-desorption isotherms
and the corresponding NLDFT-derived pore size
distribution for POF are shown in Fig. 2. Thus,
POF exhibits a mixed I and IV type isotherm
according to IUPAC classification which is
typical for microporous materials that possess
also mesopores. From the NLDFT pore size
distribution the dominant microporous character
of POF is expressed by the main peak
corresponding to pores with a 1.2 nm width.
Mesopores in the region 2.0-3.0 nm with two
maxima at 2.0 and 2.6 nm also exist, along with
a smaller portion of pores with a 4.1 nm
diameter.
The BET method was applied for the
determination of the specific surface area (SBET)
and was calculated to be 331 m2/g while total
pore volume (Vtot) at P/P0=0.95 was equal to
0.16 cm3/g. Finally, micropore volume was
deduced by DFT calculated cumulative integral
volume up to 2 nm (VmDFT) and found to be 0.09
cm3/g.

capable to remove any amount of Cr(VI) while
total elimination, under irradiation, for the TiO2,
was observed in 3 hours.

Figure 3. (a) Kinetics of photocatalytic reduction of
Cr(VI) by POF under UV-C irradiation for
concentrations of Cr(VI)=6mg/L(■), 12mg/L(•),
24mg/L(▲) and 48mg/L(star). [Conditions: dosage
material=0.18g/L, pH=3, λ<400nm.] (b) Kinetics of
photocatalytic reduction of Cr(VI) by POF (star)
and TiO2 (■) materials under UV-C irradiation and
the reduction kinetics for POF in the dark (•).

Based on redox reactions between Cr3+ and
MnO4-, the remaining quantity of Cr3+ in the
solution after the batch experiments at 6, 12, 24
and 48 ppm is shown in Figure 4a. In all cases,
the residual Cr3+ is ~1-2% indicating that all the
amount of chromium species have been
adsorbed on POF surface. Figure 4b presents the
% Cr(VI) removal efficiencies in ten continuous
uses. The time of reaction was chosen to be
equal to 70 minutes, time sufficient for the
almost 100% reduction of 6 mg/L Cr(VI) to
Cr(III) at acidic conditions (pH=3) by means 180
mg/L fresh POF material as dosage.

Figure 2. N2 adsorption-desorption isotherms of
POF. Inset: NLDFT pore size distribution.

Figure 3a presents the required time for total
elimination of Cr(VI), under UV irradiation, at
acidic conditions (pH=3), by means 180mg/L,
for four different Cr(VI) concentrations. For
[Cr(VI)]=6mg/L total elimination was observed
in 60 minutes while for 12, 24 and 48 mg/L was
observed in 135, 345 and 840 minutes
respectively. The compared removal kinetics as
a function of reaction time of using UV
irradiation and not, as well as the reaction
capacity of TiO2 under UV irradiation and
6mg/L Cr(VI) are depicted in Figure 3b. POF
material without the UV irradiation is not

Figure 4. (a) The remaining quantity of Cr3+ in the
solution after the batch experiments at 6, 12, 24 and
48 ppm. (b) Cr(VI) removal efficiency (%) versus
reaction cycles for POF photocatalyst using the
photocatalyst under UV-C irradiation. [Conditions:
dosage material= 0.18g/L, pH=3, [Cr(VI)]=6mg/l,
λ<400nm.]
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SUMMARY
Ordered mesoporous carbons, OMCs, with
high surface areas have been synthesized via a
nanocasting process using SBA-15 as hard
template and maltodextrin–steviol as carbon
source instead of sugar at various temperatures
between 300 oC and 900 oC. Carbon samples
which have been synthesized at lower
temperatures (i.e. 500 oC, 600 oC) showed
higher specific surface areas (up to 1900 m2/g),
different pore size distribution (PSD) and
tunable surface chemistry.
INTRODUCTION
So far, sugar is the most common carbon
source that has been used for synthesis of
ordered
mesoporous
carbon
materials.
Although many other chemical compounds
have been used for this purpose such as
furfuryl
alcohol,
acrylonitrile,
acetylenedicarboxylic acid, etc.[1,2] The
choice of the carbon source is crucial for a
successful preparation toward an ordered
mesoporous carbon structure with required
textural
parameters
and
the
surface
functionality on the carbon framework. In this
study we have prepared a novel OMC using
maltodextrin–steviol as carbon source and
SBA-15 as template in different carbonization
temperatures in order to study the influence of
carbonization in the textural parameters and
surface functionalities. The as derived
mesoporous
carbon
materials
were
characterized by means of X-ray diffraction
(XRD), Fourier-transform infrared (FT-IR),
and Raman, transmission electron microscopy
(TEM), thermal analysis (DTA/TGA) and N2
adsorption-desorption measurements.
EXPERIMENTAL
The synthesis of SBA-15 and CMK-3 was
performed as reported elsewhere [3]. The
major difference from the standard procedure,
for the mesoporous carbon, is that
maltodextrin:steviol (3:1), was used as carbon
source instead of sucrose. Briefly a solution of

5g of H2O, 1.25g of maltodextrin-steviol and
0.14g of H2SO4 was added in 1g of SBA-15.
This mixture was kept in an oven at 100 oC for
6 hours and then the temperature rises to 160
o
C and maintained there for 6 hours. The same
procedure was repeated after adding 5g of
H2O, 0.80g of maltodextrin-steviol and 0.07g
of H2SO4 in the dark-brown colored mixture.
The composite material was pyrolyzed for 6
hours in a vacuum oven at four different
temperatures (300 oC, 500 oC, 600 oC and 900
o
C) and heating rate 5 oC/min and the final
OMCs were obtained after the silica template
removal within a solution of 10% HF, several
washings with water and drying at room
temperature.
RESULTS - DISCUSSION
The infrared spectra of OMCs at four different
carbonization temperatures are displayed in
Figure 1.

Figure 1. FT-IR spectra of OMCs.

As the temperature is reduced, a new sharp band
at 1708 cm–1 is appeared which can be assigned
to the asymmetric vibration modes of –COOH
units indicating the existence of such carboxylate
type functional groups, on the carbon surfaces.
In addition, the intensity of the broad band at
1226 cm–1, which can be assigned to
ether/hydroxyl groups of graphitic structure,
increases with temperature reflecting the more
graphitic structure with temperature increment.
The XRD patterns for the OMCs at low angles
are shown in Figure 2a. The reﬂections from all
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the samples are indexed to the (100), (110) and
(200) diffractions of the two dimensional
hexagonal space group P6mm, similar to the
pattern of CMK-3 [3]. The increasing of peak
intensity and the decreasing of peak width with
the increasing carbonization temperature of
OMC samples imply that higher temperature is
favorable for the formation of the hexagonal
microstructure. Moreover, the absence of well
deﬁned reﬂections (110) and (200) (OMCs
patterns show broad reﬂections) at low
temperatures indicates that the samples
possesses a hexagonally ordered uniform porous
structure, with a degree of disorder.
Figure 2b shows the Raman spectra of OMCs.
There are two bands (G and D) which are
characteristic of the vibrations of carbon atoms
with sp2 and sp3 hybridization respectively. It is
observed that the poorest graphitized materials
(i.e 300oC) exhibits the less narrow and weaker
in intensity G and D band respectively. On the
other hand as more as more ordered material are
considered, the G band becomes narrower (i.e
600 oC).

Figure 2. (left) Low-angle XRD patterns and
(right) Raman spectra of OMCs s.

Figure 3 shows the TG% curves for OMCs. The
increased thermal stability is apparent as the
carbonization temperature is increasing.

Figure 4 shows the TEM lattice images of
OMCs. As shown in these images the material
seems to consist of a linear mesoporous array
(white lines) separated by carbon rods (black
lines), a typical feature of the hexagonal
ordered structure of CMK-3 carbons. In
images on the right, isolated carbon rods are
clearly observed, segregated from the main
bundle.

Figure 4. TEM images of OMC600.

The textural properties of OMC samples,
resulting from N2 adsorption-desorption
measurements, are summarized in table 1. It is
noteworthy that the BET surface area (1297
m2/g) of the OMC900 sample is comparable to
the value previously reported for porous carbons.
For the OMC600 sample a major increase to the
surface area (1942 m2/g) as well as in micropore
volume are observed. The surface area for the
OMC500 sample is comparable to OMC900 and
CMK-3 sample [3]. From that point of
carbonization temperature and below, the surface
area is degreased notably.
Table 1. Textural properties of OMC samples
SBETa
St-plotb
Vmicrob
Vmesoc
Sample
2
2
3
(m /g)
(m /g)
(cm /g) (cm3/g)
OMC900
1350
1251
0.1488
0.9610
OMC600
1942
1761
0.2803
1.1669
OMC500
1372
1281
0.1442
0.7392
OMC300
475
458
0.0270
0.2378
CMK-3
1342
1170
0.013
1.051
a

Total surface area determined from multi-point BET
analysis. b From V–t plot analysis (de-Boer method). c
From the difference between the pore volume at
P/Po~0.95 and the micropore volume.

Figure 3. Therthmogravimetric analysis
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