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Abstract

As a prominent symbol of new and fast developing area of nanomaterials, nanotubes have attracted
significant attention due to their remarkable physical and chemical properties, structure and porosity, high
surface area, high aspect ratio, tunable dimensions and chemically modifiable interior and exterior surfaces
(in some cases) which make them a suitable candidate to find a marked role in variety fields of science and

industries.

During the past decades, and after introducing the most famous carbon nanotubes, the main role in these
fields has been playing by the single- and multi-wall carbon nanotubes which have received tremendous
research interest due to their superior mechanical, chemical, electrical and thermal properties. However,
several problems in carbon nanotube technology, such as high-temperature process with low yield product,
imprecise control over nanotube dimensions and chirality, limitations of chemical composition, intrinsic
color of nanotubes which limits their application as nanofiller in transparent hybrid materials, low
compatibility of carbon nanotubes with human body in bio-applications and the most important, in recent
years, effect of carbon nanotubes on human health and environment because of their potential toxic nature,
encouraged the research for analogue structure among inorganic materials and the possibility of applying

them in other fields, such as catalysis and ion adsorption.

Inorganic nanotubes like MoS, and WS, were the first inorganic nanotubes that succeeded the discovery of
carbon nanotubes and in the following years, other metal oxide/hydroxide nanotube structures have been
reported. Among the inorganic nanotubes, which have been developed in recent years, imogolite (IMO,
chemical formula (OH)3Al,0sSi(OH)), a natural alumino-silicate clay mineral, recently entered this
nanotechnologic scenario. It was discovered for the first time 1962 in Japanese soils of volcanic origins but
its structure was determined ten years later. Being an analogue material to carbon nanotubes, IMO type
materials can represent an intriguing different source for new technological potential applications as
anions/cations retention from water, catalysis, gas adsorption, separation and storage, scaffold for

biomedical applications and inorganic nanofiller for polymer matrixes.

The main features of imogolite is the crystalline organization of its walls, folded to create a nanotube with
two distinct surfaces: an inner surface presenting free silanol groups and an outer surface characterized by
hydroxyl groups bridged between two octahedral aluminum atoms. Since, variables such as purity,
composition, reproducibility, and specifically designed features can be often better controlled in synthetic
procedures rather than using natural clay specimens (which typically contain impurities and are often not
easily available), synthetic single walled imogolite nanotunes with high monodispersity in diameter was

obtained for the first time in 1972 by a sol-gel synthesis in acid environment.

According to unique structure and surface properties of imogolite, numerous applications have been
reported in the past few decades by controlling chemical compositions, pore and size distributions and

surface modification, such as gas adsorption and storage, building blocks for supramolecular assembly,
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filler for organic/inorganic hybrid materials, ion retention and contaminant removal from water, water
adsorbent and sensor, catalysis including shape selective catalyst and humidity-controlling material.
Moreover, novel applications of IMO materials are still under development, for example, high proton
conductivity due to the AIOH," external groups may make imogolite an excellent additive for proton
exchange membranes that can even be used under very high temperatures.

The main purpose of chemically modifying synthetic materials is the expected increased range of
technological applications that can be achieved. Particularly, for nanotubular structures it is critical to
develop methods suitable to control the functionality of their internal and external surfaces. Except of
surface properties, control over the diameter and length of imogolite nanotubes is possible by applying
different modification process to manipulate their properties, which depends on their dimensions in addition

to their structure and composition.

Present PhD project is going to describe the developments obtained in imogolite research field, concerning
the synthesis and characterization of a new kind of modified imogolite nanotubes by iron inclution in
nanotubes outer surface, either by direct or post-synthesis reactions, as compared to unmodified synthetic
IMO. A series of samples of iron-doped IMO, with a range of iron content, were obtained. To investigate
the role of Fe ions in nanotube formation and the effect of Fe structural position on nanotubes textural
properties, they were characterized by means of low angles X-ray Diffraction (XRD); IR spectroscopy (FT-
IR); Transmission Electron Microscopy (HR-TEM); energy dispersive spectroscopy (EDS) and N, sorption
isotherms at -196 °C, indicating the limited level of Fe inclusion into nanotube structure, about up to 1 %wt
Fe. The higher amount of Fe will hinder tube formation. The obtained modified samples by direct synthesis
show more closely packing in bundles and presents slightly larger inner pores. Then, their physico-chemical
properties were compared to those of proper IMO. Several experimental results are reported of nature and
structural positions of Fe species in the samples obtained by direct (Fex-IMO) or post synthesis method
(Fex-loaded-IMO) by Diffuse Reflectance (DR) UV-Vis pectroscopy, Raman spectroscopy, magnetic test
and Electron Paramagnetic Resonance (EPR) spectroscopy which indicate the preferential isomorphic
substitution of Fe for Al in the sample prepared by direct synthesis (Fex-IMO) and of the preferential
formation of Fe,Oj3 clusters in that obtained by post-synthesis doping (Fex-loaded-IMO).

Same as other nanoporous aluminosilicate materials, IMO nanotubes materials contain considerable amount
of water in their pores in ambient condition that influences and governs their properties. Therefore,
hydration/dehydration behavior of bare and Fe-modified nanotubes was of paramount importance in
dictating the operating conditions for any application requiring a surface interaction like catalytic activity or
ion adsorption. Accordingly, the behavior of hydrated Imogolite markedly depends on thermal pre-
treatments, which has been investigated by several complementary methods (XRD, IR spectroscopy,
TG/DT analysis and N, sorption isotherms at -196 °C). Obtained results show that, modification of
imogolite nanotubes by iron either by direct or post synthesis, accelerate dehydroxylation and decrease their
thermal stability, by likely forming some structural defects, able to catalyze silanols condensation. Such

defects may be ascribed to those Fe ions substituting for Al ions that likely form also by post-synthesis
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procedure. After removing of water present at both the external and internal surfaces at 250 °C under

residual vacuum equal to 10 mbar, inner =SiOH groups will be accessible to probes.

Surface acidic properties and accessibility of surface groups were investigated in gas and water media. In
gas phase, surface acidic properties investigated by combination of IR spectroscopy and interaction with
probe molecules (CO and NHj;). Moreover a catalytic reaction: epoxidation of propylene by O, over the
obtained samples as catalyst was carried out to provide more information about surface acidity of Fe-
modified samples in gas phase. According to the results, with both modified samples, when Fe substitutes
for Al, at the outer surface Fe(OH)AI groups occur, the intrinsic acidity of which is only marginally
different from that of AI(OH)AI. Fe(OH)AI groups likely act as crystallization centres for the growth of

Fe,O3 nanoclusters, bearing less acidic OH groups.

The acidity of modified samples were studied in water, as shown by C-potential measurements and
interaction with (acid orange 7, an organic sodium salt with formula C;sH;;N,NaO,S) AO7 molecules, for
two important reaction: adsorption of AO7 molecules and catalytic reaction azo-dye molecule degradation
by H,O,. In water, Fe(OH)AI bridged groups, which are slightly less acidic than AI(OH)AI groups, but
provide accessible Fe®" sites that may be accessible to species able to coordinate iron, as observed in the
case of AO7', leading to a higher efficiency towards the retention of such moiety and, more generally, of
anions in aqueous solution. Finally we can conclude that Interaction with AO7" in water solution occurs in
different ways, as documented by the observed pH changes: i) with proper IMO, AO7" anions preferentially
adsorb via H-bonding; ii) with Fel.4-IMO, Fe** cations of Fe(OH)AI groups act coordination centers for N
atoms in the AO7" moiety; iii) with Fel.4-loaded-IMO, Fe,O5 nanoclusters likely hinder AO7" adsorption.

The best condition for degradation if AO7 was observed in the presence of IMO sample as catalyst, by
formation of very active OOH groups and then carries out an intermolecular rearrangement with the
neighboring adsorbed AO7 molecules to achieve the degradation. In this case higher acidity of AI(OH)AI
groups in water provide reacitve sites. Fe(OH)AI groups which are more basic in water environment seems
to be weaker in H,O, decomposition. Therefore IMO with more than 95% of degradation just in a few

minutes could be proposed as a new candidate for waste water treatment.
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Chapter 1
Structure, Properties and Applications of Imogolite nanotubes

Introduction

Discovery of carbon nanotubes in 1991 by lijima [1] has stimulated extensive research on the synthesis,
properties, and applications of nanotube materials; due to their unexpected properties and applications in

electronics, composite materials and electrochemistry [1-9].

However, several problems in carbon nanotube technology, such as high-temperature process with low
yield product, imprecise control over nanotube dimensions and chirality, limitations of chemical
composition [2], intrinsic color of nanotubes which limits their application as nanofiller in transparent
hybrid materials [10, 11], low compatibility of carbon nanotubes with human body in bio-applications [12]
and the most important, in recent years, effect of carbon nanotubes on human health and environment
because of their potential toxic nature [13, 14], promoted an intense experimental interest in the field of

inorganic analogues of carbon nanotubes.

Inorganic nanotubes like MoS; and WS,, first reported in 1992 [15] and 1993 [16] by Tenne’s group for
clean fuel applications and CO, capture, were the first inorganic nanotubes that succeeded the discovery of
carbon nanotubes and in the following years, other metal oxide/hydroxide nanotube structures have been
reported [17-27]. Besides of inorganic nanotubes, inorganic fullerene-like nanoparticles, including BN [28-
36], have also been showing to have interesting perspectives. Inorganic nanotubes, nanorods, and nanowires
are being increasingly investigated for nano-technological applications owing, among several factors, to the
vast range of potential physicochemical properties afforded by inorganic materials. Several of these
structures are synthesized using carbon nanotubes as templates, and thus, possess the same potential
difficulty of controlling the nanoparticle dimensions. Moreover, most of the inorganic nanotubes
synthesized to date, apart from molybdenum disulfide (MoS,), are polydisperse and/or multi-walled
materials [15]. Apparent exception in these respects is two naturally occurring single-walled
aluminosilicates minerals: imogolite nanotubes [37, 38] and halloysite nanotubes [39] which have been
rediscovered in the past decades as potential materials for several technological applications. In the
following pages the origin, properties and application of these naturally aluminosilicate nanotubes, with

more emphesis on imogolite nanotubes will be discussed.
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1.1 Aluminosilicates

Silicate minerals and aluminosilicates in particular, are major components of the Earth’s crust and
ubiquitous. The importance of these compounds in everyday life can hardly be overestimated. Clays are
indispensable as construction materials; they have found a widespread applications as electronic devices;
energy and environmental process, medical applications and glasses.

The different properties of these clay materials are often dictated by their structures, which can be obtained

from rather simple basis units: tetrahedra T [SiO4]* and octahedra O [AlOg]” as can be seen in Fig. 1.

(O &+ Oxygen e & o Silicon

(O & 7+ Hydroxyl @® Aluminium

Fig. 1 a) silicon tetrahedron and tetrahedral units which share three oxygen atoms forming a tetrahedral sheet, b) octahedral unit of Al

can share oxygen atoms to create an octahedral sheet [40].

As shown in Fig. 1, each silicon tetrahedron shares three of its four oxygen atoms, which are referred to as
basal oxygen atoms, to create hexagonal rings, whereas the forth oxygen is placed perpendicularly to this
basal plan. This bi-dimensional distribution creates the [Si,Os]* structural unit called “tetrahedral sheet”.
The resulting hexagonal cavities are mostly occupied by OH™ groups. Another important building unit in
aluminosilicate materials is octahedral units of aluminium [AlOg]® , two octahedra units are interconnected
by sharing an edge of the octahedron using two neighboring of six possible oxygen atoms. As each oxygen
atom bears a negative charge, protons are necessary to guaranty electronic neutrality. The aluminum
octahera are arranged in a sheet creating new unoccupied octahedral sites (Fig. 1 b). The structural
arrangement is electrically neutral and corresponds to the mineral structure of gibbsite AI(OH); . For this
reason, the octahedral sheet is also called “gibbsite-like sheet”. Arrangement of the units by sharing corners
or edges results in a variety of structures ranging from the dense crystalline silica polymorphs to open

structures with two- and three-dimensional networks of cavities, channels and voids of nanometric size.

Hydroxyaluminosilicates (HAS) are critical intermediates in the biogeochemical cycles of aluminium and
silicon [41, 42]. Two discrete forms of HAS have been distinguished by both their stoichiometries and

coordination of aluminum and silicon [41]:
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1- HAS,, also called protoimogolite, which is formed under conditions where [Al] > [Si(OH),], with Al: Si
ratio of 2 and all aluminum atoms being present in octahedral coordination;

2- HASg, allophane, is instead formed under conditions where [Al] < [Si (OH),] and has a Al:Si ratio of 1
with half aluminum atoms in tetrahedral coordination. In addition to commonly lamellar structures of
aluminosilicate materials, such as laponite, kaolinite and montmorillonite, clays can also form spherical or
tubular structures, which are garnering research interest due to their unique dimensional structure, high
porosity, and large surface area. Allophone (spherical shape), imogolite and halloysite (tubular shape)
commonly coexist in volcanic ash soils. They are naturally occurring and composed of aluminosilicate [43].
Their different properties are related to their structure and morphology. These natural nano-sphere and -
tubes have considerable control on the physical and chemical characteristics of soil. They strongly retain
anions such as phosphate, sulfate, and organic materials, as surface- adsorbed species in solution, and also
gases can be easily adsorbed both inside and outside particle [44]. Their reactivity is governed by the
surface reactive sites which in turn are influenced by the specific surface, surface characteristics, and site
density. These surface properties are influenced by their diameter and length and related other surface
features [45].

Here, there is a short description about these non lamellar aluminosilicates. The importance of allophone in
this respect is according to the identical chemical composition with imogolite nanotubes and the fact that it
has been reported as precursor for the formation of imogolite nanotubes (proto-imogolite). These soils were
(and are) very difficult for farmers to manage because of their very anion adsorption capacities. As a
consequence, phosphorus (P) fertilizers are simply fixed very strongly by the soils instead of being taken up

by the plants.

Occurrence of allophane has been known for a long time in some of the volcanic ash soils [46, 47]. The
chemical structure of allophane was long unknown, although soil chemists knew that it was an X-ray
aluminosilicate, i.e. a compound composed of aluminum (Al), silicon (Si), oxygen (O) and hydrogen (H) in
chemical combination which was not crystallized enough to be detected by X-ray diffraction techniques
[47]. From the structural point of view, we can suppose that allophone is an inorganic analogue of C
spherical fullerenes [48]. Allophane appears to be a group of hydrated aluminosilicates with Al-to-Si ratios
varying considerably around unity, possessing hollow spherical morphology at different ambient moisture,
have a gibbsite AI(OH)AI outer surface and the inner surface composed of silanols group =Si-OH.
Allophane shows a specific surface area of approximately 800 m%g [49] and ranging in size from 3.5-5.0
nm upwards, The wall of the sphere has a thickness between 0.7 and 1.0 nm and has some holes or ‘defects’
which determines the surface properties [50-53]. Fig. 2 shows the atomic structure of allophone nano-

spheres as compared to Imogolite nanotube.
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external (D 2.0 nm ‘IIIIIIIIIIII:IIIIIIIIIII’
®3.5-5.0nm
Nano-tube imogolite Nano-ball allophane

si=-@ aAl=Q 0=0

Fig. 2 Schematic comparison of nanotube imogolite and nanoball allophone structure [44].

Allophane is different depending on the environment in which it is formed. The chemical compositions of
these hollow spherules vary in Al/Si atomic ratio from 1 to 2. In Si-rich volcanic deposits the Al: Si ratio of
allophane can be as low as 1. The Al coordination chemistry in such allophanes is quite different from that
of Al-rich sample, in that, a significant proportion of the Al is in tetravalent coordination [54, 55]. This
leads to the presence of structural permanent negative charge, in addition to the variable charge of the
hydroxyl groups. Al-rich, or ‘proto-imogolite’ allophone has been described as ‘fragments of imogolite
tubes [55-59]. The Al:Si ratio is normally from 2 to 3; the reason for the higher Al:Si ratio compared to
imogolite has to do with the substitution of the OSSiOH tetrahedra of the inner surface for hydroxyls [55,

56]. This causes the material to form small (4 - 5.5 nm thick) spherules instead of fibers. The related *Si-
NMR and ?’Al-NMR studies concluded that the chemical structure of the wall of Al-rich allophane (proto-
imogolite) is same as that of imogolite [60-62]. Several factors affecting the formation of imogolite and
allophane such as: pH, metal ions, organic acids and phosphate [63-65]. Wada in 1977 [52] and Parfitt in
1980 [66] were able to explain the different morphology between imogolite and allophone by the presence
of some defects and pores occurring during the geological formation of allophane. The first synthesis of
allophane ever reported was in 1988 by Wada and co-workers [67]. Further studies suggested that their
peculiar surface properties [68] and high surface area [57, 59] make allophanes, besides imogolite and
haloysite, suitable candidates for ionic and gas adsorption due to their amphoteric ion exchange activity
[69-76]. A very recent and outstanding application wants the use of allophane for inject technology process
[77].

Another non-lamellar aluminosilicate nano-particle is halloysite. Halloysite nanotube, like Imogolite [38] is

a naturally occurring aluminosilicate mineral with different Al:Si ratio, 1:1 (as comparing to imogolite
which is 2:1) as depicted in Fig. 3.
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Fig. 3 Structure of halloysite monolayer (upper image) and cross section views of a) imogolite and b) halloysite nanotube. White
atoms are H, red O, gray Al, and yellow Si [39].

Despite this, their (halloysite and imogolite) morphology can be described as specular. In fact, halloysite
nanotubes consist of a gibbsite octahedral sheet, AI(OH)s;, which is modified by siloxane groups not at the
inner surface, as the case of imogolite, but at the outer surface. The resulting stoichiometry is: Al,Si,Os
(OH),-nH,0. Halloysite can grow into long multi-walled tubes, which are similar to some extent to multi-
walled carbon nanotubes [78, 79]. Halloysite, with a length of 500-1000 nm, diameter of ca. 50 nm, and
lumen of 15 nm is mined from abundant mineral deposits [80, 81]. However, it is also possible to find
layered halloysite structures, which occur mainly in two different polymorphs, the hydrated form, with
formula Al,Si,Os(OH),-2H,0, and the anhydrous form having the same chemical composition as kaolinite,
Al,Si,05(0OH),. The average Al-O, Si-O, and O-H bond lengths calculated for the anhydrous form of
halloysite nanotube [39] are equal to 1.88, 1.68, and 0.96 A, respectively. These values are in agreement
with those reported for imogolite nanotubes (1.89 and 1.68 A for Al-O and Si-O bond, respectively) [27,
82]. Fig. 4 shows a TEM image of halloysite nanotubes.

Fig. 4 TEM image of halloysite nanotubes [83].
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As mentioned, halloysites tubes have a Si-O-Si outer surface [84, 85] that resulted to be less reactive, e.g.
towards phosphate, than the AI(OH)AI surface in imogolite nanotubes. The outer surface of the halloysite
nanotubes has properties similar to SiO, with negative charge at pH 6 — 7 (zeta potential) while the inner
cylinder core is related to Al,O3 which is slightly positively charged [13]. Halloysite nanotubes have been
rediscovered as attractive materials, as confirmed by the vast recent literature about their applications. Price
et al. [81, 80, 86, 87] and other authors [88, 89] studied halloysite as potential material for drug delivery and
biomedical applications. Moreover, a supramolecular adduct of DNA-wrapped halloysite nanotubes has
been also obtained for the first time. This result extends once more the analogy with multi-walled carbon
nanotubes [90, 91]. Halloysite has also been tested as a support for immobilization of catalyst molecules
[92-95], as adsorbent for gas [96, 97] and pollutants [98, 99], nonetheless for the controlled release of
anticorrosion agents, herbicides and fungicides [100-102]. As inorganic nanofillers, they demonstrated to
improve mechanical performance of cements and polymers [103-109]. Particularly, the successful synthesis
of capric [83] and stearic [110] acid/halloysite composites makes them potential candidates for thermal
energy storage. As comparing to imogolite nanotubes, the dimensions of imogolite (Al,SiO; (OH),) are
considerably smaller than those of halloysite. It has a length of approximately 100 nm, internal diameter of
about 1 nm, and external diameter of about 2 nm, [43, 112, 36] therefore; it can provide much more surface
area than halloysite under the same volume, a key parameter as a shape or size selective catalyst, as a

support for immobilization of catalysts particles or nano-filler in hybrid materials.
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1.2 Imogolite nanotubes

The distinctive character of the natural mineral of imogolite was first established by Yoshinaga & Aomine
in1962 [37], who identified it as a fibrous component of the acid-dispersible clay from the Imogo pumice
layer, which is widespread in Kyushu Island, Japan. The new mineral was called imogolite (the prefix
imogo is Japanese for ‘glassy volcanic ash’). Subsequently, it has been shown to occur in almost pure form
as macroscopic gelatinous coatings in several pumice deposits in Japan by Wada in 1977 [113] and as a
trace component of podzolized soils on non-volcanic parent materials [114, 115]. After the initial discovery
and in a short period of time it has also been detected in northern Scandinavia [116, 117], Central America
[118, 119], Scotland, Canada [120] and in northwestern United States [121, 122].

The details about formation of proto-imogolite and imogolite during the podzilation have been reported in
many references during the years [123- 129]. One of Farmer’s achievements [128] was the finding that the
allophane occurring in podzols could be described as a precursor or a poorly crystallized form of imogolite.
Although many details have been reported in different ways, the following stages are almost certainly

involved in this process as it is reported in Fig. 5:

organic acids O
Y weathering F
pH =4 L = Fe, Al 5i ——= Organo-re E
organc-Al
I
Fe
Fe oxide g
pH=5 silicic | ™| allophane - Al-organic B
acid |-| Imogolite Al complexes
Al hydroxide
Y

Fig. 5 Current view of the process for Podzol formation [47].

According to this mechanism below steps have been proposed for formation of imogolite nanotubes:

1. The formation of the white / grey E horizon is induced by intense weathering, which is, at least partly,
mediated by the excretion of low-molecular weight organic acids from mycorrhizal hyphae.

2. The released Al and Fe are complexed with organic acids and these complexes migrate in the soil
solution to the reddish B horizon where they are arrested mainly because of adsorption to previously
formed allophane / imogolite and Fe oxides. Iron, however, is probably quickly removed from the

organic complexes by precipitation of Fe oxide once the complexes reach the less acid B horizon.
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3. Microbial activity degrades the organic components of the organo-Al complexes causing an increase of
the soil water concentrations of inorganic Al. This in turn causes aluminium hydroxide and imogolite /
allophane to precipitate.

Natural imogolite is commonly found in association with short-range-order materials like allophone and

ferrihydrite in many Andisols, where the iron is one of the most recurrent contaminants of imogolite and

other soil clays [130-132]. For more than ten years after discovery of imogolite, the International

Mineralogical Association (Fleischer, 1983) suggested that imogolite need not be considered as a distinct

mineral type [38], but H. Eswarans worked on imogolite [133], to make evidence that it is morphologically

and crystallochemically a distinct mineral species.

1.2.1 Structure and morphology of imogolite nanotubes

We can suppose that imogolite is an inorganic analogue of C nanotubes [48]. Imogolite is a paracrystalline
mineral, which means that it crystallizes only in one direction [47]. Imogolite structure was elucidated by
Cradwick et al. in 1972 [112] which said inside and outside diameters of the natural tube are approximately
1 nm and 2 nm, respectively. The structure proposed by Cradwick et al. [112] for the first time is a tube
whose wall consists of a single continuous gibbsite sheet with the inner hydroxyl surface of the gibbsite
replaced by O3;SiOH groups [48] as illustrated in Fig. 6.
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Fig. 6 a) Periodic gibbsite layer model in imogolite outer surface, b) Hexagonal gibbsite ring where silanol is bound, c) Hypothetical
2D imogolite layer with vector a; and a, and (d) zigzag (12,0) imogolite NT. White atoms, H; red, O; gray, Al; yellow, Si. [111, 134]

Such a structure has the empirical formula (HO)3;Al,O3SiOH, which is also the sequence of atoms

encountered on passing from the outer to the inner surface of the tubular model [127]. With Si—O bonds
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(0.169 nm) being shorter than Al-O (0.194 nm) bonds, the gibbsite-like sheet curls up, eventually forming
nanotubes [135,136], or in other words the attachment of the orthosilicate group causes the shortening of
0O-0 distances from 0.32 nm in gibbsite to 0.27 nm, appropriate for the edge of a SiO, tetrahedron [137]. In
fact the imogolite is a Q3 3Al aluminosilicate [48, 138] since each silicon is isolated and bonded to each
other through the octahedral coordination of the aluminum. The occurrence and properties of natural
imogolite are very fully reviewed by Wada [113]. The chemical structure demonstrates that the Si-OH
groups are located along the inner wall of the tube, while the AI-OH-AI groups are exposed on the outer
surface of the tube [139]. The presence of hydroxyl groups on walls and rims make both inner and outer
surface hydrophilic [36]. Due to the presence of AI-OH-AI groups on outer surface of imogolite, the outer
surface wall can be charged depending on the pH of the solution. Owing to the electrostatic repulsion, the
isolated units can form nanofiber in acidic dispersions (pH below 5) or coagulate at higher pH [140, 141].

The structure represented in Fig. 6 for natural imogolite allows for a few considerations concerning internal
silanols. The distance between two adjacent silanols in the same circumference results to be 0.26 nm and
that between two silanols of two adjacent circumferences is 0.40 nm. Silanols density can therefore be
calculated through simple geometric considerations: it results to be 9.1 OH nm™ [142, 143], which is ca.
twice as much as the average silanols density at the surface of hydrated amorphous silicas, which is ca. 5
OH nm™ [144]. Taking into account the rigidity of the pseudo-crystalline structure and the distances
between them, internal silanols are expected, in spite of the remarkable surface density, not to show sizable

reciprocal interactions.

A few years after structural elucidation of imogolite by Cradwick et al. [112], imogolite was synthesized by
Farmer et al. for the first time in 1977 [128], and a variety of procedures has now been described [145,
146]. When the synthesis process is not successful, an amorphous phase forms, which is proto-imogolite
[142] as it has shown in Fig. 7, comparing the interwoven structure of synthesized imogolite tubes with

amorphous protoimogolite.

Fig. 7 FESEM (Field Emission Scanning Electron Microscopy) picture of imogolite nanotubes interwoven network. Inset to the figure:
SEM picture of proto-imogolite taken at lower magnification [142].
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General evidence obtained for synthetic imogolite nanotubes, if compared to natural samples, showed that
their porosity is comparable. However, synthetic products are not identical to natural materials, mainly
because their diameter resulted to be significantly larger than that of natural imogolite [112]. Natural
imogolite nanotubes are several micrometres long, with an inner diameter and an outer diameter of 1.0 and
2.0 nm, respectively [48, 63,112], whereas the outer diameter of synthetic imogolite increases to ca. 2.5 -
2.7 nm [147, 48, 148,112]. It is generally accepted that synthetic imogolite nanotubes are highly

monodisperse in diameter, irrespective of synthesis conditions. [149,129].

As shown in Fig. 7 , once formed, nanotubes organize into a porous network of interwoven bundles closely
packed of several hundred tubes [127, 150], with three kinds of pores, depicted in Fig. 8:

(A) intra-tube pores (about 1 nm wide) which become accessible to probes only after removal of water;

(B) Inter-tube pores, the spacing between three aligned tubes in a regular packing (0.3-0.4 nm wide). The
width of these latter is too small to allow any adsorption phenomenon; because it is hardly accessible even
to very small molecules e.g. water molecules [151, 152, 153].

(C) Slit mesopores among bundles [151,152].

The resulting pore size relationship is: C > A > B and accordingly accessibility and interaction of present
hydroxyls in pores A and C is of prominent importance in applications involving surface interaction with
these materials.

Fig. 8 Type of pores found in imogolite. Hexagonal packing of nanotubes is considered [142].

Fibre-like appearance of the tubes has been shown by more amplification in transmission electron
microscope (TEM) image in Fig. 9a. Electrons micrographs have confirmed that imogolite tubes are formed
rarely isolated while tend to aggregate in spider web networks with different degrees of order organized in a
porous network of interwoven bundles, in which, the number and dispersion of bundles appears to be pH
dependent [154-159]. Note that, since imogolite grows in a (wet) gel-like medium, then precise details of
the methods used to prepare the dry specimens required for HRTEM may determine, to a large extent, the
states of aggregation of the imogolite tubes. It would seem careful control of the drying and solidification
stage should allow a very wide range of morphologies to be obtained by TEM [48].

Typically TEM specimen is prepared by depositing a drop of imogolite solution on a film-coated copper
grid and drying in air. A random network of nanotubes is the most common morphology, even from dilute

solutions, due to the aggregation imogolite nanotubes into bundles when a solution droplet is dried [48].
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2.5nm §

Fig. 9 a) TEM micrograph of imogolite nanotubes in the interior region of a deposit formed by droplet evaporation in air from 0.1
mg/mL solution. b) SAED pattern of nanotubes. The numbers on the rings correspond to those in Table 1. The diffraction rings are due
to the atomic periodicity within the nanotubes [36, 127].

The Miller indexed peaks and corresponding d spacings of the five most prominent rings in the ED pattern
are tabulated in Table 1. The SAED patterns mainly probe the structure within the individual nanotubes and
are important for tracking the formation of the nanotubes. With the crystallographic ¢ axis along the
nanotube axis, the (006) and (004) reflections occurring at d spacings of 0.14 and 0.21 nm are sharp and
intense [36], and arise from the periodic unit cell of approximately 0.85 nm in the c direction. The nanotube
packing is better elucidated using XRD, as discussed later in next chapters. As a result of the cylindrical
(Ca4n) symmetry of these nanotubes, the odd reflections along the c axis are absent. The (006) and (004)
rings, thus, could be taken as characteristic signatures that differentiate the nanotubes from any amorphous
materials

Table 1 d-Spacings of Rings Appearing in the SAED Pattern of imogolite nanotubes (Fig. 9b) * [36]

Reflection 1 2 3 4 5
d-spacing (nm) 0.14 0.21 0.22 0.32 0.43
hkl 006 004 063 071 002

2 The (hkI) indices are in the cylindrical C24h space group. The (00I) reflections correspond to the periodic repeat unit along the
nanotube axis.

However, in 2007 Huixian Yang [135, 160] proposed a new method of sample preparation to get the
individual dispersion of nanotubes. According to this method, when the droplet drying is performed in
ethanol environment, probably dissolution of ethanol in water decreases the surface energy of imogolite
nanotubes and helps individual dispersion of the tubes in droplet. Moreover, an enhanced surface tension
effect (Marangoni effect) is produced by different evaporation rates between water and ethanol in the
droplet. This effect reverses the outward capillary flow and induces the imogolite nanotubes to concentrate
toward the top of the droplet, and thus no ordered structure is formed. Fig. 10 shows the nanotubes
dispersed by this method.
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Fig. 10 BF electron micrograph of individually dispersed nanotubes formed by droplet evaporation in ethanol environment from 0.01
mg/mL solution [160].

Except of characterizing the morphology of natural and synthetic imogolite [160-164], transmission
electron microscopy (TEM) is often used to evaluate the tube formation and presence of non-tubular
products (aluminium hydroxides and proto-imogolite allophane) [127, 165]. Although TEM and scanning
electron microscopy (SEM) are useful tools to observe the surface morphology of mineral colloids, the
high-vacuum condition under which the TEM and SEM are operated could result in the alteration of the
surface morphology [51].

Scanning probe microscopy (SPM), including scanning tunneling microscopy (STM) and atomic force
microscopy (AFM), represents an ever-increasing class of microscopic techniques that provide three-
dimensional images of solid surfaces at high resolution. The distinctive advantage of STM and AFM
compared with SEM and TEM is that the samples do not have to be coated and subjected to ultra-high
vacuum condition Therefore, SPM work under conditions in air and at room temperature is appropriate for
environmental studies. The tapping mode AFM is a powerful and reliable technique to investigate the
morphological features of imogolite and its related surface chemistry in soil environments as reported by

some groups [166, 167].

1.2.2 Properties and features of imogolite nanotubes

Imogolite materials like other NPs should be defined on the bases of metrics (size, specific surface area,
particle number and etc.) and intrinsic properties of a given material (reactivity, surface charge, degree of
hydrophilicity/hydrophobicity, surface distribution of reactive sites and etc.) [168]. Unique properties of
imogolite are closely related to its structure [127]. Therefore, once synthetic imogolite was successfully
obtained [112], its physical, chemical and electronic properties have been widely studied in the following

years. In this part the main physical and chemical properties of imogolite nanotubes will be discussed.
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1.2.2.1 Chemical surface properties of imogolite nanotubes

Because of its reactive surface, Imogolite exerts significant effects on ion exchange properties, surface
acidity, water adsorption, and other physicochemical properties of soils [45, 113, 127]. These effects are
attributed to the presence of different reactive groups on the surfaces, which are able to form chemical
bonds with many nutrients and pollutants such as heavy metal cations, phosphate, and arsenate [112, 169].
As explained before, both surfaces of imogolite nanotubes, inner and outer surface, are covered with
hydroxyls groups. The reactivity of the hydroxyl groups present in imogolite is closely related to their
chemical environment. Three hydroxyl groups can be identified:

i) Those that constitute the outer surface of the imogolite and are coordinated with two Al atoms (=AI,OH),
ii) The terminal —OH associated with an Al atom (Al-OH), and

iii) Those belonging to the =Si—OH groups that are associated with the inner surface of the imogolite [140].
In the aqueous solution, natural imogolite is best dispersed by ultrasonic treatment at pH 3.5 - 4.5 and
coagulates at a high pH (around 6.8). It also has high pH at point-of-zero charge (around 10) at the outer
parts of the tube and the anomalously high chloride adsorption. All suggested that there may be structural
charge associated with this mineral [127, 154].

In 2001, Gustafsson [150] proposed the existence of a weak positive charge distributed on the outer surface
of synthetic imogolite in aqueous solution, due to the partial protonation of Al-OH-Al groups whereas the
inner silanols group may develop a negative charge depending on pH because of partially dissociation,

presented by equilibria:

Al(OH)AI + H" — AI(OH,) Al External Aluminol surface (Eq.1)
SiY(OH) — SiV(0) + H* Internal Siloxane surface (Eq.2)

This fact probably accounts for the formation of closely packed bundles of several hundred tubes, since
trapped counter-ions may hold nanotubes together [170]. These results were confirmed later by
electrophoresis analysis and acid—base potentiometric titrations on natural imogolite [139], which explained
the geometrical distribution of surface charge groups, i.e. negative SiO” inner groups and positive AIOH?*
groups located outside, respectively. However, only the positive counter ions seem to have a significant
effect on the electrokinetic properties of this clay mineral. Guimardes and co-workers [27] estimated a
charge distribution in a line with that of Gustafsson. They also found that the Si-OH bonds are more ionic

than the AI(OH)AI ones and suggested that the former should be more acidic and hydrophilic than the latter.

1.2.2.2. Electronic properties of imogolite nanotubes

The electronic properties of imogolite like nanotubes material may depend essentially on their chemical
composition, chirality and diameter. Bursill et al. [48] for the first time pointed out that a relatively wide
band gap should be expected for imogolite. Later different band gap value has been reported for imogolite
nanotubes, ranging from 3.7-4.7 eV (Fig. 11a and b) [136,147,171] to 10 eV [27], therefore behaving as an
insulator material. Electronic properties of imogolite are reasonably analogue to those of a-Al,O3 (8.75 eV,
experimental; 7.77 eV [172]) and gibbsite structure (ca 10 eV [172, 173]).
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Fig. 11 The energy bands of the single-walled imogolite nanotube and the electron density of states: (a) the energy bands near the

Fermi level, showing the direct and wide energy gap, (b) the total electron density of states [136].

Particularly, Guimardes et al. [27] showed that all imogolite nanotubes have a wide band gap of ca. 10 eV,
independently on their chirality. This property makes imogolite nanotubes interesting examples of layered
heterophase nanotubular systems. Alvarez-Ramirez [171] performed ab initio simulation on imogolite and
Ge-imogolite, estimating a bang gap range for Ge-Imo of 4.3-4.8 eV. Overall, both silicon and germanium
imogolite-type nanotubes, can be considered insulators. However, if compared to other inorganic
nanotubular structures, for instance, MoS, nanotubes [174], their band gap value belongs to the
semiconducting range. Apart from the charge distribution in the imogolite layer, it is interesting to analyze
the electrostatic potential generated by the charge distribution inside and outside the nanotubes because this
potential and its spatial variation will drive the adsorption and the dynamics of interaction of ions and
molecules. Obviously, the potential depends on both charges and positions of atoms and therefore it is also
influenced by the geometry of the tubes. Fig. 12 shows the Electrostatic Potential (EP) map of the imogolite

model evaluated by Creton and co-workers [143].
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Fig 12 Electrostatic Potential (EP) map of imogolite model in 2D [143].
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The figure reveals that, while the potential has mostly negative values both inside (blue color) and outside
(blue/green color) the tube, localized regions of positive potential appear in those places where the surface
becomes flatter (yellow to red color). Accordingly, a more negative potential occurs in those places in the
external void where the tube surface is more curved. The mean value of the electric field inside the tube was
evaluated to be about 5.7x10° V//m, which is of the order of magnitude of fields measured in the CaA and
NaRbY zeolites [143, 175, 176]. From the analysis of Fig. 12 one can expect that the electric field resulting
from the potential will cause a strong orientation of the water molecules inside the tube, while a weaker

field outside should lead to less strongly aligned molecules [143].

During the years, anisotropy of electric polarizability (Electric birefringence) [177], Effects of pH on
dielectric relaxation [178] and surface conductivity of imogolite nanotubes in different pH [139, 179, 180]
were investigated, which according to obtained results the fibrous morphology of imogolite is regarded as
an advantageous structure for electrical conductance along the tube, an excellent electron-emitting material
at room temperature and at a moderate extraction voltage and a useful water sensor in a nanoscale

environment [181].

1.2.2.3 Mechanical properties

Mechanical properties of nanotubes can be obtained by computational methods or experimentally by
estimation of the Young’s modulus (Y) [30, 32, 182, 183]. Particularly, the Y modulus of imogolite
nanotubes has been calculated [30] by performing a series of relaxation calculations for different values of
the cell length in the direction of the tube axis, and thus imposing either tensile or compressive strain on the
nanotube. It is then possible to calculate the second derivative of the total energy with respect to the axial

strain, which enables us to calculate the Young’s modulus, as defined by the following equation 3:

1

2
Y= Vo (%)s -0 (Eq.3)

where Vj is the equilibrium volume, the ¢ strain, and the E the total energy. The results obtained for zigzag
and armchair configurations show that imogolite nanotubes have Young’s modulus which fall in the range
175-390 GPa. In comparison to C, BCs and BN [32] and BC,N [30] nanotubes imogolite results to be less
stiff. Particularly, imogolite Young’s moduli is in the same order of magnitude as for MoS, (ca 230 GPa)
[174] and GaS (ca 270 GPa) [33] nanotubes. By this reason imogolite nano-tube is very susceptible to
alteration by dry grinding compared to layer-silicate minerals [184], giving rise to an amorphous material
similar in some respect to allophone which will severely affects on surface properties, decrease in water

adsorption capacity, CEC and specific surface area.

1.2.2.4. Biological activity of nanotube imogolite

Various successful results of nanotechnology like nanoparticles, nanofluids, nano emulsions and nano
capsules are not considered to be safe for humans as well as for environment because of their toxicology

potentials [13]. Accordingly there are some common rules in NPs toxicity:
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-If the biological response is related to the surface of the particle, ‘NPs’ will show effects orders of
magnitude larger, when compared to the same mass dose of bigger particles (as usual for regulatory
agencies). By the same token, even larger effects will be detected if the effect is related to the number of
particles

- Even without gaining new properties, finely divided materials exhibit enhanced reaction kinetics as
compared to bigger particles because of a larger density of reactive defective sites. Note that such sites
usually constitute the catalytic centers for the release of highly damaging free radicals

-NPs have sizes comparable to proteins and may gain access to several biological compartments including

the cardiovascular system and the brain, usually protected from bigger particles.

Thus new potentially damaging scenarios may be attained, unknown to traditional particle toxicology.

To unveil toxicity mechanisms of imogolite materials like other NPs, investigations of several physico-
chemical aspects of the particle/body fluid interaction are required. Current characterization mostly covers
morphology and metric-related characteristics (form, chemical composition, specific surface area, primary
particle size and size distribution). In fact, another very exhaustive review on NPs genotoxicity clearly
shows that size matters, but is not all. Accordingly, to unwveil toxicity mechanisms, several other
physicochemical properties relevant to (geno) toxicity need to be assessed, typically the release or
quenching of radical/ROS (Reactive Oxygen Species), the presence of active metal ions and evidence of
structural defects [168]. Moreover size, shape, and degree of hydrophilicity/hydrophobicity, by regulating
particle uptake, also play a major role in genotoxicity [168]. Among nanomaterials, carbon nanotubes
(CNT) and other high-aspect-ratio nanomaterials (HARN) cause concern because of their asbestos-like
morphology. Evidence exists demonstrating that a fraction of CNT reaches the pleura, with consequent
retention of long fibers, inflammation, fibrosis, and several pathologies, including mesothelioma, similar to

that observed for asbestos fibers.

Preliminary investigations on imogolite nanotubes have shown that is highly hydrophilic, as expected for an
alumina, does not release free radicals or ROS and appears non cytotoxic to macrophage cell lines. Note
that in such case silanols, which have been confirmed as the surface functionalities responsible for silica
related cell membrane damage are not available to cells, being all concealed in the inside of the tube [168]
and no report of any associated health hazards has appeared [127]. In vitro tests, imogolite is non-toxic to
macrophage cells, indicating absence of fibrogenic activity, but could be toxic to lung cell cultures, so care
should be exercised in handling freeze-dried imogolite, which is readily dispersed in air [168]. Recently, in
2014, Rotoli et al. published their results [185] on biological activity of imogolite nanotubes. Acoording to
their report, in spite of their fibrous nature, INT appear not markedly toxic for in vitro models of lung-blood
barrier cells and shows low cytotoxicity and genotoxicity. The mild effects of IMO as comparing to CNTs
on all the cell models tested may be related both to the presence of bridged AI(OH)AI groups at the IMO
surface and to their high hydrophilicity [185]. The presence of water strongly adsorbed at the surface is
evidenced by the high heat of adsorption and confirmed by a previous study on the catalytic behavior of
imogolite along with its thermal stability. This study showed that the water inside nanotubes is completely

desorbed only at 300 °C, whereas a temperature of 150 °C is sufficient to dehydrate amorphous silica. This
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strongly adsorbed water hinders molecular diffusion inside the narrow micropores. Diffusion of molecules

is also prevented because of the length of nanotubes, which can reach several um.

In conclusion, while the morphology of INT suggests a potential toxicity, based on their high length-to-
diameter ratio and expected durability, all the data reported point to mild, if any, toxic responses in a variety
of cell models and tests upon exposure to this kind of material. The extreme hydrophilicity and the presence
of an external alumina layer in the absence of free radical release may contribute to the relative inertness of
the material and support the feasibility of possible applications of INT in nanomedicine [185]. A study
concerning an aluminogermanate imogolite analogue reports length- and dose-dependent genotoxic effects
in the absence of significant cytotoxic events in cultured human fibroblasts. However, it must be noted that,
besides their different chemical composition, aluminogermanate NT are shorter in length and have a larger

diameter, thereby exhibiting a markedly different morphology than that of proper aluminosilicate NT [185].

1.2.3 Applications of imogolite nanotube

Besides the intensive studies on synthesis [186-189] mechanisms of formation [190, 191], structural
evolution [192-194], stability [195] and electronic structure [136, 171, 196] of imogolite nanotubes,
recently, imogolite has drawn a new attention for potential application as a new nano-material because of its

unique nano-scale tubular structure similar to that of a single-walled carbon nanotube [48].

According to unique structure and surface properties of imogolite, numerous applications have been
reported in the past few decades by controlling chemical compositions, pore and size distributions and
surface modification, such as gas adsorption and storage [148, 152], building blocks for supramolecular
assembly [197-200], filler for organic/inorganic hybrid materials [201-204], ion retention and contaminant
removal from water [205-214], water adsorbent and sensor [215-219], catalysis [220, 221] including shape
selective catalyst [130, 221], a humidity-controlling material and an antideweling material [186]. Moreover,
novel applications of imogolite are still under development, for example, high proton conductivity due to
the AIOH?* external groups may make imogolite an excellent additive for proton exchange membranes that
can even be used under very high temperatures [43].In this chapter some of the main applications of

imogolite nanotubes are reviewed:

1.2.3.1 Biomedical applications

Imogolite nanotubes as a member of clay minerals family is expected to have the same biological properties
and applications. From many years ago, Clay minerals are used for therapeutic purposes, with a beneficial
effect on health, in pharmaceutical formulations, spas and aesthetic medicine. In pharmaceutical
formulations, clays are used as active principles orally administered (gastrointestinal protectors, osmotic
oral laxatives, anti-diarrhoeaics) or administered topically (dermatological protectors, cosmetics); and as
excipients (lubricants, delivery systems, inert bases, emulsifiers), principally due to their high specific area
and their absorption/desorption capacity, rheology, chemical inertness, their cation exchange capacity,

plastic properties, grain size and low or no toxicity for the patient. They are used in spas to treat
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dermatological diseases and to alleviate the pain of chronic rheumatic inflammations. In aesthetic medicine,
they are mainly used to clean and moisturize the skin and to combat compact lipodystrophies, acne and
cellulite [222]. Moreover natural clays are known for their antibacterial properties [223]. The key
advantages of these inorganic antimicrobial agents are improved chemical stability, high ion exchange
capacity, high surface area, thermal resistance, safety to the user and long lasting action period, which are
lacking in organic antimicrobial agents [224, 225]. A variety of physical and/or chemical processes can
make clays antibacterial. Physical bactericide effect can occur by surface attraction between clay minerals
and bacteria [226]. By the same reason, imogolite as a aluminosilicate clay is expected to show anitibactrial
activity. The development of materials with the ability to inhibit bacterial growth have been of great interest
in recent years due to their potential use in everyday products like paints, coatings, hospital utensils etc.
[223].

Whereas, basic oxides like MgO, CaO and ZnO showed to own these properties [225], different type of
clays, such as montmorillonite, allophane, imogolite and halloysite, need to be make antibacterial by
changing their structure with thermal treatment or mechanical grinding [227-229], or by chemisorption of
known bactericidal elements like Ag [230, 231, 232], Cu [70, 221,66], Co [230, 233], able to positively

attract and adsorb negatively charged bacteria [234].

In the same way, imogolite and allophone due to their morphology and high surface area are expected to
play a disinfectant role for specific bactericidal activities rather different from other inorganic carriers [52,
230]. For example Bactericidal activities of two kinds of natural allophonic specimens, silver-loaded and
phosphorous-silver loaded, respectively, have been recently examined in comparison to those of silver-
loaded zeolite [233]. The allophonic samples showed a remarkably high contribution towards sterilization
and greater effectiveness in comparison to zeolite materials. This evidence was explained by the presence of
many impurities in natural allophane, like ferrhydrite (Fe,O3), a-quartz, imogolite, halloysite and similar
aluminosilicates. Particularly, ferrhydrites have large specific surface area similar to allophane, so they can
cooperate to adsorb and fix various anions of phosphate. Hence, for sterilization purpose, such low-

crystalline iron compounds conceivably play an important role.

Another example of inorganic nanomaterials application in biological field is hydrogels. Hydrogels, due to
their unique biocompatibility, flexible methods of synthesis, range of constituents, and desirable physical
characteristics, have been the material of choice for many applications in regenerative medicine. They can
serve as scaffolds that provide structural integrity to tissue constructs, control drug and protein delivery to
tissues and cultures, and serve as adhesives or barriers between tissue and material surfaces. The soft
consistency of hydrogels minimizes the frictional irritation of the surrounding for biomedical applications
that require contact with living tissue. Carbon nanotubes have been already used to this purpose by testing
the covalent and non-covalent interactions on their surfaces [235-237]. However, some drawbacks emerged.
The main expected problem was the water insolubility of carbon nanotube that severely limited their
biotechnological applications, since almost all enzymatic reactions in animal cells occur in body fluid
containing mostly water [238, 239]. The properties of gels can be significantly enhanced by the

incorporation of inorganic systems, such as clays, into the gels. Due to the high polarity of the charged
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surface, clay minerals can be used as building blocks for hydrogels [43, 240]. Several hydrogels formed by
the hybridization of synthetic polymers with clay nanosheets have been reported [241-243].

However, there are few reports on hydrogels produced by directly mixing clays with biomolecules. This is
because most of the biomolecules are negatively charged, thus they are repulsive with commonly used
clays. On the contrary, imogolite nanotubes are positively charged and are readily dispersed in water in
acidic conditions, thus, they have a potential utility in the direct gel formation of various biomolecules.
More interestingly, the biomolecules do not necessarily need to have a binder structure, because imogolite
itself can gelate under certain conditions, such as at high concentrations or high pH. As a consequence,
imogolite should be recommended to form hydrogel in aqueous solution [244] according to its charged
surfaces, 3-dimensional network in aqueous solution [244] which can significantly increase the loading for

enzyme immobilization and provide a scaffold for a much controlled enzymatic activities.

As an example of this application, inorganic-enzyme hybrids as next generation of biosensor and active
biological coatings are developing [244-246]. Immobilization of enzyme on a solid support should offer
advantages for both industrial and analytical purposes, for instance, eliminating the risk of sample
contamination, simplifying sample handling, as well as better separation of enzyme from solution that
contains substrate and product [246]. In this respect, nanotubes of imogolite type represent interesting
properties for stable immobilization of enzymes, by the interaction of pepsin via phosphoric acid groups
with imogolite surface. According to this method, nanofiber/pepsin hybrid hydrogel was obtained by Inoue
and co-workers for the first time in 2006 [203] presenting immobilizing an enzyme (pepsin) onto imogolite
nanotubes. Pepsin is negatively charged in acidic conditions, and also has a phosphoric group, thus it can be
adsorbed onto the imogolite surface by both electrostatic adhesion and the specific affinity between the Al-
OH groups of imogolite and the phosphonic groups of pepsin. Due to the extremely large surface areas of
the imogolite nanotubes, the immobilization amount of pepsin was as high as 1.8 mg per 1 mg of imogolite.
Fluorescence microscopy observations indicated that the pepsin was evenly dispersed in the gel. Compared
with the free one, the pepsin immobilized in this hydrogel can be easily recovered from the reaction system,
and can be used repeatedly. Fig. 13 shows a schematic representation and photograph of imogolite/pepsin
hybrid hydrogel [202]. Similar behavior has been observed for enzymes immobilized at the inner surface of
halloysite [247].

Ser-68

Imogolite/pepsin hybrid gel

Pepsin.

¢

Fig. 13 Schematic representation and photograph of imogolite/pepsin hybrid hydrogel [202]
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In another report from this group, an imogolite—DNA hybrid hydrogel has been synthesized [248]. DNA is
a very important biomolecule containing life information, and has also been studied for disease therapy.
Free DNA is rapidly degraded in the environment, while DNA bound onto solid particles appears to be
resistant to degradation [43]. Therefore, an imogolite—-DNA hydrogel may have the potential to act as a
reservoir for DNA storage and even control its release. The driving force for this hydrogel formation is
attributed to the strong interaction between the phosphate groups on the outside of the DNA double helix
and the aluminol groups on the imogolite surface. The maximum DNA content in the hydrogel can reach as
high as 3 mg DNA per 1 mg of imogolite under an optimal DNA—imogolite feed ratio. Release experiments
of DNA out of this hydrogel suggest a very slow release rate even under severe conditions, such as high pH
and high ion (NaCl) concentrations, indicating that DNA could be effectively protected by hybridization
with imogolite.

Reported results show that, the amount of biomolecules in the hybrid hydrogels can be very high, because
of the extremely large surface areas of the imogolite nanotubes and the strong interactions between the

biomolecules and the imogolite surface.

Another example in this respect is the results of A. Nakano et al. [249] research on obtaining a complex gel
of type | collagen and imogolite nanofibers that was also successfully prepared by addition of a fine

dispersion of nanotubes to the collagen solution at pH 4.

In 2011, a comparative study between carbon and imogolite nanotubes [12] revealed that imogolite material
has better and suitable topography, roughness, wettability as well as high protein adsorption capacity, as
compared to carbon nanotubes, i.e. properties that make imogolite an excellent candidate to be used as
scaffold for the mineralization of osteoblasts. Osteoblasts on imogolite scaffolds showed widely spread and
high functional expression, which provided the suitable environments of topography, roughness wettability
and protein adsorption ability for the spread and differentiation of osteoblasts. Imogolite retains various
positive factors as scaffolds for osteoblastic proliferation and differentiation and is expected for the
application to bone tissue engineering [12]. This study on possible biomedical applications of INT shows
indeed good bio-compatibility in osteoblast cultures, in terms of cell spreading, cell proliferation, and
enhanced matrix mineralization; however, possible toxicity has not been investigated. Moreover, Since INT
can be synthesized and aligned into densely-packed arrays oriented in a single dimension they may be of

interest as a biological scaffold that mimics the fibrous morphology of type I collagen.

1.2.3.2 Catalytic application

The intrinsic surface acidity of imogolite nanotubes, absence of exchangeable cations, unique, regular,
internal and external surface, defined porosity, and its ease of modification by salt adsorption and low-
temperature heat treatment, all suggest that catalytic properties of imogolite could be unique [127]. The
presence of acid sites was expected in imogolite because the components of imogolite are the oxides of

silicon and aluminum which constitute silica-alumina, a typical solid acid [130]. Furthermore, judging from
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its tubular structure with an outer diameter of 2.5 nm and an inner diameter about 1 nm, imogolite is
expected to have a shape-selective characteristic as a molecular sieve (like zeolite) [130, 209].

From a catalytic point of view, the most interesting features in these materials are:

(i) the nanoporous structure with a monodisperse tube shape;

(i) the outer surface covered by Al(OH)AI groups and

(iii) the inner surface lined by =SiOH groups [142].

Since imogolite with the outer Al atoms being octahedrally coordinated, featurs both AI-OH-AIl and Al-O—
Al bridges on the outer surface with amphoteric nature, no noticeable acidity and chemical reactivity is
expected for sites related to such Al species [250]. Catalytic activity, if any, should be related to inner
silanols which their accessibility usually are restricted by presence of water in ambient condition due to
high intrinsic hydrophilicity of alumino silicate materials and specially small diameter of tubes inner
diameter. The accessibility of present hydroxyls groups might be described in the frame of different formed
pores in nanotubes system as described before. Bonelli et al. [142] reported that the aromatic compound has
a limited access to inner silanols at high temperature, whereas methanol interacts with both inner silanols
and outer AI(OH)AI groups. They have also investigated the surface functionalities of proper imogolite,
amorphous proto-imogolite phase and of the lamellar material via a joint FT-IR and catalytic study. The
interaction with several probe molecules (carbon monoxide, ammonia, phenol and methanol) showed quite
different acid—base properties, active sites accessibility and reactivity for these three systems. According to
their results, proto-imogolite shows remarkable acid type behavior in phenol methylation, which rapidly
declines because of deactivation phenomena. A peculiar reactivity is shown by the lamellar phase: its
amphoteric character, combining both basic and acidic Lewis sites, leads to a high regio-selective behavior,

and to the preferred formation of o-cresol.

Besides for gas—solid reactions, imogolite is also considered for aqueous phase reactions and describe a
potential application of imogolite nanotubes for providing a solution to the problem of industrial dye
contaminations in water sources [251-254] by chemical degradation of organic polutants which arise from

the surface charge and catalytic properies of present hydroxyls in the surface [255, 256].

Although imogolite structures being proposed as a good candidate for catalytic applications, because of its
properties such as large surface areas [113, 151], special monodisperse tube structure and charged surfaces
covered with silanols and aluminols in inner and outer surface respectively, in many cases, an incorporation
of another element Ag [211], (Cd, Cu, Pd) [213], (Cr, Mo, W, V, Ni, Co) [257], Fe [258- 260] or active
catalytic molecules [94], has been reported to generate a chemical function and improve their catalytic
activity, or even, in some cases imogolite nanotubes have been used as support for catalytic metals. As an
example in this respect, in 2008, Xin Qi et al. [261] used osmium-bound imogolite (I-APS-0sO,) as a
heterogeneous catalyst. Osmium tetroxide is used as a catalyst in dihydroxylation (DH), including
asymmetric dihydroxylation (AD) when the olefins are treated together with the chiral ligands. Although
the osmium-catalyzed DH and AD reactions could be applied in the synthesis of drugs, natural products,
fine chemicals, etc., the high cost and possible contamination of toxic osmium in the product restrict its use

in industry. Immobilization of Osmium tetroxide on imogolite nanotubes is the most promising solutions to
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this, ideally without any reduction of catalytic performance (activity, selectivity, etc.) with respect to the
homogeneous phase. Studies were also performed on Cu(ll)- natural imogolite sample and its catalytic
activity has been tested towards the decomposition of tert-butyl hydroperoxide and 1,1-bis(tert-butyldioxy)
cyclododecane, respectively [221]. As compared to natural unloaded imogolite and Cu-SiO, catalyst, in
case of tert-butyl hydroperoxide cracking, Cu—-imogolite showed a higher activity with respect to reference
materials, while the unexpected rather high activity of the unloaded imogolite was explained by the
presence of iron impurities. However, in case of the decomposition of 1,1-bis(tertbutyldioxy)

cyclododecane, activities of unloaded imogolite and Cu—imogolite were comparable [262].

1.2.3.3 Gas adsorption, separation and storage

Since the suggestion of highly efficient storage of a natural gas with single walled carbon nanotubes,
experimental determinations of the storage capacity and the mechanism of the storage have been performed
extensively. In 1969 Wada [263] proposed imogolite as a possible gas and ion adsorbent, according to its
unique chemical structure, their highly ordered structure, tunable dimensions, as well as their hydrophilic
and functionalizable interiors which gases can be easily adsorbed both inside and outside the particle [68,
152, 208, 264].

In 1993 William C. Ackerman et al. [151] declared that imogolite capacity for gas adsorption and storage
for CO, and CH,4 adsorption depends on tube diameter and porosity. A few years later in 2004 F. Ohashi et
al. [148] reported adsorption isotherms of methane on the natural and synthetic imogolites were measured at
21 °C and pressures up to 8 MPa. The adsorption isotherm shows the Langmuirian type, indicating that
methane adsorption is monolayer adsorption. The total methane storage capacity of the natural imogolite
reached 42.5 mg/ml at 4.09 MPa. In the case of the synthetic imogolite it was 50.6 mg/ml at 4.05 MPa,
higher than that of the usual compressed natural gas storage (28 mg/ml at 4.0 MPa). Moreover, the high
methane storage capacity of the synthetic imogolite is expected to considerably improve the adsorbed

natural gas technology [148].

Moreover in the case of water vapor adsorption, the natural imogolite showed an approximately isothermal
line where the amount of adsorbed water increased in proportion to P/P,: the maximum amount of adsorbed
water was ca. 60 wt%. The synthetic imogolite showed a rapid increase over the range of P/P, of 0.9-0.95
and achieved a maximum of ca. 80 wt%. In order to obtain a large amount of water adsorption, it is
necessary to control the micro/meso porous structure and the hydrophilic/hydrophobic surface affinity.

Ji Zang et al. in 2010 [215] showed that the flexibility of silanol hydroxyl groups is critical in the adsorption
of hydrogen-bonding molecules. Specifically, they studied the adsorption of water, methanol, CO,, and CH,
in the NTs. The large adsorption selectivity of water over methanol makes this aluminosilicate NTs

promising for dehydration of alcohols.
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1.2.3.4 lon adsorption capacity and related applications

Imogolite has interesting adsorption properties which are due to polar sites. It is particularly attractive for
anion capture [265, 266]. The high anion adsorption capacity is a consequence of the gibbsite groups of the
outer sheet, which causes imogolite to behave much like gibbsite, possesses a net positive charge below pH
10, which favors the adsorption of anions such as Cl, F, SOZ~, PO3~ and other anions [209, 210] in the
‘natural’ pH range [47, 210]. Except of surface charge, high specific surface area of imogolite makes it
among the most important anion-sorbing materials in soils (like allophone) with considerable control on the
physical and chemical characteristics of soil environment.

Denis L. Guerra et al. in 2010 [206], reported the use of original and modified imogolite aluminosilicates as
alternative absorbents for extraction of toxic dye, which are commonly present in waters from a variety of
sources and industrial effluents. According to their report synthetic imogolite sample was chemically
modified with 2-mercaptothiazoline using the heterogeneous route. Due to the increment of basic centers
attached to the pendant chains the dye adsorption capability of the final chelating material, was found to be

higher than is precursor.

In another example in 2011, removal of rubidium from groundwater was examined with imogolite
nanotubes as adsorbent [267]. This issue is so important in regions where human health is directly affected
by elevated rubidium concentrations. The immobilization of the organic molecules onto aluminosilicate
surface was obtained with success though heterogeneous routes. Imogolite and two organo-functionalized
samples with 2-mercaptothiazoline and 2-mercaptobenzimidazole were found to be good adsorbents for
rubidium in drinking water due to the fast adsorption of rubidium anions. Others reported about adsorption
ability for the benzene derivatives that are not only ionic but also polar molecules by positive sites of the
hydrated alumina surface [205] and also removal of detergents and fats from waste water [75]. Besides of
anion adsorption on imogolite nanotubes, adsorption of different cations such as metallic ions: Uranyl
[208], Ag® [211], Cu?*, Co?*, Cd** Pb** [212, 213], and Pt [214], have been reported before. Results [117,
207, 214] turn out that the metallic particles are immobilized on the imogolite fibers, making imogolite
nanotubes very effective stabilizers for the metallic species colloids which by themselves do not form stable
dispersions in water. Such a stabilizing effect is partly due to the large surface area of imogolite, which
provides many adhesion sites for the metallic nano-particles. A schematic picture of the metal-imogolite

system is shown in Fig. 14.

Fig. 14 Schematic representation of the structure of imogolite metallic nanoparticle dispersion. The very small metallic particles are
attached to the fibers and are therefore stabilized by them. Dashed lines represent the electrical double layer present around the rods
due to their positive charge [214].
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Various characterization techniques confirmed the conclusion that the metal particles adsorb irreversibly on
the fibers, which prevents (significant) aggregation. Apart from van der Waals attractions, electrostatic
attractions also possibly contribute to this adsorption. The adsorption of a metallic particle to a second fiber
is hindered by the electrical double layer around the imogolite fibers, as sketched in Fig. 14, so the “loaded”
fibers remain in stable suspension, unless of course the pH is too close to the isoelectric point. One of the
most recent application of imogolite nanotubes base on their ability to adsorption and immobilization of
metallic ions, is study of optical properties of adsorbed metallic particles. Since imogolite fibers do not
absorb or scatter light, thus their optical property makes them convenient for the estimation of optical
properties of adsorbed metallic particles for example Ag*-imogolite for which optical properties were
identified [214, 231].

1.2.3.5 Application as nanofiller in hybrid materials

Since the discovery of carbon nanotubes (CNTS), it has attracted considerable attentions as nanofiller in
hybride materials due to their unique mechanical, thermal and electric properties [268-274]. But, it still has
some drawbacks as nanofiller in hybride materials, e.g. nanohybrids containing CNT usually appear non-
transparent, because CNT is colored due to its conjugated system [268] and cannot be used for the
transparent polymer materials. In contrast, since the imogolite is transparent and has a refractive index
similar to those of common polymers [11], it can be used in applications involving transparent polymer
additives. In fact that imogolite hardly scatters light and does not absorb in the visual wavelength region;
thus, it is optically transparent [214]. Under such a background, in recent years, an increasing interest has
been paid to clay mineral-based nanotubes which possess the advantages of both nanotubes and clay
minerals [275, 276]. Well dispersed inorganics in the nanohybrids can be used as reinforcing fillers that

provide high strength or stability for the organics matrix.

Halloysite is an important commercialized clay nanotube and has been investigated as a new type of
additive for various polymers, due to its unique tubular structure and improved properties of the resultant
nanchybrids [277-279]. Imogolite is another clay nanotube with a much smaller size compared with
halloysite. The unique one dimensional structure, very high aspect ratio and the positively charged external
surface are the driving forces for imogolite clay nanotubes emerging as one of the most promising nano
building blocks for various hybrid materials [43, 280]. The smaller dimensions of imogolite nanotubes than
those of halloysite [111, 112] can provide much more surface area than halloysite under the same volume
and consequently higher efficiency in improving composite properties.

The direct mixing of imogolite with organic polymers is not a suitable way to prepare the nanocomposites,
because imogolite nanotubes are likely to form bundles due to their rigid structure and high surface energy,
and the bundles may form further larger bundles or random aggregates, due to the very strong tube—tube
interactions through their external AIOH groups. Thus from the aspects of both kinetics and thermo-
dynamics, they are very difficult to disperse in hydrophobic polymers. There are two main approaches to

solve this problem motioned below briefly:
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1- Modification of imogolite surface:

When we focus on the application of imogolite for the polymer composite, one feasible approach for
dispersing imogolite into such materials is to reduce their tube—tube interactions by tube surface
modification with organic compounds. The surface modification of hydrophilic imogolite can be expected
to improve its dispersibility into the hydrophobic polymer matrix. Preparation of polymer composite with
this method leads to an increase in the physical and thermomechanical properties of obtained nano-hybrid
materials auch as storage modulus, strength and in the same time save the transparency of product. In recent
years different reports in this respect have been published which describe modification of imogolite outer
surface by grafting the different organic chain to increase the dispersability and compatibility with the
polymer matrix, such as grafting the imogolite by Poly(methyl methacrylate) (PMMA), Poly(2-
hydroxyethyl methacrylate) (0HEMA), poly(p-phenylene) PPP, P3HT and etc. [281-285]. In addition to
the binary polymer—imogolite nanocomposites [281-284], some ternary nanocomposite has been reported
by this method [268]. Wei Ma et al. [268] prepared a ternary imogolite nanohybrid by grafting the first
polymer from imogolite surface, and then blending this polymer grafted imogolite with the second matrix

polymer.

2- In situ synthesis of imogolite in a polymer solution:

From the aspect of thermodynamics, there is still a possibility for the unmodified imogolite to
homogeneously and stably disperse in a polymer matrix, if the polymer can form favorable enthalpic
interactions with the bare imogolite surface. Specific interactions between imogolite and several polymers,
such as poly(vinyl alcohol) (PVA) and poly- (acrylic acid) (PAA), through hydrogen bonding and/or ionic
interactions have been revealed [141, 286]. The synthesized imogolite nanotubes will be quite
homogeneously dispersed in the PVA matrix and the nanocomposite films appeared very transparent with a
light transmittance close to the pure PVA film. The application of imogolite in transparent nanchybrids has
been demonstrated in Yamamoto K, et al. studies, where two preparation methods were used [141, 201,
202, 281]. One is in-situ polymerization of organic monomer in imogolite dispersion and the other is in-situ
synthesis of imogolite in polymer solution, while the latter one is only suitable for water soluble polymers.
Both of these two methods allow the formation of binary nanohybrids, where the matrix and the grafted
polymers (if exist) are the same polymer. Polymers reinforced with imogolite as inorganic nanofiller form
new composite/hybrid materials with increased mechanical, heat distortion temperature and storage
modulus [201, 202, 204, 281, 287] and also optical properties [201, 202, 281] as shown in Fig. 15, which

opens new perspectives for interesting technological applications.
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Fig. 15 Transparency of in situ hybrid (upper) and blend (lower) imogolite\PVA films. The thickness of films is ca 100 mm. Imogolite
shows to be optically transparent in the multilayer film [286].
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Introduction

Although presence of imogolite nanotubes in different part of the world has been reported, mining is not an
economic way to supply imogolite, because the concentration of natural imogolite is very low and mostly
associated with different impurities, so natural imogolite is not sufficient for real utility [1, 2]. As an
alternative, they can be fabricated by liquid-phase synthesis under moderate hydrothermal conditions [3].
Synthesis of imogolite does not require toxic raw materials or aggressive solvents, especially new methods

for large quantity production, making these nanomaterials easily available.

2.1 Synthesis methods of imogolite nanotubes

Synthetic imogolite was first reported by Farmer et al. in 1977 [4], and patented in 1984 [5] who revealed
that the synthetic imogolite exhibited properties similar to those of the natural one. Briefly, imogolite
nanotubes could be obtained via a sol-gel method in acid environment which provide the suitable condition
to hydrolysis of different silicon sources, namely tetraethoxysilane [6], commercial sodium silicate [7] or
fused sodium silicate [4, 8] by aluminum precursor, AICI3-6H,0 [6, 9], Al(NO3)3-9H,0 [10] or aluminum
sec-Butoxide (ASB) [11] in very dilute aqueous solution following by polymerization step at the
temperature around 100 °C for a few days. According to the investigations, reported by J. Hu et al. In 2004
[8], the chemistry of methods are different according to the precursors and do not form the same
intermediate silicic acid species. The most frequent method for synthesizing of imogolite nanotubes is the
methods according to the guidelines proposed by Farmer et al. in 1978 [11] which is according to the
hydrolysis of TEOS and aluminum s-Butoxide (ASB). In this methos, at 20 °C TEQOS (Tetra-ethoxysilane)
and Al(s-butoxide)s are added to a 75 mM aqueous solution of HCIO, in the molar ratios Si:Al:HCIO, =
1.x:2:1. A slight excess of TEOS is used in order to prevent the preferential formation of gibbsite or inhibit
boehmite (AIOOH) formation [4, 12]. During hydrolysis, the solution is stirred for several hours, diluted to
20 mM, autoclaved at 100°C for a few days, dialyzed for at least 4 days against deionized water and then
dried at 50 °C. Reaction conditions resulted to be very strict, and unsuccessful synthesis leads to amorphous
protoimogolite allophane, which can be clearly distinguished by TEM and FTIR measurements [13-16].
The synthetic pathway, first proposed by Farmer et al. [4], comprises the initial formation of amorphous
“proto-imogolite” (or allophane) and subsequent growth of crystalline imogolite tubes. The crystallization
process is favored by low reagent concentrations and low pH (pH below 5), while the optimum temperature
is 100°C. Below 90°C the formation rate strongly decreases, while at temperatures above 100°C boehmite
rods or gibbsite platelets are formed [17, 18]. Farmer’s procedure [10] has been applied frequently [17-21].
The procedure, nevertheless, does not guarantee a high yield of imogolite tubes, and the reaction product
may still contain a large amount of amorphous proto-imogolite [15]. Increasing the reagent concentrations
in the above procedure may decrease gel yield and increase the proportion of non-tubular products [10].
Generally in preparation of imogolite nanotubes, a diluted inorganic solution is necessary, to prevent the
condensation of orthosilicic acid and the formation inhibition of it by anions [22]. To solve this problem,
Suzuki et al. [23] developed a synthetic method of producing imogolite using a concentrated inorganic
solution. Sodium orthosilicate was used as a starting material to prevent the condensation of orthosilicic

acid.
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By the aim of increasing the yield of this process some ways have been examined, e.g., seeding [20],
adjusting the solution pH [10, 19], or adjusting the reaction temperature [10]. Abidin and co-workers [24]
reviewed in detail these kinds of methods, pointing out their pro and cons. In another work of the same
group Abidin et al. [25] checked the effect of different Si source in formation of imogolite nanotubes.
According to their results, the yield of synthesis depends on the purity of Si source. Impurity in the silica
sample will inhibit the growth of nano-tube shape material and shift to amorphous product during synthesis.
There are two kinds of mechanisms inhibiting the growth of nano-tube shape material. First, the impurity
will affect in the orthosilicic acid form. For example, some alkali and alkali-earth metal ions can accelerate
dissociation of orthosilicic acid [26]. Second, the impurity will affect in the aluminum ions. These
impurities usually come from phosphate or organic species which react with aluminum ions. The complexes
of Al with phosphate or organic species will block and inhibit further polymerization of Al to form gibbsite

sheet part in the imogolite structure [27].

It is worth noting that although the starting materials and synthesis conditions are easily accessible and
inexpensive, the high water content of the products, even after precipitation as gels, adds greatly to the cost
of producing an air-dry product, any application of this material must be of high value, probably as a unique
catalyst [10]. In order to take into account possible ways to scale up imogolite synthesis for industrial
applications, other aspects should be considered beyond the reproducibility of the methods. For instance,
reagents cost. The successful application of such materials in a given process depends of course not only on
the nature of the nanotubes but also on how these nano-phases are obtained. Points to be taken into
consideration include reliability and reproducibility of the synthesis, simplicity of the protocol,
environmental aspects (e.g., use of solvents), cost/yield (defined here as the mass of nanotubes/ m.L of
reaction volume), etc. Recently, interesting contributions to perform batch and flow systems reaction as
well as high synthesis yield have been given by Abidin et al. [24] and Levard et al. [28]. The new Abidin’s
method [24] uses of polysilicic acid as orthosilicic source. It is generally accepted that colloidal polysilicic
acid can be prepared easily and it is less expensive than TEOS and fused sodium silicate. Moreover,
dissolution process of polysilicic acid seems applicable not only in batch apparatus, but also in flow
systems. So, they proposed a new method for imogolite synthesis by using polysilicic acid as orthosilicic
acid source [24]. These applications seem to be promising for further development in the industrial field
because of the combination between batches with flow system. It is expected that this method will give

large yields in the synthesis of imogolite.

In 2009, Levard and co-workers [28] proposed instead an alternative route to imogolite fibers starting from
more concentrated (decimolar) solution in mild conditions (low temperature and ambient pressure) by
simply allowing for slower growth kinetics. Levard reported that the initial concentration of reagents is not
a limiting factor for imogolite synthesis under mild conditions: with decimolar solutions, the first tubular
structures are formed at as little as 14 days of aging and evolve into long fibers, with a remarkable yield.
This result may stimulate a renewed interest in these structures, despite the slow reaction kinetics, and open
the road for large scale applications. However, since in the case of the synthesis of the Ge analogues there is

no visible concentration dependence of the growth kinetics at the scale of a week [29], it is reasonable to

6B|Page



Chapter 2
Synthesis methods and growth mechanism of Imogolite nanotubes

assume that the differences observed for imogolite are due to Si chemistry and presumably Si
polymerization / depolymerization rates, since Ge does not polymerize in similar conditions.

2.2 Monodispersity of imogolite nanotubes and strain energy

One of the prominent properties of imogolite nanotubes is their monodispersity in diameter which makes
them a potential candidate for shape and size selective catalysis. In carbon nanotubes, the C nanostructures
form in order to minimize the energy of the bonds dangling at the edges of graphite sheets. Generally C
nanotubes possess a wide range of diameters and numbers of sheets in the walls compared with the
relatively well defined diameter and single sheet nature of imogolite tubes. For carbon nanotubes, the strain
energy required to roll up a graphene into a tube, decreases monotonically with the increase of tube
diameter. Therefore, no suitable energy minimum is available to produce nanotubes with a desired diameter
[12]. The tubular structure of imogolite, as mentioned in chapter 1, was attributed to a shortening of Al-O
distances of vacant octahedral sites that arise from size misfit caused by bonding of orthosilicate anion with
gibbsite sheet. Electron diffraction measurements [9] and computer models [30] showed that the most likely
structures for natural and synthetic imogolite are nanotubes with 10 and 12 gibbsite units in the cross-
section, respectively. Wider diameter tubes are unlikely since bond angle strain may be introduced [31].
These structural findings are in agreement with the recent molecular dynamics simulations, showing that in
synthetic imogolite the strain energy has a minimum for nanotubes with 24 Al atoms in the cross-section
(corresponding to 12 gibbsite units) [32-35]. Fig. 1 shows the different strain energy of Si-O and Al-O
bonds and total energy according to the different numbers of Al atoms in circumference of tube obtained

via a harmonic force-constant model and molecular dynamics simulations [35].
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Fig. 1 a) Bond strain energies of Al-O and Si-O vs the number of aluminum atoms in the circumference. b) Total energy per atom at
298 K of the nanotube vs the number of aluminum atoms in the circumference. Inset: Nanotube radius and distance dAl-Al vs the

number of aluminums in the circumference [135].

Synthetic imogolite nanotubes were determined to have a circumference composed of 12 gibbsite units or in
another words 24 Al atoms around the circumference (Na=24). The energy minima of imogolite nanotubes

arise from the competition between the energy decrease resulting from the shortening of the Al-O and Si-O
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bonds in the inner wall and the energy increase caused by stretching of the Al-O bonds in the outer wall due
to the curvature effect of the tubes [35-37].

Moreover, synthesis conditions may affect the structural composition, as theoretical calculations have
demonstrated [30]. The natural form of imogolite is likely to have 10 units, as Crawdick et al. suggested [9].
However, the model with 12 gibbsite units around the perimeter is the most likely structure according to a
lot of authors [35-42]. Only few authors proposed instead the presence of 14-16 units [38, 43]. According to
the reported literature, natural and synthetic imogolite nanotubes are polydisperse in length which has been
proposed based on mathematical analysis of small angle X-ray scattering (SAXS), light scattering data, and
TEM images [44, 45]. In this case just Nair et al. [46] reported a monodisperse nanotube length of 100 nm

in solution for synthetic imogolite, determined by dynamic light scattering.
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2.3 Growth mechanism of imogolite nanotubes

Formation of the aluminosilicate nanotubes has been proposed to occur from a sheet-like intermediate
called “proto-imogolite”, which is suggested to have an atomic arrangement similar to the final nanotube
product [47-49]. When curvature results in enclosure, nanotubes are formed and the product is termed
imogolite [8, 48]. When closure does not occur the product is termed protoimogolite. These two materials
look quite different by transmission electron microscopy (TEM) but are difficult to distinguish chemically
because they are identical except for end member groups. As reported, there are small differences in the
infrared spectrum between imogolite and protoimogolite [47] such as increased resolution at 1000, 943 and
348 cm™, but TEM is the method of choice to distinguish between these two materials.

Both experimental and molecular orbital calculation results proved that the dissociation of the Si—OH has
an important role in the differential formation of allophane and imogolite [49]. Molecular orbital calculation
(ab initio) showed that the model with nondissociated orthosilicic acid induces the formation of imogolite
with tubular morphology. The shape of cluster model was asymmetrical in molecular configuration. The
calculation, on the other hand, showed that the model with dissociated orthosilicic acid gives rise to the
formation of allophane with hollow spherical morphology because of the symmetrical configuration of

cluster model [49].

Farmer and Fraser [47] found that during imogolite formation from the protoimogolite, the pH of the
precursor solution drops to 3 from 4.5. They describe this as loss of proton through bridging of aluminums.
This mechanism has been described as a crystallization process in which the silicon enforces geometry and
a tubular structure (for equation 1, structure 1 to 2 in Fig. 2) and in the process loses a proton from a
Si(OH),(OAl); structure.

(Alx(OH)5(0OH,)40Si(OH)3)n — (Alx(OH)s(OH,),0Si(OH)s3), (eq. 1)

]20 1H H;O HO

HO OH H:0

/ Al / Al / 2 A'll a ,I\l / i

Ho (l) OH I oH |:‘I - HeQ W H “ HO

| H.0 0
Si é.
HO HO

Fig. 2 loss of proton through bridging of aluminums during the polymerization step of imogolite synthesis
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According to their hypothesis, the addition of weak acids such as citric acid inhibits imogolite formation
since they provide protons, thereby reducing the number of anions in solution which would be involved in
cyclization reactions [27, 50]. It is also significant that in the same way other anions cause inhibition
including chloride and perchlorate ion [47]. This suggests ion pairing is important and that it is necessary
for a tight ion pair to be absent so that intramolecular reaction can occur.

However since we now know that protoimogolite has a Q*3Al structure like imogolite and not like proposed
structure in Fig. 2 , this reaction is incorrect but could be important in protoimogolite formation or after
dissolution of protoimogolite.

These results are in agreement with Nicolas Arancibia-Miranda et al. [51] founding. They proposed that
there is a linear relationship between the IEP and the pH at different aging steps, which may be used to
follow the process of synthesis by simply measuring the pH, becoming an alternative to more complex
methods. This application considers that electrokinetic measurements are sensitive to superficial active site
composition, so any alteration that occurs during an aging process will be reflected in the value of the IEP.
During the aging process, pH decreases due to the condensation of the precursors, a process that releases
H;O" into the solution. These linear relationships (valid only in the pH range considered) can be used as a
first approach to estimate the end point of the aging procedure, prior to a more time-demanding
measurement as TEM. This fact was reconfirmed in current project during the synthesis of bare and Fe-

containing imogolite samples as will be reported in next chapters.

To have a closer look at formation of imogolite nanotubes, we can conclude that in aqueous solution, for
aluminum, at lowest pH only Al(H,0)¢** and its various dissociated ions such as Al(H,0)s(OH)?* are
present, but when acidity is decreased, at the high pH but prior to precipitation, the dimer Al,(OH),(H,0)s*
or trimer and eventually Al,304(OH),4(H,0)1,"" is formed [48]. This latter species consists of one internal
tetrahedral aluminium surrounded by twelve octahedral aluminum. The concentration of
Al;304(0OH),4(H,0)1,"* varies with aging as larger polymeric forms are synthesized [52]. Therefore, partial
acidification of the precursors down to pH 4.5, proposed to prevent the appearance of amorphous material
that starts forming at pH close to 5.0; absence of this step leads to a greater presence of amorphous material
that would delay or inhibit the formation of the basic structures for the assembly of the imogolite [53-55].
On the other side the silicon atoms could be provided from the different sources. Tetraethoxysilane appears
to be the preferred method of generating SiO,* tetrahedral for imogolite formation. Raman studies [27, 56]
showed that on hydrolysis di, tri and tetra silanes are present on hydrolysis of ethoxy group. As confirmed
by 2°Si NMR in the solution of silicon precursor which contains Q°, Q,", Qs silicon atom in proportions
depending on pH [57-59]. Thus there are isolated tetrahedral, dimer and a cyclic trimer with small amounts
of other species. These species may also polymerize. Nevertheless all ethoxy groups are not hydrolyzed at
once. For imogolite formation this is probably important. After hydrolysis of one ethoxy group, attack by

alumina spices results in stabilization and during further hydrolysis, the alumina spices attacks again.

In 2011 Nicolas Arancibia-Miranda et al. [51], reported the mechanism of tube formation in a
comprehensive study by TEM and FT-IR techniques. This study made it possible to establish that the
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formation of imogolite consists of two steps: the first one is the formation of nanometric precursors of
imogolite, obtained by a self-assembly process achieved after aging times of 24-48h, while the second step
is the formation and further increase of the concentration of imogolite nanotubes as a result of the aging
process and polymerization process. During later step the tubular structure is formed and the superficial
active sites are modified [60, 61]. These modifications that occur on the surface during the aging process

necessarily alter the surface charge of the imogolite.

Finaly in 2011 G. Ipek Yucelen et al. [49] reported a detailed molecular-level account of the formation
mechanism of single-walled aluminosilicate nanotubes has been given via combined ESI-MS and NMR
characterization. It provides, for the first time, a clear understanding of the main speciation and nanotube
assembly processes. They clarified the structure of nanotube-like precursors, including the proposed sheet-
like precursor called proto-imogolite. Geometry optimizations of the structures of these precursors, which
are formed at an early stage after initial hydrolysis of the reactants, reveal that they possess inherent
curvature. Therefore, they have shown that nanotube assembly is preceded by the formation of precursors
that already possess a similar chemical coordination environment of the Al and Si atoms, as well as an
inherent tendency to form curved nanostructures. The condensation of these proto-nanotube precursors into
larger nanoparticles upon heating (as observed by DLS measurements and also by the disappearance of
these species in ESI-MS spectra) provides a clear connection to the subsequent formation of ordered
nanotubes. The rearrangement into nanotubes is accomplished by the conversion of tetra-coordinated end

groups of these precursor species to a fully octahedral configuration as the precursors condense together.

Generally there are two main approach of the mechanism of imogolite nanotubes formation: kinetically

driven mechanism and thermodynamically driven mechanism, described briefly below:

2.3.1 Kinetically driven mechanism

In kinetically approach the formation of imogolite from proto-imogolite is a time depended process akin to
crystallization [50, 55, 62]. The originally Kinetically driven mechanism suggested that the quantity of
formed nanotubes grows substantially with the reaction time, with all the precursors being consumed. Thus,
according to this process the formation of “proto-imogolite” precursors take place early in the reaction, and
these precursors provided nuclei to the growth and formation of nanotubes during the polymerization step.
The concentration of the imogolite nanotubes increases with reaction time, especially in the first hours of
polymerization, and the length of the nanotubes falls into a fairly large range. Therefore the tube diameters
remain constant and monodisperse while the tube lengths are polydisperse throughout the whole process
[54]. Therefore, the process can be described as a kinetic nutrient addition growth mechanism. According to
this hypothesis, at the beginning protoimogolites and short imogolites are formed and grow quickly,
resulting in a rapid increase in both the number and the average length of the nanotubes. The substantial
growth of the tube length and the concentration increase make the solution more sluggish, and the overall

reaction slows down. In the later stage of the growth process, the polymerization is mainly through the
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formation of new nanotubes and the growth of shorter tubes, which leads to continuous increase in the
number and total mass of the imogolite nanotubes. The length distribution remains narrow with the
polydispersity. Moreover, the nanotubes synthesized can continue to grow much longer in a fresh precursor

solution, indicating that the ends of the imogolite nanotube stay open and active.

In contrast to this kinetically driven mechanism, a thermodynamically driven self-assembly process could
also operate. Fig. 3 shows a schematic of the main events that are likely to occur in the each of the two

possible mechanisms.
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Fig. 3 Schematic of possible mechanistic pathways leading to the formation of short aluminosilicate nanotubes in the aqueous Phase
[46]

2.3.2 Thermodinamicaly deriven mechanism

In this approach, nanotubes of specific dimensions are expected to self-assemble as dictated by precursor
solution properties and temperature, which are the controlling parameters. Additionally, nanotubes are
formed at an early stage in the reaction and their structure, both in terms of length and diameter remains
essentially identical throughout the synthesis, as some references indicated this by DLS (Dinamic Light
Scattering) measurements [46]. In a kinetically driven growth, the nanotube length would increase
substantially with synthesis time as growth units are added to the end of the nanotube, whereas in a
thermodynamically controlled self-assembly process, nanotubes of specific dimensions are expected to self-
assemble.

In 2005 Sanjoy Mukherjee et al. [46] reported a detailed phenomenological study of the growth and
structural properties of single-walled aluminosilicate and aluminogermanate nanotubes. They claimed for

several findings: (1) nanotube materials are formed at a very early stage in the reaction; (2) the structure of
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the nanotubes remains essentially identical throughout the synthesis though their concentration increases
with synthesis time and (3) their dimensions (both diameter and length) appear monodisperse.

They concluded that, essentially constant size and structure of the nanotubes over their entire synthesis
time, the increasing nanotube concentration over the synthesis time, and the absence of significant
polydispersity strongly suggest that these nanotubular inorganic macromolecules are assembled through a
thermodynamically controlled self-assembly process rather than a Kinetically controlled growth
/polymerization process [46].

The same group in 2007 [53] showed that large numbers of nanotubes form continuously in the synthesis
solution by a self assembly process, but that their subsequent growth is relatively much slower, thereby
leading to an almost constant average length of the nanotubes as a function of synthesis time.

Nevertheless, the growth processes somewhat broaden the length distribution of the nanotubes and may
occur by one or more proposed mechanisms, such as end-to-end aggregation of short nanotubes and
precursor addition to the nanotube ends [54]. It has also been suggested that the length distribution of the

nanotubes is influenced by a slow Ostwald ripening process [63].
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Introduction

The main purpose of chemically modifying synthetic materials is the expected increased range of
technological applications that can be achieved. In the same way, the modification (functionalization) of
nanotube materials in inner or outer surface with functional entities is a long-standing issue in science and
engineering [1]. Generally, an outer-surface modification on nanotubes could increase their compatibility
with solid- or liquid-phase for example in nano-composite materials, whereas an inner-surface modification

would be advantageous for shape/size selective separations and catalysis.

In the case of famous carbon nanotube (CNTS), diverse approaches for outer-surface modification have
been reported [2-4]. On the other hand, the modification of the inner wall of carbon nanotubes is much more
difficult [5] due to the low reactivity of the inner wall as well as potential steric and transport limitations in
delivering the functional entities to the desired sites in the nanotube. At variance with CNTs, IMO-derived
nanotubes may be functionalized under mild conditions which lead to alteration of the inner and outer
surface, and subsequently, their hydrophylicity, reactivity, pore structure and thermal stability [6]. There
have been several reports on the outer-surface modification of single- walled aluminosilicate or
aluminogermanate imogolite nanotubes [7-12], mainly to produce new materials with more compatibility
with the matrix surface. On the other hand, capability to control the chemistry of the inner surface of the
aluminosilicate SWNTSs has significant importance, due to their high surface reactivity and controllable

dimensions [1].

However, functionalization of the imogolite nanotube interior and exterior is impeded by the presence of
physisorbed water in ambient condition. This is more highlighted in inner pores, where the extraordinary

high surface silanol density of the inner wall (~9.1 -OH/nm?) makes the material highly hydrophilic [13-15]
(Fig. 1).

Fig. 1 a) Cross-section of single-walled aluminosilicate nanotube, b) Example of a model of the hydrated SWNT, with 14 wt % of
water physisorbed in the SWNT at ambient conditions [1].

Therefore, controlled dehydration of the nanotubes is critical for the success of functionalizations efforts.

In absence of physisorbed water molecules, the inner silanol (Si-OH) groups can be potentially
functionalized in a manner analogous to the well known techniques for functionalization of mesoporous and
microporous silicas [16]. This may open the way to new and promising applications, in the fields of

adsorption, catalysis, chromatography, etc. Except of surface properties, control over the diameter and
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length of imogolite nanotubes is possible by applying different modification process to manipulate their
properties, which depends on their dimensions in addition to their structure and composition. This aspect
has remained a challenge in carbon nanotubes, since there is no obvious aspect of the formation mechanism

that allows facile control over nanotube curvature.

All kind of modification of imogolite naotubes can be applied by two main approachs: direct synthesis

modification and post synthesis modification.

3.1 Modification methods of imogolite nanotubes

3.1.1 Direct synthesis modification

Direct synthesis modification of imogolite nanotubes is achievable by replacing, adding or altering the

precursors during the normal synthesis procedure and has been reported so far by a few main routes:

1. In 2009, a new modified imogolite structure was patented by Bonelli and co-workers [6, 17, 18],
according to an analogue procedure described in Chapter 2, replacing TEOS precursor with TEMS,
triethoxymethylsilane (Fig. 2). TEMS molecule has one of the valences occupied by a non-hydrolyzable Si-

C bond, where a functional group, i.e. methyl group, CHg, is attached to the silicon atoms.

HsC CHs
o, o
251, a
g0,

HsC CHg
Q/\CHs
HaC._O-Si-O_CHs b
CHsz

Fig. 2 Schematic representation of TEOS (a) and TEMS (b) structures.

In this method, chemical modification of imogolite inner surface yielded interesting materials with the inner
surface lined by methyl groups instead of hydroxyl groups. Therefore, a nanotube material with formula
(OH);AI,03SiCH3, obtained in place of the standard imogolite (OH)3Al,O3SiOH. Such imogolite-type
nanotubes present inner hydrophobic surface and outer (still) hydrophilic surface. The new nanotubular
material, has both larger pores and higher specific surface area than unmodified imogolite: it forms as
hollow cylinders 3.0 nm wide and several microns long, with a specific surface area of ca. 800 m? g™ and
intriguing surface properties, due to hydrophobic groups inside the nanotubes and hydrophilic AI(OH)AI
groups at their outer surface [17, 18]. Bonelli et al. [17] studied capacity of this new material for adsorption
of methane at 30 °C in the pressure range between 5 and 35 bars. It resulted that the new material

adsorption capacity is about 2.5 times larger than that of imogolite, in agreement with both its larger pore
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volume and the presence of a methylated surface. On account of these properties and of its novelty, the
studied material has several potential technical applications, e.g. in the fields of gas chromatography and
gas separation. The presence of an inner hydrophobic surface along with an outer hydrophilic one makes
this material a new example of organic/inorganic hybrid. Though its methane adsorption capacities are far
from being ‘‘competitive’” with those of other materials proposed for an efficient methane storage, it could
be an example of a novel system with several potential technical applications, e.g. in the fields of gas

chromatography and gas separation.

2. In another example, the silicates units can be completely or partially replaced with germanate tetrahedra,
leading to the formation of aluminogermanate (AlGeOH) or aluminosilicogermanate (AlSiGeOH)
nanotubes [19, 20]. This kind of chemical modification by direct synthesis process was reported by Wada et
al. for the first time in 1982 [20], and then Nair et al. [21], Levard et al. [22-27] and Ramirez co-workers
[28]. With increasing Ge substitution, the diameter of the tube increases (3.3 nm) and the length decreases
(nanotubes as short as 20 nm can be synthesized) [19-21]. They reported detailed studies on the formation
of single and double walled aluminogermanate imogolite-type nanotubes, by replacing TEOS precursor
with GeCl, or TEOG (tetraethyl orthogermanate). These products are attractive candidates for use in
artificial ion channel devices as a result of their well-defined solid-state structure, hydrophilic interior and
short length. Avrtificial ion channels have high potential for biomolecule sensing devices, particularly for
high-speed DNA and protein analysis. However, the synthesis of short, monodisperse nanotubes required

for these applications was a difficult problem to tackle with current carbon nanotube technology [21].

3. The original work of Ookawa and co-workers in 2006 [28] showed for the first time the attempt to
synthesize Fe-containing imogolite material using NaSiO,, FeCl; and AICI; with atomic ratio, Fe/(Fe+Al),
between 0.05 and 0.1. Ferric cations were incorporated directly to an aqueous solutions of Na,;SiO, and
AICl3-6H,0 and iron silicate imogolite-type nanotubes, was collected by replacing AI** atoms with Fe®*.
However, at that time the electronic effect of the substitution of Al** by the Fe** was not totally understood.
A few vyears later, Alvarez-Ramirez [29] carried out theoretical studies on Fe-Si-Imo and Fe-Ge-Imo
nanotubes, showing new structural peculiarities as well as their electronic properties. The optimized
nanotube models have iron content in the interval 0.05 < X < 0.1 and varying iron ion positions in three
different octhahedral configurations: inner, outer imogolite surface and isomorphic substituted in the Al
gibbsite layer. In all the configurations and contents Fe-containg imogolite samples display large changes
in electronic properties of the product, because of the contamination by Fe electronic states of the bandgap
region, generating the reduction of the gap values from ~4.7 to [2.0-1.4 eV] and from ~4.2 to [2.6-1.0 eV]
for the Fe-silicon and Fe-germanium imogolite-like nanotubes. The Fe inclusion into the imogolite-like
structures produces a shift of the Fermi energy and the overlapping of Fe electronic states to the original
imogolite-like states at the top, the middle, and the bottom of the gap region [28-30]. Interestingly, Fe-Imo
resulted to be able to catalyze oxidation process of aromatic hydrocarbons such as oxidation of benzene to
phenol, has been reported by M. Ookawa et al. in 2008 [31]. The inclusion of ferric species like the ferric

chloride hexahydride (FeCl; -6H,0) to the imogolite structure is not limited to the case of adsorption
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process in the imogolite, it is also being applied in the preparation of ppy-imogolite (polypyrrole (ppy))
hybrid materials where the iron acts as an oxidant in the mechanism of polymerization of (ppy) [32].

3.1.2 Post-synthesis chemical modifications

During the years intensive attempts have been allocated to modifying the inner and outer surface of
imogolite nanotubes by post-synthesis methods to create the require compatibility for different applications
such as nano-filler in hybrid materials, as a substrate for immobilization of metallic ions or even changing
the hydrophilicity and reactivity as a shape or size selective catalyst. Post-synthesis chemical modifications
of imogolite have been reported so far according to the following routes: Modification of the outer surface
involves either electrostatic interaction or covalent bonding. The latter occurs in the reaction between pre-

formed IMO and an organo silane like 3-APS [6]; the former exploits the charge matching between the

outer surface of NTs and a proper counter-ion, like octadecylphosphonate [37].

1. K. Yamamoto et al. In 2005 [8] reported the successful modification of imogolite nanofiber using
alkylphosphonic acid that could be dispersed into the hydrophobic solvents such as hexane and chloroform,
in contrast, aggregated in water and ethanol, a suitable condition for using imogolite fibers in hydrophobic
polymer matrix. As reported [8] modification the outer surface of imogolite using organosilane compounds
[12] has not been successful to change the surface properties of imogolite due to the weak interaction of the
outer AlI-OH groups of imogolite and the silanol groups of organosilane [11]. But, since the phosphoric
acid groups show strong interaction with AI-OH groups, the successful attempts have been made to modify

the surface with alkyl phosphonic acid [10-12].

2. Shon group in 2006 [32] reported the preparation of polypyrrole-coated imogolite with conducting
properties for electronic application. Here, Imogolite was modified with a conducting polymer, polypyrrole.
The measured conductivity after modification with polypyrrole increased with polypyrrole thickness at

various voltages condition.

3. In 2008 Xin Qi et al. [7] modified the surface of imogolite nanorods by silylation using 3-
aminopropyltriethoxysilane (3-APS) for immobilization of metallic catalyst particles. After this
modification, they attached osmium tetroxide (OsO,) onto the amine groups of the silylated imogolite

surface (Fig.3).
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Fig. 3 Immobilization of osmium tetroxide on the surface-modified imogolite by 3-APS

Osmium tetroxide is used as a catalyst in dihydroxylation (DH), including asymmetric dihydroxylation
(AD) when the olefins are treated together with the chiral ligands. Although the osmium-catalyzed DH and
AD reactions could be applied in the synthesis of drugs, natural products, fine chemicals, etc., the high cost
and possible contamination of toxic osmium in the product restrict its use in industry. One of the most
promising solutions to this problem seems to be the immobilization of the soluble catalysts to an insoluble
matrix, ideally without any reduction of catalytic performance (activity, selectivity, etc.) with respect to the
homogeneous phase. They inferred that 3-aminoporopyl groups are covalently linked with hydroxyl groups
in the surface of imogolite. They reported that, the resulting osmylated complex (I-APS-0sQ,) is air-stable,
nonvolatile and much easier to handle than its soluble counterpart (OsO,). This complex was evaluated as a
heterogeneous catalyst for the dihydroxylation of olefins, and the catalyst revealed good activity at the first

run while loss of catalytic activity has been observed after second run.

4. Nair and co-workers in 2011 [33] were able to modify the inner surface of imogolite by replacing Si-OH
groups with achyl and chloride groups, using acetyl chloride, methyltrimethoxysilane and trichlorosilane
which led to the Hydrophobization of imogolite inner surface. They did this by covalently immobilization
of organic functional groups inside the tubes (Fig. 4).

Bare SWNT

H H._H H H. H
< H~0 sl s
H <
0 I S
H A H H
H-0, HO g H-0, o
H H W H H R H H
90 ¢ 0 0 g
S L&

|
Interior-modified SWNTs

Fig. 4 a) lllustration of SWNT modified by various reagents, b) Proposed water adsorption mechanisms in the channels of bare and
modified SWNTs [33].
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Detailed physic-chemical characterization showed that chemical modification preserves nanotubes
structure, and the variation in size and type of organic reagents allows the control of the tubes pore volume.
As an example of the potential new applications, they showed how the hydrophobization can control

surface hydrophilicity as well as water uptake.

5. An intensive attempts to modify the imogolite nanotubes materials have been devoted to use their
advantages like large aspect ratio and high surface area in polymer nano-composites. As described before,
due to the strong interaction between functionalities present on the outer surface, it is difficult to disperse
imogolite in organic solvents or hydrophobic polymer matrices. As a recent study confirmed [34],
hydrophobization of the external surface of imogolite can be achieved owing to its intrinsic reactivity
towards phosphates. For instance, to enhance the blending of poly (methyl methacrylate) with imogolite,
the outer surface was functionalized with octadecylphosphonic acid or methacryloyloxyethyl phosphate [35,
36]. Moreover, PVA/imogolite hybrid systems can be obtained by a direct in situ synthesis [8]. Takahara
group prepared [poly (methyl methacrylate)/imogolite] hydrid via surface modification using phosphoric
acid ester [8, 34]. They successfully prepared the modified samples by surface-initiated ARGET ATRP of
MMA under a relatively mild condition. ATRP initiator was immobilized onto imogolite surface by
developing an amphiphilic surface-attachable ATRP initiator, BMPOPO, (NH,),, which carries both an
ATRP initiator moiety and a surface-attachable phosphate group. BMPOPO, (NHy,), is soluble in water,
which is important for the homogenous modification of imogolite nanotubes. PVC/PMMA-gimogolite
nanchybrid was prepared by using this PMMA grafted imogolite. Dispersion state of PMMA/Imo and Imo
in water/chloroform phase is shown in Fig. 5. This notwithstanding, modified imogolite-based materials are

expected to play a role in the synthesis of organic/inorganic hybrid materials.

PVC matrix

PMMA
Initiator
tl A v
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° W e, { Ya
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Fig. 5 lllustration of the fabrication procedure for PVC/PMMA-g-imogolite nanohybrid

Amination of the internal surface [12] and both internal/external surface [11] of imogolite (Imo-NH,) was
successfully obtained by Johnson et al. in 1990 by using 3-APS (3-aminopropyltriethoxysilane) in agueous

solutions.

In another work, post synthesis modification of imogolite nanotubes by Park et al. in 2008 [37] led to the
Imo-ODPA (octadecyl phosphonic acid). More disperse and aligned nanotubes were collected with
improved affinity for polymer matrixes. Tetradecyl phosphonic acid (TPDA) was also used, thus Imo-
TPDA tubes were collected (Fig. 6). The main evidence of the outer surface modification of imogolite, by

reaction of AI-OH groups with phosphonic acid, was the improved dispersion of fibers, which prevents
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their aggregation [34]. This can be explained by interconnections occurring between close side chains.
Particularly, octadecyl hydrocarbons showed to be more strongly interconnected to each other rather than
with tetradecyl chains. However, Imo-ODPA diameter, ca 5.1 nm, is similar to the diameter of the Imo-
TDPA, ca 4.7 nm, even though octadecyl acid has longer alkyl chains. These kinds of post functionalization
are of paramount importance to build polymer\inorganic nanotubes composites. Aluminogermanate

nanotubes were also modified by the same procedure [38].

iy TDPA or ODPA
& Imogolite

] A i - -
] 0.0.0.0.5.0

= (b)

U

Fig. 6a) chemical structure of octadecyl phosphonic acid modified imogolite (ODPA-imogolite) and b) the dimension of ODPA- or
TDPAimogolite on a solid surface [37].

6. In 2012 B. Bonelli and co-workers [6] described a new hybrid nanotube material, Me-IMO-NHj, that is
obtained by post-synthesis grafting with 3-APS of Me-IMO obtained by direct synthesis. Choosing a
grafting agent with an amine-carrying group arises from the ability of this type of ligands, to offers reactive
sites for the reversible adsorption of CO,, the selective adsorption of heavy metal ions [39], and provides
grafting points for the deposition of metallic catalysts [7, 40]. As a whole, the functionalization of the outer
surface, with partial removal of external OH groups, brings about a thermal stabilization of the material that
is now stable up to 300°C. Obtained new hybrid material (Me-IMO-NH,), showed an entirely hydrophobic

inner surface and a largely aminated outer surface [6].
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3.2 Modification of imogolite nanotubes in current PhD project

The imogolite-like structures being proposed as good candidates for catalytic applications, because of
properties such as large surface areas, defined porosity and the charge properties in the inner-outer walls.
Moreover, in most cases an incorporation of another element (Cr, Mo, W, V, Fe, Ni, Co) [41], (Cd, Cu, Pd)
[42], Ag [43], or active catalytic molecules [44], can generate a chemical function and improve their
catalytic activity [29].

The present work concerns another modification of the outer surface, the isomorphic substitution of Fe** for
Octahedral Al** by direct synthesis and also by post synthesis method via impregnation of Fe** on
imogolite surface. The presence of Fe** may impart the solid new chemical and solid-state properties: on
the other hand, Fe*'substitution for Al is a very common natural process with all alumino-silicates. The
effect of this modification in structural formation, physico-chemical properties and its catalytic performance
are reported. Moreover, this project is going to compare the effect of different structural iron ion sites from

the structural change or surface properties point of view for availability in catalytic applications.
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Introduction

This chapter concerns modification of imogolite nanotubes surface by introducing Fe®" ions into the tube
structure and on the tube surfaces. At the first step, the maximum amount of possible inclusion of Fe in the
tube structure has been reported. Then, two samples with possible maximum Fe content obtained by either
direct or post synthesis methods. In order to gather information on structural properties and coordination
state of iron species in each case, the rextural properties of the synthesized samples were characterized by
means of several complementary techniques: X-ray Diffraction (XRD), IR-spectroscopy (FT-IR),
Transmission Electron Microscopy (TEM), Energy Dispertive Spectroscopy (EDS), Raman and UV-Vis

spectroscopy and adsorption/desorption of N, at -196 °C, and compared to those of proper IMO.

4.1 Synthesis of bare and iron containing imogolite
4.1.1 Synthesis of imogolite

Imogolite (IMO) was synthesized according to Farmer et al. [1]: at room temperature, Tetra-ethoxysilane
(TEOS) and Al(s-butoxide)s (ABS ) were added to a 80 mM aqueous solution of HCIO, in the molar ratios
Si:ALLHCIO, = 1,x:2:1. A slight excess of TEOS was used in order to prevent the preferential formation of
aluminium hydroxide during hydrolysis [2]. A white precipitate was formed immediately upon mixing. The
solution was stirred vigorously for one night: during this period, the solution gradually became clear. Care
was taken to ensure that the solution became totally transparent: even slight opalescence, indicates the
formation of undesirable phases such as boehmite or gibbsite [1]. A much diluted precursors solution is
necessary to form imogolite [3] to prevent the condensation of orthosilicic acid. Therefore, transparent
solution was diluted to 20 mM in Al and autoclaved for 4 days at 97 °C. The resulting solution after
polymerization was clear and showed a pH dropped to 3 (from 4.5 before polymerization) indicating of
imogolite tubes formed during polymerization [3, 4]. The imogolite sample produced during the
polymerization step could be collected and purified by combining simple vacuum filtration/washing
methods for several days against de-ionized water to remove unreacted silicic acid and monomeric
aluminum [5, 6]. Obtained viscous gel was dried at 50 °C, ground to get the fine powder. Reaction
conditions are rather strict: especially nanotubes crystallization process was highly sensitive to minor
changes in procedure, which may affect the number and nature of active seeds in the reacting solution and

unsuccessful synthesis leads to amorphous non-tubular proto-imogolite [2].

4.1.2 Synthesis of Fe-containing imogolite

Fe-containing Imogolite samples were synthesized by two different methods:

A) In the first route by direct synthesis (in which, in principle a part of structural Al atoms in the tube
structure is substituted by Fe) the Fe** ions source, FeCls*6H,0 is incorporated directly to aqueous
solutions of precursors, denoting the product of this route as Fex-Imo (where x representing the weight

percent of iron in each sample). According to a method similar to that described by Farmer et al. [1] and
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used for synthesis of bare imogolite: at room temperature, a mixture of Tetra-ethoxysilane (TEOS), Al(s-
butoxide); (ABS) and appropriate volume of of FeCl;.6H,O were added to a 80 mM aqueous solution of
HCIQO, to produce a Si:Al: HCIO, = 1,x:2:1 mole ratio and (Al + Fe)/Si = 2 mole ratio. According to this,
different samples over a range of Al/Fe mole ratios of 79 (equal to 0.7 wt% Fe), 39 (equal to 1.4 wt% Fe),
19 (equal to 2.8 wt% Fe) and 9 (equal to 5.5 wt% Fe) were obtained. The solution was stirred for one night
to convert to a completely clear solution and elimination of any possible opalescence, in all molar ratios the
color of samples were reddish brown. Then the resulted solution was diluted to 20 mM in Al, autoclaved at
97 °C for 4 days. Obtained Fe-containing samples collected and purified by filtration/washing methods for

several days and then dried at 50°C.

B) In the second route by post-synthesis reactions the same percent of iron has been impregnated onto bare
IMO surfaces by directly absorbed Fe** ions onto the IMO walls from aqueous solution of FeCl;*6H,0;
denoting the product of this process as Fex-loaded-IMO (where x representing the weight percent of iron).
At room temperature appropriate amount of FeCl;.6H,O (the same Al/Fe mole ratios) was added to
minimum amount of bidistilled water which could be solved easily after a few minutes. In next step a
suspension of calculated amount of imogolite nanotubes highly dispersed in water by ultrasonification for
30 mins was added to the first solution. After 2-3 h the color of solution converted from white to yellowish
color and after one night its color converted to reddish brown, confirming the olation and oxolation. The pH
of solution was increased by diluted ammonia up to 7 to encourage the oxolation of remained hydrated Fe
specises. Resulted materials was collected and purified by filtration/washing against distilled water for 4

days and dried at 120 °C for two days.
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4.2 Characterization of Fe-modified IMO NTs

4.2.1 Textural chatacterization
4.2.1.1 Powders X-Ray Diffraction (XRD)

Powder X-Ray Diffraction (XRD) patterns of standard and iron containing imogolite samples by the range
of Fe wt% (0.7, 1.4, 2.8, 5.5) are presented in Fig. 1. XRD patterns were obtained on a X’Pert Phillips
diffractometer operating with Cu Ka radiation (1.541874 A) in the 2.5 — 35° 20 range (step width = 0.02°,
time per step: 2.00s).

Intensity (a.u.)

20

Fig. 1 XRD patterns of synthesized a) bare IMO and Fe-containing imogolite samples with different amount of iron: b) Fe0.7-IMO
with (Al/Fe) molar ration=79 , ¢) Fel.4-IMO with (Al/Fe) molar ration=39, d) Fe2.8-IMO with (Al/Fe) molar ration=19 and ¢) Fe5.5-
IMO with (Al/Fe) molar ration=9. The digits in the name of each sample indicate the incorporated iron content based on weight

percent.

Bare imogolite presents four main peaks at 3.88, 5.77 (shoulder), 9.92 and 13.34 20, respectively [7]. The
first peak in bare imogolite pattern at 3.88 20 is the most intense and it is assigned to the reflection of (100)
planes: the djgo, as calculated by the Bragg’s Law, is 2.62 nm associated with centre to centre tube distance
of parallel bundles of tubes (Fig.2) and it is directly correlated with the angle package of nanotubes [1, 3,
4]. Fex-IMO samples show this intense peak at slightly higher 26 values (especially in the sample with 1.4
wt% Fe) correlated to smaller center-center distance (2.51 nm), indicating that Fe introduction by direct
synthesis affects NTs packing in the bundles and that this procedure likely allows (at least partial)
isomorphic substitution of Octahedral Al by Fe atoms. The peak at 9.92 20 is instead assigned to a
repetition of the structural unit of 0.85 nm along the tube (001), and that at 13.34 26 is caused by the
reflection of (211) planes (0.67 nm) [8, 9].
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1 tube axis

Fig. 2 a) representation of center to center distance of two neighbor nanotube, b) structural repetition in a single tube

XRD patterns vary slightly from publication to publication and from sample to sample depending on
alignment and adsorbed water content in ambient condition, but 26=5.77, 1.51 nm, 26=9.92, 0.85 nm and
26=13.34, 0.67 nm have been assigned to the scattering of individual tubes [10-12]. The different position
of the first peak can be explained if consider the first peak as a “non-Bragg” reflection. Vainshtein in 1966
[13] showed that several cylindrical units aligned to form bundles of varying size gave "non-Bragg XRD
maxima" and that their positions were governed solely by the separation between adjacent units as

described by equation 1:

1d,=(h+e)a (eq.1)

Where (1/d,) is the reciprocal of the d-value measured on the n™ equatorial reflections, “a” is the statistical
mean distance between the chain units, and € is a constant depending on the regularity of the chain-unit
arrangement. In 1969, Wada [14] used the same relationship to describe the aggregation of imogolite tubes
and diffraction pattern. The linearity of the plot of the (I/d,) measured on the imogolite X-ray pattern
against the n indicates that the diffraction is governed by such arrangement of the chain units in the similar
way proposed by Vainshtein [13]. According to their calculations, statistical mean distance between the

tubes was in agreement with the external diameter of the tube as observed in the electron microscope [15].

Comparing XRD patterns in Fig. 1 indicates that incorporation of Fe atoms in nanotube structure without
alteration of IMO structure is limited. According to the XRD patterns, with increasing the percent of
substitution gradually tube structure is lost. In iron containing samples with Fe wt% < 1.4, the characteristic
peaks of imogolite nanotubes are prominent which fade gradually in higher percent (Fe2.8-IMO and Fe5.5-
IMO). All these bands are not present in the XRD pattern related to the sample with 5.5 % wt of Fe, which
shows the typical characteristic of an amorphous material, proto-imogolite [1]. These results are in the fair
agreement with Ookawa [16, 17] who showed that Fex-IMO NTs cannot form for an iron content exceeding
1.4 % by weight. Moreover, these results are reconfirmed by FTIR spectra of samples presented in next
section. According to these results, 1.4 wt% could be considered as the highest possible incorporated Fe

wit% in imogolite tube structure without altering its tube form.
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In order to investigate the state of iron ions in Fe-containing imogolite, structural effect of replacement and
effect of iron site on catalytic activity, another sample was obtained associated with same percent of iron
(1.4 wt% Fe) loaded on the surfaces of bare imogolite nanotubes by impregnation method, hereinafter
Fel.4-loaded-IMO. Fig. 3 shows the XRD pattern of Fel.4-loaded-IMO as compared to the Fel.4-IMO and
IMO samples. The characteristic peaks of imogolite are observable in XRD pattern of impregnated sample
showing that tube structure of imogolite are saved during the impregnation, filtration and calcinations

process.

3600

3000 -

2400 A

1800 -

Intensity (a.u.)

1200 -

Fel.4-IMO

600 -
Fel.4-loaded-IMO

20

Fig. 3 XRD pattern of Fel.4-loaded-imo sample as comparing to IMO and Fel.4-IMO

Moreover first peak of Fel.4-loaded-IMO is situated at 3.88 20 similar to the bare imogolite sample which
shows the 2.62 nm centre to centre tube distances of parallel bundles of tubes. The intensity of the three
broad characteristic peaks of Fel.4-loaded-IMO is weaker than that of imogolite, most probably since XRD
measurements were carried out using Cu Ka irradiation and this X-ray could be absorbed by Fe species
[18].

XRD patterns of IMO, Fe0.7-IMO, Fel.4-IMO, and Fel.4-loaded-IMO reported in Fig. 1 and Fig. 3 all are
corresponding to hexagonal packing of NTs so clearly visible in Fig. 2. The dyo, diffraction is at 26 = 3.88°
with both IMO and Fel.4-loaded-IMO (vertical bar), and at slightly higher 26 values with both Fe0.7-IMO
(26 = 4.03°) and Fel.4-IMO (26 = 4.06°). The cell parameter a (i.e. the distance between two aligned NTs,
Fig. 2) is 2.62 nm with both IMO and Fel.4-loaded-IMO, and 2.51 nm with both Fex-IMO samples. Such a
difference cannot be related to the occurrence of isomorphic substitution AI**/Fe**that is expected to
increase the a value because preliminary EPR measurements show that isolated octahedral (Oh) Fe®*

species are in high spin configuration[19], which have a Shannon radius of 0.645 A, definitely larger than
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that of AI** (and 0.535 A). Table 1 gathers the information about chemical composition and cell parameters
as calculated by XRD for synthesized samples.

Table 1 chemical composition and cell parameters of synthesized samples as calculated by XRD

Sample Fe content (wt %) di00 (NM) Cell Parameter a (hm)
IMO 2.27 (x0.01) 2.62
Fe0.7-IMO 0.7 2.19 (£0.01) 2.53
Fel.4-IMO 14 2.17 (£0.01) 251
Fe2.8-IMO 2.8
Fe5.6-IMO 5.6
Fel.4-loaded-IMO 14 2.27 (£0.01) 2.62

4.2.1.2 IR spectroscopy of the powder samples in KBr pellets

IR spectroscopy in the region of 4000 to 400 cm™ is a powerful technique for studying surfaces of porous
aluminosilicate materials [20] and it was carried out to structural characterization of obtained samples with
different iron content. In each case to obtain the KBr supporting wafers, 1 mg sample was mixed with 20
mg potassium bromide (KBr) and pressed into a pellet by the minimum required pressure. The sample
pellet was placed in a quartz cell with KBr windows and treated under high vacuum (residual pressure <10
mbar) at room temperature. The IR spectra of iron-containing samples along with the spectrum of bare

imogolite structure as a reference has been reported in Fig. 4.
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Fig. 4 IR spectra of Fe-containing imogolite samples with different percent of Fe along with the IR spectrum of IMO as reference. The

digits in each case present the Fe weight percent.

Several bands in the 500-1200 cm™ range and a broad intense band between 2800 cm™ and 3800 cm™
(colored area) can be seen. In the first region, bands can be associated with the vibration modes of the
imogolite frame structure. A doublet at around 1000 cm™ which are resolve as two individual peaks

indicates the formation of tube structure in the FT-IR spectrum, attributed to the tubular morphology and
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the orthosilicate anion in the structure of imogolite [21-23]. Peaks at 990 and 944 cm™ are Si-O and Al-O
stretching vibrations. In the spectrum of samples contain higher percent of replacing iron (Fe2.8-IMO and
Fe5.5-IMO) as same as proto-imogolite these two peaks are not resolved giving rise to the single bond at
973 cm™ [10]. The bands at 590 and 690 cm ™ are due to an octahedral sheet resembling a gibbsite sheet,
which build up the framework of the wall of the imogolite tube. At higher wave numbers, peaks at around
1100 cm™ caused by other amorphous alumino-silicate species generated during the reaction or unreacted
precursors [11]. As it is clear the related intensity of these peaks dramatically increased by iron content. As
a result, an indication of purity is, however, provided by IR spectroscopy, as the sharpness of the IR
absorption bands of the product is reduced by the presence of non-tubular allophane [1]. Change in the
intensity of resolved peaks near 1000 cm™* is most useful for monitoring the imogolite content in the
precipitate products. In another hand, the presence of amorphous alumino-silicate species, generated during
the reaction, is identified by the peaks at 1100, 1400 and 3285 cm™ [11]. For example absorption bands at
1080 —1140, 960, and 560 cm™ are characteristic for proto-imogolite and have been ascribed to the Si—O-Si
stretching vibration, the Si—O—Al stretching vibration, and the O-Si—O bending vibration, respectively [1,
24].

In the hydroxyls stretch region (3800-2800 cm™), the broad absorption is due to the stretching vibration of
the hydroxyl groups at the inner and outer surfaces, which are involved in hydrogen bonding with adsorbed
water molecules, as detected by the band at 1640 cm™. Additionally, external hydroxyl groups may also
interact with hydroxyl groups of neighboring nanotubes. As a whole, individual contributions cannot be
singled out, nor is it even possible to discriminate between inner silanols and outer aluminols.

Therefore, in samples with 5.5 and 2.8 wt% of iron, the spectra lack the doublet around 1000 cm™ meaning
the samples do not form the tube structure and show amorphous structure [21-23]. Clearly a peak at 973 cm”
Yin FTIR spectra indicates the formation of proto-imogolite allophane which is the amorphous product of
the unsuccessful synthesis process. This is concurrent with the sharpening if a peak at 1100 cm™, indicative
of amorphous phase. In lower Fe content, In the case of samples with 1.4 and 0.7 wt % Fe, these
characteristic absorptions in FT-IR spectra are well reproduced, indicating formation of tube structure of Fe
containing imogolite. Therefore, in a fair agreement with X-ray diffractions patterns in previous section, 1.4

% wt of Fe could be confirmed as a maximum percent of incorporated iron in imogolite tube structure.

The same structural confirmation was obtained for the second sample, prepared by impregnating the same
amount of iron (1.4 wt %) on imogolite walls in aqueous solution, Fel.4-loaded-IMO. Fig. 5 shows the IR
spectrum of this sample as compared to the Fel.4-IMO and IMO samples. The characteristic peaks of
imogolite structure are observable in impregnated sample indicating that tube structure of imogolite tubes
are saved during the impregnation, filtration and calcinations process.
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Fig. 5 FTIR spectra of imogolite, Fel.4-IMO and Fel.4-loaded-IMO

We can conclude that presence of Fe** ions in the precursor’s solution has a considerable effect on the
formation of imogolite nanotubes which is most probably attribute to the effect of these ions on dissociation
of the Si—OH of orthosilicic acid similar to the reported before for alkali and alkali-earth metals [23]. The
reactions of tube formation involved in hydrolysis and polymerization of hydroxy-Al ion and the interaction
of the hydroxy-Al ions with orthosilicic acid which will result in formation of imogolite. As reported,
compared with the alkali metal ions, the alkaline-earth ions more strongly inhibited the formation of
imogolite and the precipitate product gradually shift from imogolite to allophane with increasing amounts
of the alkali and the alkaline-earth metal ions in the parent solutions [25-27]. The alkali and alkaline-earth
metal ions can be drawn and bonded by electrostatic attraction to the silanol at the orthosilicate. These
interactions result in the dissociation of the silanol group by releasing hydrogen ions. In the same
concentration, the degree of dissociation of the Si—OH is affected by the alkaline-earth metal ions more than
that of alkali metal ions. Therefore, type and charge density of metals play an important role on the
dissociation of the Si—OH of orthosilicic acid and control the formation of imogolite [23]. In the same way,
some experimental results show that organic acid and phosphate ions substantially influenced the formation
of imogolite and allophane [26, 27]. Organic acid and phosphate as ligands with a strong affinity for Al
significantly modify the characteristics of proto-imogolite. These ligands, which are adsorbed on the sites of

proto-imogolite, apparently poison the further growth of the wall of imogolite and allophane.

This interpretations are in agreement with the obtained results from the samples containing Fe ions, the
amount of imogolite formation decreased with increasing amount of the Fe** ions added [23, 25-27].

With the same hypothesis, Fe ions affect the degree of dissociation of Si—-OH group of orthosilicic acid,
which may causes differential formation of proto-imogolite and imogolite. Structure optimization of the

proto-imogolite model, precursor of allophane and imogolite, showed that when the Si-OH was
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undissociated, the shape of proto-imogolite model would be transformed to asymmetrical in molecular
configuration. This caused curling of the proto-imogolite model, which lead to formation of imogolite tube.
On the other hand, when the Si—-OH was dissociated, the shape of the proto-imogolite model will be
transformed to symmetrical configuration. This model curved to make a hollow sphere with placing the
orthosilicic acid inside the sphere (allophane). In the other work, on the basis of electron spin resonance
(ESR) spectroscopy McBride et al. [25] suggested that little or no Fe** is incorporated to the imogolite
structure, observing the tendency of the Al and the Fe to segregate into imogolite and ferrihydrite structures
respectively.Moreover, obtained results in this work are in the fair agreement with Ookawa [16, 17] who
showed that Fe-IMO NTs cannot form for an iron content exceeding about 1.4 % by weight. Another reason
could be related to the presence of Cl ions in the precursors solution of Fe-containing samples, as discussed

in chapter 2, anions such as chloride and perchlorate ions cause inhibition of tube formation [25-27].

4.2.1.3 High-Resolusion Transmission Electron Microscopy (HR-TEM)

Electron micrographs were obtained on a Jeol 3010-UHR high resolution transmission electron microscope
(HRTEM) operating at 300 kV, equipped with a LaBg filament and with an Oxford Inca Energy TEM 300
EDS X-rays analyzer (Oxford Link) for atomic recognition. Digital micrographs were acquired by a (2k x
2Kk)-pixel Ultrascan 1000 CCD camera and processed by Gatan digital micrograph. Before the experiments,
the samples, in the form of powders, were milled in an agate mortar and deposited on a copper grid covered
with a lacey carbon film. Fig. 6a, 6b and 6c report, respectively, the TEM images of a whole IMO particle,
a magnification of a bundle of parallel NTs, and a detail of the terminal region of a bundle, showing a

hexagonal array of NTs.
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Fig.6 HRTEM images of an IMO bundle (a), formed by parallel NTs (b) that are organized into a hexagonal array (c). HRTEM images
taken with Fe0.7-IMO (sections d and e); Fel.4-IMO (sections f and g) and Fel.4-loaded-IMO (sections h-I). Insert to section h:
particle size distribution of iron-containing nanoclusters obtained with Fel.4-loaded-IMO. The instrumental magnification was
10000X in section a, and 50000X in all the other sections.

Such morphological features were reserved in all the Fe-containing samples, irrespectively of both synthesis
procedure and Fe amount (Fig. 6d-1). Moreover, internal pores diameter, carefully measured on several
images on both IMO and Fex-IMO samples, showed an increase in the series IMO (1.05 nm) < Fe0.7-IMO
(1.29 nm) < Fel.4-IMO (1.34 nm) (Fig. 7).
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Fig. 7 Diameter distributions of IMO, Fe-0.025-IMO and Fe-0.05-IMO as obtained by HRTEM analysis.
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EDS maps of the Fe-containing samples (Fig. 8) showed a homogenous distribution of Fe, indicating the
effectiveness of both synthesis procedures.

Fig.8 Section a: on the left, HRTEM image of a Fe-0.07-IMO bundle. Corresponding EDS maps allowing the speciation of Si, Al, Fe
and O elements (top right figures) and EDS spectrum (bottom right figure). Instrumental magnification: 8000X. Section b: on the right,
HRTEM image of Fe-1.4-IMO bundles. EDS map of the same region allowing speciation of O, Al, Si and Fe elements (top left
figures) and EDS spectrum collected on the bundles. Instrumental magnification: 15000X. Section c. on the right, HRTEM image of
Fel.4-loaded-IMO, EDS map of the same region allowing speciation of O, Al, Si and Fe elements (top left figures) and EDS spectrum
collected on the bundles (bottom left figure). Instrumental magnification: 50000X.

Arrows in Fig. 6h point out the occurrence of some iron-containing nanoclusters at the outer surface of
NTs in Fel.4-loaded-IMO sample. Their average size was evaluated by electron micrographs acquired at

50,000 magnification, where those nanoclusters, resulting well contrasted with respect to the IMO structure,

67|Page



Chapter 4
Synthesis and Preliminary Charactrization of Fe-modified Imogolite

were clearly detectable. The reported histogram of the particle size distribution was obtained by considering
450 particles on the TEM images, and the average particle diameter (dn, ~ 4.4 nm) was calculated as dn, =
Ydini/Zn;, where n; was the number of particles of diameter d; (Fig. 6h).

4.2.1.4 Raman spectroscopy

The methods of vibrational spectroscopy are widely applied to the characterization of the aluminosilicate
materials. As for many aluminosilicates the information content of the infrared spectrum for imogolite
samples is rather low due to the fact that the samples are usually hydrated and consequently, the highest
intensity in the spectrum results from water adsorbed in the voids between imogolite bundles and in the
inner pores [31]. Because of the relatively small scattering cross-section of water molecules, the Raman
spectra of hydrated aluminosilicates are of special interest because they mostly reflect the dynamics of the
solid lattice leaving away that of water [32]. In the case of present samples with high levels of
hydrophilicity in both inner and outer surfaces, the Raman spectroscopy carried out to more clarification of
nanotubes structure in the presence of physisorbed water in ambient condition.

For aluminosilicates the most informative part of the vibrational spectrum lays in the region up to 1200 cm’
! where the framework modes are expected [31]: The discussion will therefore focus to the mid-frequency
range. Raman spectra were recorded on a micro-Raman system (Renishaw ViaReflex) equipped with an Ar-
Kr laser, Laser power 50 m.W, by exciting at 514.5 nm. Raman spectra concerning IMO, Fe39-IMO and
Fe39-loaded-IMO are reported in Fig. 9.
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Fig. 9 Raman spectra of IMO, Fel.4-IMO and Fel.4-loaded-IMO in 200-1200 cm™ region.
As reported before [31] for the frame of IMO tubes, characteristic bands are appeared at 259, 367, 398,

410(shoulder), 515, 707, 875, 931 and 975 cm™. In the first region from 700 to 1100 cm™ only the atoms
constituting the SiO, tetrahedra move (O;, Si and O) (see Fig. 10). The spectrum of aluminum atoms does
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not reveal a notable intensity in this zone and one can therefore assume that the outer layer of the imogolite
tube (Al and, to a lower extent, O, atoms) is at rest [31].

Fig. 10 Schematic model of imogolite [31]

Further analysis shows that in the low frequency parts of this region (at ca. 840 cm™) the silicon atoms do
not move, while O; and O, atoms do. Such vibrations involving displacements of four terminal atoms of a
tetrahedron while leaving the central atom in place are due to the totally symmetric stretching mode of the
tetrahedron. The intense bands at 940-970 cm™ can then be ascribed to asymmetric stretching modes of the
tetrahedral [31].

In the second spectral region, below 700 cm™, the power spectra of atoms show that the density of
vibrational states is due to modes involving displacements of all atoms. Nevertheless one can attempt an
assignment of some modes to structural subunits of imogolite, in particular to the AlOg octahedra. But in
this spectral region it is rather difficult to assign a vibrational mode to a definite motion of structural units.

As shown in Fig. 9 characteristic modes of imogolite frame are the same in Fel.4-IMO and bare imogolite,
reconfirming the preserve of atomic structure in the presence of iron, although with less intensity in Fel.4-
IMO sample. On the contrary, in the sample doped with iron, Fel.4-loaded-IMO, no characteristic bands
are observable. According to the literature [33] the Raman Effect is intrinsically a weak phenomenon, and
Raman spectra of aluminosilicate materials such as zeolites are often obscured by a broad florescence. The
nature of this background has been the subject of detailed investigations, in which for instance the
excitation wavelength has been varied. Two major causes for florescence could be addressed. First, small
amount of aromatic contaminants, strongly luminescence molecules might be present in the samples. High
temperature treatment under O, often reduces this problem. In some cases it was remarked that the heating
treatment actually increased the background. This may be due to the transformation of simple organic
molecules into florescent species at high temperature, possibly under the influence of acid sites. Secondly,
the presence of Fe impurities in the lattice is known to cause luminescence as commonly reported in
zeolites sample [33]. Therefore, in the case of Fel.4-loaded-IMO, the luminescence due to the presence of
iron species loaded on the imogolite surface will create a very broad background and prevent representation
of characteristic peaks of imogolite structure. Surprisingly, this result could be considered as a first
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evidence of different iron structural position in these two samples Fel.4-IMO and Fel.4-loaed-IMO as
obtained by direct and post synthesis method, respectively. To investigate the structural position and iron
species in each sample, UV-Vis and electron paramagnetic resonance (EPR) spectroscopy of bare and Fe-

modified samples has been reported in next section.

4.2.1.5 Adsorption/desorption isotherms of N, at -196 °C

BET (Brunauer-Emmett-Teller) surface area and pore size distributions of the powders outgassed at 250 °C
were measured by means of N, adsorption/desorption at -196 °C on a Quantacrome Autosorb 1C
instrument. The Non-Local-Density Functional Theory (NL-DFT) method was used to evaluate pores size
distribution (PSD) by applying a Nj-silica kernel to adsorption branch of isotherms. Outgassing
temperature equal to 250 °C was determined according to the precise investigation of dehydration and
dehydroxylation behavior and also thermal stability of synthesized samples by means of different
complementary techniques (XRD, FT-IR, TG-DT Analysis and Adsorption/desorption of N, at -196 °C
(BET)) which are reported in details in next chapter. Degassing at this temperature provide the maximum
pore volume by removing the physisorbed water due to the almost complete dehydration and prevent tube
structure collapsing by avoid starting of dehydroxylation. Fig. 11 shows related isotherm for the samples
out gassed at 250 °C.
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Fig.11 N, adsorption isotherms at -196°C of IMO (stars) and Fe0.7-IMO (circle), Fel.4-IMO (triangle) and Fel.49-loaded-IMO

(square) outgassed at 250°C. Full and empty symbols refer to adsorption and desorption branches, respectively.

All samples show typical isotherms of of microporous-mesoporous materials with different pore volume
after degassing at 250 ° C. The Fel.4-loaded-IMO sample shows a small hysteresis loop due to the external
mesoporosity, most probably derived from slit mesopores among bundles. The highest pore volume is
observable for loaded sample. In agreement with PSD curves in Fig. 12, in loaded sample some larger
(mesoporous) are detectable, distributed from 2 to 8 nm due to the loading iron species on the external

surface of the bundles (surface C) as reported before by HR-TEM images.
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Fig. 12 NL-DFT Pore Size Distributions obtained by applying a N, —zeolite kernel to adsorption branches.
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Generally, in the literatures, synthetic IMO has a reported specific surface area between 250 (or lower) and

1500 m?/g [40]. The spread of values reported may depend on several aspects, including the relative

concentration of amorphous phase, which may affect the surface area value, but also the experimental

technique used, e.g. Brunauer-Emmett-Teller (BET) method vs. Ethylene Glycol Monoethyl Ether

measurement (EGME) [41]. As pore size distribution of the sample indicate (Fig. 12), a definite peak is

observed corresponding to micropores with less than 1 nm which fit with dimension of the nanotubes inner

pores, in fair agreement with structural data. This finding Indicates that thermal treatment at 250 °C

therefore allows access to imogolite nanovoide and silanol groups as consequence of water removal. Note

that Fel.4-loaded-IMO has a larger mesoporous volume, because the loading procedure mainly affects the

C surface. By the aim of structural comparison of obtained samples, corresponding BET specific surface

area (SSA), structural dimension porosity features are gathered in Table 2.

Table 2

Textural features of IMO, Fe-IMO and Fe-loaded-IMO as derived from combined XRD patterns and N isotherms at-196 °C, for the

samples degassed at 250 °C

Sample Fe V%orl;ent BE'I; S_?A Total p3or§1 vol. Microp3or_elsavol. Dilannqzzer dioo Pare(i:rzlr,! ter®
t % (m g ) (cm g ) (cm g ) (nm)b (nm) (nm)
IMO - 390 0.21 0.13 0.89 2.27 (x0.01) 2.62
Fe0.7-IMO 0.7 450 0.22 0.15 0.91 2.19(+0.01) 2.53
Fel.4-IMO 1.4 455 0.22 0.14 0.91 2.17(x0.01) 2.51
Fel.4-loaded-MO 14 400 0.27 0.13 0.88 2.27(x0.01) 2.62

a) As obtained by applying the t-plot method.

b) As calculated by applying theeq.: a =

2leO /\/§
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Evidence in favor of an increase in inner diameter comes from comparing the PSD graphs in Fig. 13. PSDs
curves show a slight increase in diameter in the sequence IMO =~ Fel.4-loaded-IMO < Fe0.7-IMO<Fel.4-
IMO: absolute values are not entirely worth of trust, being lower than 1 nm, but the trend is probably

reliable, In agreement with HRTEM analyses as reported in previous sections.
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Fig. 13. Pore size distributions of IMO (squares), Fel.4-loaded-IMO (circles), Fe0.7-IMO (stars) and Fel.4-IMO (triangles) as
obtained by applying the NL-DFT method.

The smaller a value for Fe-containing samples (reported in XRD results), as opposed to the probably larger
internal diameter, is most likely due to the anions in the synthesis bath, not entering though the IMO
formula, in joining together adjacent NTs. In natural samples, the a value may vary between 2.0 and 2.7
nm, without any change in inner diameter, because of the different impurities possibly present within inter-
nanotubes spaces. With IMO, previous work [42] has indeed shown the occlusion of some perchlorate
anions coming from the synthesis batch, because the release of molecular oxygen at high temperature was
observed by TG-mass analysis [42]. During the synthesis of Fex-IMO, chloride ions likely replace (larger)
perchlorate anions, so decreasing the final a value. Indeed, thermal treatment of both Fex-IMO samples did

not show any release of oxygen, as measured by TG-Mass analysis reported in Fig. 14 and Fig. 15.
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Fig.14 Thermo-Gravimetry (TG) and Differential Thermo-Gravimetry (DTG) curves of Fe-0.025-IMO, as obtained under N,
atmosphere in the 30-530 °C temperature range combined with quadrupole mass spectroscopy monitoring both O, and H,O related
masses.
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Fig.15 Thermo-Gravimetry (TG) and Differential Thermo-Gravimetry (DTG) curves of Fe-0.05-IMO, as obtained under N,
atmosphere in the 30-530 °C temperature range combined with quadrupole mass spectroscopy monitoring both O, and H,O-related
masses.
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4.2.2 Nature and environment of Iron species in Fe-modified IMO NTs
4.2.2.1 DR UV-Vis spectroscopy

To investigate the nature and structural position of iron species in modified samples, Diffuse Reflectance
(DR) UV-Vis spectroscopy was employed since it is a technique which is known to be capable of
differentiating between the various iron species which are present in the aluminosilicates structure.
Schwidder et al. [34] proposed that the assignment of isolated Fe?* and Fe** ions, oligomeric clusters inside
pores and surface Fe,Os particles, can be ascribed to bands present at <300 nm, 335-385 nm and 460-550
nm respectively. This is in good accordance with the work of several other groups [35-37]. Positions were

chosen according to the best fit of the obtained spectra and are summarized in Table 3.

Table 3: Positioning of individual Fe species sub-bands within the UV-vis spectra

Fe species Wavelength (nm)
Isolated Fe?* 250
Isolated Fe** 270
Oligomeric Fe,O, clusters 365
Fe,O3 surface particles 480

Diffuse Reflectance (DR) UV-Vis spectra of dehydrated powder samples IMO, Fe0.7-IMO, Fel.4-IMO and
Fel.4-loaded-IMO were measured on a Cary 5000 UV-vis-NIR spectrophotometer (Varian instruments)

equipped with a DR apparatus as depicted in Fig. 16.
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Fig. 16 DR-UV-Vis spectra in the 200 — 800 nm range of a) IMO, b) Fe0.7-IMO, c) Fel.4-IMO and d) Fel.4-loaded-IMO

IMO has as expected, a negligible absorption in the UV-Vis region. Sample with higher iron content
(Fel.4-IMO and Fel.4-loaded-IMO) show more intense adsorption as compared to Fe0.7-IMO with lower
iron content. Fel.4-IMO and Fel.4-loaded-IMO strongly absorb at 270 nm, and shows a minor absorption
band at 480 nm: the former signal is ascribed to charge-transfer transitions (CT) from O to isolated Fe**
ions in octahedral coordination, the latter to d-d transitions of Fe** in Fe,O; clusters [38]. Fel.4-loaded-1IMO

UV-Vis spectrum is shifted towards higher wavelengths and strongly absorbs in the region of d-d
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transitions, indicating the preferential formation of Fe,O; clusters [38] by post-synthesis method, although
the sample also absorbs at 270 nm: by both procedures, both isolated octahedral Fe®** species and
aggregated Fe-O-Fe groups are obtained, the latter being more abundant with Fel.4-loaded-IMO, in
agreement with the adopted experimental procedure. The presence of isolated octhahedral Fe®* sites in the
latter sample indicates that ionic exchange occurred between structural Al** and Fe** ions in water:

[AI(OH)*Al] s + Fe(H20)s>" > [Fe(OH)*Al] s + Al(H,0)s**

On the other side, the occurrence of some Fe,O; clusters in Fel.4-IMO samples indicates that the actual

“solubility” of Fe in IMO NTs structure is probably lower than that corresponding to 1.4% by weight.

These results are in agreement with the reported results of Ookawa and co-workers in 2006 [17] and later
by Alvarez-Ramirez [39]. Ookawa et al. showed by UV-vis and XANES (X-Ray Absorption Near-Edge
Structure) spectra that the preferred coordination of ferric ions is octahedrical. However, at that time the
electronic effect of the substitution of AI** by the Fe** was not totally understood. A few years later,
Alvarez-Ramirez [39] carried out theoretical studies on Fe-Si-Imo and Fe-Ge-Imo nanotubes, showing new
structural peculiarities as well as their electronic properties. As regards to iron ions localization, according
to reported results, Fe species can be identified in three different sites. The first iron position corresponds to
the isomorphic substitution of aluminum ions by ferric ions, as already noticed by Ookawa et al. [17] in
ochtahedral sites. The two remaining iron configurations correspond instead to the case of iron adsorption
on the inner or outer surface of imogolite, thus producing defect sites. Therefore evidence is given of the
preferential isomorphic substitution of Fe for Al in Fex-IMO and of the preferential formation of Fe,O3

nanoclusters in Fel.4-loaded-IMO.

4.2.2.2 Electron Paramagnetic Resonance (EPR) spectroscopy

The obtained results about the type and the environment Fe species in two modified samples obtained by
direct and post synthesis methods were checked and confirmed by Electron paramagnetic resonance (EPR)
spectroscopy. Electron paramagnetic resonance (EPR) spectroscopy (also referred to as electron spin
resonance-ESR-and occasionally electronmagnetic resonance-EMR) is a technique that detects
paramagnetic species. These include any atom, molecule, or complex with one or more unpaired electrons.
Unpaired electrons are spinning charges (hence the preponderance of the word “spin” in EPR) and a
spinning charge generates a magnetic field. Consequently, each unpaired electron is a magnetic dipole
(something like a tiny bar magnet with a “north” and “south” pole). Magnetic dipoles align themselves
along magnetic fields (this is what makes a compass needle point to magnetic north) or, stated another way;
the presence of an external magnetic field creates a situation in which it is energetically favorable for the
dipole to point in a particular direction. To rotate the dipole (rotate the compass needle away from pointing
north) energy has to be applied. Although it is possible to force a compass needle to any angle away from
north and so generate a continuum of energetic states, the magnetic dipole of an electron can take on only

two energy states (it is quantized). Consequently, the amount of energy required to flip the electron from its
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favorable direction to its unfavorable direction is a discrete value. It follows that if you supply this discrete
amount of energy the system will absorb the energy as the electrons are flipped, and the detection of this
absorbed energy is the basis of the EPR signal. For an electron in amagnetic field of about 0.35 T or 3500G
(The units of magnetic field are Tesla (T), the SI unit, and Gauss (G), the cgs unit. 1 T=10,000 G), the
energy required is in the X-bandmicrowave range (about 9.5 GHz), and most spectrometers operate in this
range (hence “X-band EPR”). The EPR spectrometer is basically a machine that shines microwave radiation
on a sample and measures how much of that radiation is absorbed by the sample as a function of externally

applied magnetic field. The fundamental equation of EPR spectroscopy is shown in Eq. 1,

hv = gpB (Eq.1)

where v is the frequency of the microwaves, h is Plank's constant, B is the external magnetic field, B is
another constant referred to as the Bohr magneton, and g is a dimensionless constant that is characteristic of
the sample under study. To take an EPR spectrum, the microwave frequency (v) is held constant and the
magnetic field is swept across the desired range. When this equation is true (referred to as the resonance

condition), energy will be absorbed.

Each feature of an EPR spectrum can be defined by a specific value of g (or “g value”). As can be seen
from Eq. (1), h and B are fundamental constants and v is held constant for the experiment, and so B is
inversely proportional to g. As B increases, g decreases. For this reason features at high magnetic field have
low g values and features at low magnetic field have high g values. Although the g value (or more correctly
the g-tensor, as it is directional) is a fundamental property of the unpaired electron(s) under study, it is
conventional to refer to parts of the EPR spectrum as (for example) the “g=6region” or the “g=2 region.”
One g value that is of particular interest is that of the free electron, which has a value of 2.0023. The
difference in g value between an unpaired electron in an atom/molecule and the free electron can give
important information about the magnetic properties of the microenvironment of the unpaired electron. The
EPR spectrum also reports the presence of paramagnetic nuclei in the vicinity of the unpaired electron.
Such nuclei (which include the proton and the 14N nucleus as the two most common in biological
molecules) also have spin and contain one or more tiny quantum mechanical magnets that can point in only
one of two directions. So the presence of these nuclei can either add or subtract from the external magnetic
field applied by the spectrometer. The result of this is that the actual magnetic field experienced by the
unpaired electron may not be the field you apply but may be either more or less than this depending on the
orientation of the local magnetic nuclei. This can create a hyperfine interaction in EPR spectra which is not
in the scope of this part. Fig. 17 represents the EPR spectra of Fe0.7-IMO and Fel.4-loaded-IMO at -196
°C.
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Fig. 17 EPR spectra of a) Fe0.7-IMO and b) Fel.4-loaded-IMO at -196 °C

Whereas sharp band at g = 4.28 in the spectrum of both sample is correlated to the presence of isolated Fe**
ions and its sharpness indicates that only 1 type of isolated Fe** ions, selected area by dashed line represents
the Fe,O, species in both samples. The obtained results in this section confirms the obtained information by
DR UV-Vis spectroscopy regarding the ionic exchange between Fe®* and AI** in water during the
imperegnation process in Fel.4-loaded-IMO in post synthesis procedure and also formation of Fe,Os;
nanoclusters in Fel.4-IMO obtained by direct synthesis method.

In the next step, accessibility of Fe** ions in modified samples will be investigated by EPR spectroscopy of
NO radical with Fe-modified samples. NO (nitric oxide or nitrogen mofoxide) is a free radical with one free
electron on nitrogen atom. NO is able to react with all transition metals to give complexes called metal
nitrosyls. The most common bonding mode of NO is the terminal linear type (M-NO). In the presence of
Fe** ions as an electron accepror in the Fe-modified sample structures, NO is expected to intract with un-

coordinated iron ions and provide more information about their accessibility.

Fig. 18 reports EPR spectra of dehydrated Fel.4-IMO and Fel.4-loaded-IMO respectrively, at room
temperature and 200 °C. Subsequently, releated spectra of samples under the increasing presuure of NO are
reported.
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Fig. 18 EPR spectra of Fe1.4-IMO (left side): a) dehydrated at room temperature, b) dehydrated at 200 °C, C) NO presuure:2 mbar, d)
NO presuure:10 mbar, e) evacuated at room temperature. EPR spectra of Fel.4-loaded-IMO (right side): a) dehydrated at room
temperature, b) dehydrated at 200 °C, C) NO presuure:2 mbar, d) NO presuure:10 mbar, €) NO presuure:20 mbar, f) evacuated at room
temperature.

As shown the related band of physisorbed NO is disappeared after evacuation at room temperature,
indicating that physisorbed NO does not perturb isolated Fe** and in fact Fe** ions are compeletly

coordinated in the structure.
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Conclusion

Whereas the prefential type of Fe species in the sample obtained by direct and post synthesis methods is
isolated Fe** in octahedral position and Fe,O; nanoclusters respivtevely, replacing of (Oh) AP** by Fe**, is
achievable by both direct and post synthesis methods. The range of replacement is higher in direct synthesis,
the maximum amount of substitution of Al by Fe in limited up to about 1 wt%. Both direct and post
synthesis methods are effective in homogeneous dispersion of Fe species. Substitution of Al by Fe results in
more closely packing of NTs in the bundles; slightly increase in inner pores diameter of the samples

obtained by direct synthesis (Fex-IMO).
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Introduction

In ambient condition, nanoporous aluminosilicate materials contain considerable amount of water in their
pores that influences and governs their properties. Therefore, hydration/dehydration behavior of nanoporous
aluminosilicate materials is of paramount importance in dictating the operating conditions for any
application requiring a surface interaction like catalytic activity or ion adsorption. Accordingly, the

behavior of hydrated IMO materials markedly depends on thermal pre-treatments.

In this respect, molecular dynamics simulation points out that both the internal and external surfaces of
imogolite nanotubes are covered by hydroxyl groups that are expected to act as strong hydrophilic sites [1].
Therefore, molecular water is thoroughly removed only above 200°C [2, 3]. Hydrophilicity of the inner
surface is due to a silanol density of 9.1 OH nm™ [2- 5] about twice the average value at the surface of
hydrated amorphous silicas. Water adsorption isotherms reported by V. C. Farmer et al. in 1983 [6] on
natural imogolite, indicate filling of the intra-tube pores at ~5% relative humidity, followed by entry into
inter-bundle and inter-tube spaces, giving a total water content of 22-25% at 50% relative humidity.
According to the pore size and the hydroxyl coverage on both sides (Fig. 1), in ambient condition nearly all
the pores are filled with water and therefore no diffusion and interaction could be expected. Especially the
water molecules inside the nanotubes strongly interact with the surface with high silanol density and create

a first layer with very low mobility mainly along the circumference of the tube.

3
[
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Fig. 1 a) Snapshot of hydrated IMO NTSs, b) schematic representation of water molecules adsorption by silanol groups on inner surface
[4.7].

This fact has been evidenced by Electrostatic Potential (EP) map of the imogolite model evaluated by
Creton and co-workers [4], that the electric field resulting from the potential will cause a strong orientation
of the water molecules inside the tube, while a weaker field outside should lead to less strongly aligned
molecules. Therefore, for water concentrations corresponding to the relative humidity up to 40%, no
significant diffusion along the tube axis has been calculated [4].

The characteristics of confined water in imogolite nanotubes such as other porous alumino-silicate materials

depend on many factors, such as the host structure, size and the topology of the voids, chemical
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composition of host lattice, the presence of charged species in the voids, and on the concentration of the
guest species [1]. Recent investigation [8] shows that, the calculated diffusivities (for water) in
aluminosilicate NTs are 0-3 orders of magnitude smaller than in carbon NTs, depending on the number of
defects in the pore walls of carbon NTs, but considerably larger than in most zeolites. They have shown that
the characteristics of diffusion in these materials can be understood by elucidating the nature of hydrogen

bonding between water molecules in the pore and the pore walls.

In 2010, S. Nair research group [9] employed a range of solid-state characterization tools to elucidate
dehydration and dehydroxylation phenomena in the nanotubes as a function of heat treatment up to 450 °C.
According to the reported results of vibrational spectroscopy (Fourier transform infrared, FT-IR),
thermogravimetric analysis-mass spectrometry (TGA-MS), nitrogen physisorption, solid-state NMR, and
X-ray diffraction (XRD), they indicated that for bare imogolite NTs a completely dehydrated condition is
achieved at 250 °C under vacuum and that the maximum pore volume is achieved at 300 °C under vacuum
due to partial dehydroxylation of the dehydrated nanotube. Beyond 300 °C, further dehydroxylation
partially disorders the nanotube wall structure. However, a unique rehydroxylation mechanism can partially
reverse these structural changes upon re-exposure to water vapor. Moreover, recently [10] Surface
hydrophilicity and distribution of strong sites for water adsorption on IMO surface were investigated by
means of adsorption microcalorimetry, following a technique established long time ago and previously
employed for MWCNT and amorphous silicas. According to reported results of adsorption isotherms of
water vapor on IMO pre-outgassed at 150°C and energy of interaction as a function of coverage, the initial
heat was extremely high, suggesting the presence of surface sites able to strongly interact with water. The
whole energy as a function of coverage plot as well as uptakes revealed an extremely high hydrophilicity,
opposite to MWCNT which are substantially hydrophobic. The heat of interaction is even higher than what
is usually found on silicas, close to the behavior of alumina, which is in substantial agreement with the

model described in scheme where the external layer is made up by aluminum octahedra.

In this chapter, dehydration and dehydroxylation and thermal stability of Fe-modified imogolite samples are
investigated by means of different methods in comparison to the bare imogolite. The results will determine
the optimum temperature for dehydration of Fe-containing nanotubes to create the suitable condition for

surface interaction with probe molecules or dictate their operating temperature.
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5.1 Dehydration and dehydroxylation of Fe-containing IMO NTs

5.1.1 TG-DT Analysis

Fig. 2a and b report differential thermal analysis (DTA) and thermo gravimetric analysis (TGA) of
synthetic IMO, Fe0.7-IMO, Fel.4-IMO and Fel.4-loaded-IMO samples. All mentioned samples passed the
same preparation process before measurement so that the samples kept for one night long in ambient
condition and then 40 mg of each sample were investigated by the same thermal curve from room
temperature to 500 °C with increasing rate of 10 °C min™ under Ar flow 55 ml min™ by SDT 2960
DTA/TGA-MS instrument.
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100 200 300 400 500

Temperature (°C)

95 +

90 +

85 +

% (W)

80

Fel.4-IMO

75 1

70 +

65 - Fel.4-loaded-IMO

T T T T T T T T — T T
50 100 150 200 250 300 350 400 450 500

Temperature (°C)

Fig.2 a) The differential thermal analysis (DTA) and b) thermo gravimetric analysis (TGA) of IMO, Fe0.7-IMO, Fel.4-IMO and
Fel.4-loaded-IMO

According to the curves, two broad endothermic peaks with a weight loss were observed in all samples. The

first and second endothermic peaks are attributed to the loss of adsorbed water and dehydroxylation,
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respectively. Amorphism of imogolite occurred by this dehydroxylation [9, 11, 12]. All measured samples
start to release of water from 30 °C, extending up to relatively high temperatures, because of the difficult
diffusion of water molecules within very hydrophilic inner pores of NTs. Since prior to the measurement,
all the samples were exposed to the ambient humidity in the same condition and constant time, the
broadness and negative intensity of first peak could indicate that inclusion of Fe into the imogolite structure
probably makes the product more hydrophilic. In the case of Fel.4-loaded-IMO, loading bare imogolite
with iron species will create notable volume of mesopores with larger size as it was discussed in previous
chapter. These mesopores are easier in evacuation and dehydration step which is presented by narrower
peak. It may be concluded that after removing of water present at both the external and internal surfaces at

mentioned temperatures, inner =SiOH groups will be accessible to probes.

In dehydroxylation step, IMO loss hydroxyl groups in two steps. According to Bonelli et al. [9] the first
peak around 350 °C is related to the dehydroxylation of the outer surface [13], i.e. the removal of AI-OH-Al
groups. With the same hypothesis the peak at above 420 °C is related to dehydroxylation of inner silanol
groups and their condensation [3] with consequent NTs collapse and formation of a lamellar phase [2, 14].
With all Fe-containing samples, only one mass loss is observed at about 350 °C, indicating that the presence
of Fe probably accelerates dehydroxylation. Such effect is observed also with Fel.4-loaded-IMO: this
indicates that Fe ions substitute for Al ions also in the case of post-synthesis procedure, in agreement with
evidence given in previous chapter by UV-Vis and EPR spectroscopy. Moreover, XRD analysis of the
powders treated at different temperature up to 500°C (reported in next sessions) showed that a lamellar
phase formed upon heating the Fe-containing samples to the temperatures higher than 300 °C, confirming
that presence of Fe likely accelerates dehydroxylation kinetics, forming some structural defects, able to
catalyze silanols condensation. Such defects may be ascribed to those Fe ions substituting for Al ions that
likely form also by post-synthesis procedure. Generally speaking, we can conclude that according to the
DT-TGA curves that modification of imogolite nanotubes by iron either by direct or post synthesis slightly

decreases their thermal stability.

5.1.2 FT-IR spectroscopy

More details about dehydration and dehydroxylation of Fe-containing samples achieved by IR
spectroscopy. Fig. 3a and b show the IR spectra of self-supporting wafers of Fel.4-IMO and Fel.4-loaded-
IMO. Self-supporting wafers (with a density of about 10 mg cm™) fixed by gold holder was placed in quartz
cell equiped with two KBr windows, treated under high vacuum (residual pressure <102 mbar) after

outgassing at a range of temperature from room temperature (rt) to 500 °C prior to measurement.
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Fig. 3 IR spectra of self supporting samples a) Fel.4-IMO and b) Fel.4-loaded-IMO after outassing at different temperatures under

vacuum with residual pressure < 10

The absorption at 1640 cm™ is well known to represent the scissoring mode of physisorbed water. The
rather broad absorption in the 2800-3800 cm™ region is due to various stretching vibrations of O-H groups
in the material: silanols at the inner surface, bridging Al-(OH)-Al groups at the outer surface, physisorbed
water, and hydrogen-bonding interactions between these species. Due to the intrinsically limited resolution
of solid-state IR spectra, an assignment of the roles of these individual vibrational species is not possible. In
the case of Fel.4-IMO (Fig. 3a) no molecular water is present for the sample degassed at 300 °C, as shown
by the absence of the scissoring mode of water molecules at 1640 cm™. In agreement with the TG curves in
Fig.2. This occurs for Fel.4-loaded-IMO (Fig. 3b) at lower temperature and at around 250 °C. At this

temperature, nanotubes are still stable.

As mentioned before the rather broad absorption in the 3800-2800 cm™ region is due to various stretching

vibrations of O-H groups in the material [9, 16]. According to Bonelli et al., the vibrational comparison of
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IMO and Me-IMO [16] clarified that silanols H-bonded to water adsorbs at 3300-2400 cm™ range and
aluminols at the outer surface absorb in the region above 3300 cm™. Care has however to be exercised
because the samples are opaque in the 3690-3310 cm™ wave number range, thus making difficult the
localization of different OH species in IR spectra. Worth noting in the spectra of both samples at room
temperature is the presence of broad absorptions at ca. 2880 and ca. 2400 cm™ (asterisks), ascribed to the
Fermi-resonance effect of H-bonded water molecules [17]. At lower temperature before beginning of
dehydroxylation, spectra of both samples are dominated by these vibrations. In agreement with DT-TGA
results both samples start to dehydroxylation at the temperature around 300 °C which is correlated to the
partial decomposition of tubes. Finally, since all IR spectra were collected in situ on the same sample, a
quantitative estimate of the amount of water at each temperature can be made on the basis of the intensity of
the two respective absorbance peaks in 1640 cm™. Fig. 4 shows the concentration of physisorbed water in
the different samples, normalized by the water concentration in the SWNT sample at ambient conditions.
This result confirms that while the Fel.4-loaded-1IMO sample is completely dehydrated after degassing at
250 °C, Fel.4-IMO losses about 90% of the physisorbed water at this temperature. Complete dehydration in
this sample needs more temperature so that the correlated spectrum for degassing at 300 °C shows complete
dehydrated condition.
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0.7 4
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Fig. 4 Normalized physisorbed water concentrations in the SWNT at different heat treatment temperatures as calculated from FT-IR
spectra, peak at 1640 cm™

5.1.3 N, adsorption/desorption at -196 °C

The original SWNT samples after degassing at room temperature did not show any pore volume due to the
occupation of the pores by physisorbed water, as expected. Therefore the physisorption isotherms from the
SWNT sample outgassed at ambient conditions and even heat treated at 100 °C show characteristics of an
IUPAC (International Union of Pure and Applied Chemistry)Type Il isotherm, which indicates nonporosity

due to pore blocking by physisorbed water for all three samples (not shown here) [9]. Fig.5 a, b and ¢ show
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the adsorption/desorption isotherms for IMO, Fel.4-IMO and Fel.4-loaded-IMO after degassing at 150,

200 and 250 °C respectively.
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Fig.5 N2 adsorption isotherms at -196°C of IMO (stars), Fel.4-IMO (triangle) and Fel.4-loaded-IMO (square) outgassed at a) 150 °C,

b) 200 °C and c) 250 °C. Full and empty symbols refer to adsorption and desorption branches, respectively.

By increasing the degassing temperature up to150 °C, (Fig. 5a), as the SWNT samples become more

dehydrated, the shape of the isotherm belongs to Fel.4-loaded-IMO, shows microporous, distinctly

suggesting activation of some micropores and some large porosity related to mesoporose among the bundles

or created after loading the iron species on tube walls, clearly evidenced by correlated pore size distribution

in Fig. 6a. For two other samples the isotherms show still Type Il indicating nonporous materials even in

this temperature, probably because of relative higher hydrophilicity in the case of Fel.4-IMO and absence

of mesopores.
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Fig. 6 NL-DFT Pore Size Distributions of samples IMO (stars), Fel.4-IMO (triangles) and Fel.4-loadedIMO (squers) at different
degassing temperatures a) 150 °C, b) 200 °C, C) 250 °C obtained by applying a N, —zeolite kernel to adsorption branches.

Upon increasing the temperature up to 200 °C, all three samples show accessibility to inner micropores and

higher Pore Volume due to the more dehydration and removing water from outside and inside the tubes. As

shown in Fig. 5b the least Pore Volume belongs to Fel.4-1IMO due to its higher hydrophilicity. PSD graphs

in Fig. 6b indicate accessibility of inner pores in all samples degassed at 200 °C correlated to the sharp peak

in below 1 nm. For the samples degassed at 250 °C the Pore Volume is observable especially with increase

the micropores portion of porosity by removing water from inner pore which could be indicated with

increasing the intensity of related peak to the inner pore with temperature in Fig. 6c.
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5. 2 Case study: Thermal stability of Fel.4-IMO

To investigate the possibility of complete dehydration and thermal stability of Fe-modified sample obtained
by direct synthesis method, Fel.4-IMO, structural change was detected by combination of XRD and N,

physisorption method for the samples outgassed at the temperatures higher than 250 °C.

As mentioned in previous section, intensity of correlated peak to the bending mode of physisorbed water
(1640 cm™) in FTIR spectra indicates that, Fe1.4-IMO contains about 10% of water after degassing at 250
°C probably remained in the inner pores of the tubes. In this section the mentioned sample tolerated thermal
pre-treatment at higher temperatures (275 and 300 °C) and subsequently structural change was checked by
means of N, adsorption/desorption at -196 °C and X-ray diffraction respectively, to clarify the thermal
strength of Fel.4-IMO during the dehydration at higher temperature.

Fig. 7a, b and ¢ show N, adsorption/desorption isotherms and correlated PSD of Fel.4-IMO after thermal

treatment for 24h under residual vacuum equal to 10° mbar at 250, 275 and 300 °C respectively.
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Fig. 7 upper graphs: N, adsorption/desorption isotherms at -196°C of Fel.4-IMO after degassing at 250, 275, 300 °C. Lower graphs:
Correlated NL-DFT Pore Size Distributions of correlated sample degassed at different temperature (250, 275, 300 °C) obtained by
applying a N, —zeolite kernel to adsorption branches.

The highest Pore Volume was reported in the sample outggased at 275 °C which is clearly due to the
increase of accessibility to inner tube pore by removing water . This is presented by the notably increase in
the intensity of related peak below 1 nm in the calculated PSD (Fig. 7b). In agreement with the reported
FT-IR results, It shows that the surface area of Fel.4-IMO degassed at 250 °C partially affected negatively
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by the presence of adsorbed water molecules in inner tube pores which limit N accessibility [18, 19]. By
incresing the temperature up to 300 °C, correlated pore volume decreases due to the partial collapsing of the
tube structure at this temperature [3, 14] as indicated by the decrease in the related SSA and intensity of
inner pore representive peak at below 1 nm. Table 1 gathered the structural and pore distribution change by

increasing temperatire in Fel.4-IMO.

Table 1
Pore volume and distribution of Fel.4-IMO sample after degassing at difderent temperature

Degassing temperature BET SSA (m?g?) Total pore vol. (cm® g™)? Micropores vol. (cm® g?)?
250 455 0.22 0.14
275 496 0.23 0.15
300 320 0.19 0.12

The further evidence about this structural changes by temperature was achieved by X-ray diffraction
patterns of thermal treated sample as reported in Fig. 8. It shows that in agreement with TG-DT analysis
curves, increasing the temperature up to 300 °C is accompanied by dehydroxylation and consequensely the

partial breakdown of the tubes.
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Fig. 8 XRD patterns of Fe1.4-IMO samples degassed at a: 250 °C, b :275 °C and 300 °C

According to the XRD patterns, At 300 °C the broad structural reflections disappear irreversibly, indicating
partial breakdown in the tube structure [20-24]. As shown by previous studies on the structure and thermal
transformation of imogolite, dehydroxylation of imogolite nanotubes is accompanied by the breakdown of
the tubes followed by condensation and formation of a lamellar alumino-silicate with new surface

functionalities as depicted in Fig. 9.
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Fig. 9 Schematic diagram of two possible fracture mechanisms for dehydroxylating of imogolite tubes: a) Single-tube cleavage with
condensation of two fragments. b) Two-tube cleavage and condensation [14].

This finding has been confirmed by XRD and MAS NMR results [25]. The model of dehydroxylated
imogolite proposed by Mackenzie [14], shows that the lamellar structure has basically 5-coordinated Al,
together with a few 4- and 6-coordinated sites and some residual hydroxyl groups, which should be
responsible for the acidic behavior of this materials and or bands observed in the OH stretch region.
Recently this model has been confirmed by different methods especially by NMR investigations [9, 14].
According to the ?’Al NMR and #Si NMR in ambient condition all the Al atoms are situated at the
octahedral sites and only tetrahedral Si atoms, which are the only types of aluminum and silicon present in
the purified original SWNT. This structural position remains unchanged until the sample starts to
dehydroxylation. After structural dehydroxylation new environments arise for both Si and Al, the latter
being present also as tetrahedral and five-coordinated aluminium. Fig. 10 shows the structure proposed in
the literature for the lamellar phase, as obtained from cleavage and subsequent condensation of nanotubes:
Al may be six-coordinated (site VI in the scheme), four-coordinated (site 1\V) and four- or five-coordinated
with residual hydroxyl (sites IVoy and Vop, respectively), whereas Si tends to form Si—O-Si bonds rather

than silanols.

Fig. 10 Scheme shows the structure proposed in the literature for the lamellar phase, as obtained from cleavage and subsequent
condensation of nanotubes: Al may be six-coordinated (site VI in the scheme), four-coordinated (site 1V) and four- or five-coordinated
with residual hydroxyl (sites IVonand VoH, respectively), whereas Si tends to form Si—-O-Si bonds rather than silanols [3, 14].
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Conclusion

Modification of imogolite nanotubes by iron either by direct or post synthesis methods accelerates
dehydroxylation and slightly decreases their thermal stability, by likely forming some structural defects,
able to catalyze silanols condensation. Such defects may be ascribed to those Fe ions substituting for Al
ions that likely form also by post-synthesis procedure. After removing of water present at both the external
and internal surfaces at mentioned temperatures, inner =SiOH groups will be accessible to probes which
according to the ontained results by complementary methods could be set at 250 °C under residual vacuum
equal to 10 mbar. However in the case of Fel.4-IMO sample its thermal stability impeded the increase of
outgassing temperature above 250 °C, although about 10% of physisorbed water will remain in inner pores

after evacuation at this temperature.
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Introduction

Acid/base catalyzed reactions belong to the technologically most important classes of heterogeneous
catalytic conversions. Therefore the acid or basic properties of solid surfaces are interesting aspects of
surface structure, and important in the fields of ion exchange and heterogeneous catalysis in many organic
reactions [1]. Clay minerals potentially possess incorporated protons or polarizing cations (e.g. AI*"), giving
rise to both Brgnsted and Lewis acidity [2]. The Lewis acidity directly correlates with the electronegativity
of the cations, according to the electron pair transfers, so that a donor of pair electron is a Lewis base and
the acceptor of this pair electron is a Lewis acid. Bragnsted acidity streams from terminal hydroxyl
groups/bridging oxygen atoms and defined as a molecule or ion that is able to lose or donate a hydrogen
cation (proton or H*) and so in another side the Brgnsted and Lowry base is a species with the ability to
gain or accept a hydrogen cation. Imogolite like materials like well known zeolites possess these two kinds
of acidity. The most important from the catalytic point of view are the Brgnsted acid sites known as
structural hydroxyl groups and Lewis acid sites defined as six-coordinated framework aluminum (in

imogolite) or extra framework metallic ions (in zeolite).

Recently, different reliable and practical methods for determining the surface acid-base properties, the
characterization of type, strength and numbers of acid sites on solid catalysts have been developed. One of
the oldest techniques for measuring acidity is based on proposal by Hammett [3] for ordering strengths of
solid acids on the basis of amine titrations. During the years, traditional method of Hammett indicator was
widely used for measuring the acid strength of solid acids or super-acid and ionic liquids. As an estimation,
acidic properties of bare imogolite nanotubes using Hammett indicator was reported by V. C. Farmer et al.
[4]. According to their report, the acid strength (H,) of the imogolite surface, as measured by Hammett
indicators, is low (6-8 to 4.0) at relative humidities >30%, but increases on drying and reaches values of 1.5
to -5.6 when strictly anhydrous. There is no further increase on heating through dehydroxylation, but in the
range 500-980 °C the acid strength becomes similar to metakaolinite (-5.6 to -8.2) before declining to a low

value when the dehydroxylate phase crystallizes to mullite.

Other physiochemical techniques used to characterize surface acidity and basicity include the adsorption of
acidic and basic gas-phase probe molecules combined with spectroscopic measurements (IR) and
calorimetric, gravimetric or thermal desorption measurements. The use of these different techniques is
closely related, and in combination, can provide a characterization of type, number and strength of
acid/base sites on surfaces. As a most powerful technique for the study of alumino-silicate materials acidity
(such as well-known zeolites), combination of Infrared and different probe interacting molecules is used
[5]. The most often probe molecules used are CO, NHs, N, and H,, although many others have been utilized
[6] according to their size or acidity-basicity properties. The observables are the changes in vibrational
frequency, modes and intensity of the probe molecules as a result of interaction with superficial groups.
Induced changes of skeletal can also be highly informative. For imogolite nanotubes, concentration and

accessibility of surface acid sites (Brgnsted or Lewis acidity) can be determined by the adsorption of
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different probe molecules such as: carbon monoxide, ammonia, pyridine, water, D,0, carbon dioxide and

different organic molecules [6-8].

Ideal molecular probes for IR studies should satisfy the following requirements:

1. Detectable spectroscopic response triggered by interaction with the material surface sites with different
nature.

2. Extinction coefficient for the characteristic vibrational modes should be high, so as to lead to optimum
detection sensitivity.

3. The probe molecules should be responsive not only to the surface sites but also to its close environment.
4. In order to avoid alteration of the materials under test condition probe-surface interactions should be

weak and reversible.

As mentioned before in chapter 1, theorical imogolite structure exhibit different kinds of hydroxyl groups
on its surfaces (=Si-OH and Al-OH-AI) whose acid/base properties are relevant for the superficial reactivity

of these materials (Fig. 1).

Fig. 1 schematic of present hydroxyls in imogolite structure

The vibrational frequencies of hydroxyl groups in imogolite are characteristic of the region between 4000
and 2800 cm™ and can be affected by several factor, e,g. the strength of OH bond, the geometrical position
on the actual material, the interaction with neighbor hydroxyls or electronegative atoms. The frequency and
the shape of the representative band in the correlated FT-IR spectra can therefore provide information about
the nature of these groups. Moreover, under interaction with external molecules, the O-H vibrational

frequency shifts, according to the strength of perturbation of O-H bond.

The spectroscopic characterization of the acidity of synthetic imogolite and its modified analogous (Me-
IMO) reported in details by Bonelli et al. [6-8]. They highlighted the surface properties of nanotubes by
means of IR spectroscopy and dosing different probe molecules such: NH3, CO, CO,, D,O and variety of
organic probe molecules to study accessibility, adsorption properties and reactivity of present Lewis and
Bransted acidic sites at different temperature. According to their results, three kinds of surfaces were
defined that may be encountered in alumino-silicate single walled NTs of the imogolite type, namely, that at

the inner pores (A surface), that at the inter pore voids (B surface) and that at the external wall of NTs (C
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surface) as shown in Fig. 2. Due to the different nanotubes diameter in IMO and Me-IMO, different
accessibility for probe molecules evidenced to the hydroxyls groups present in mentioned surfaces.
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Fig. 2 Accessibility of the surfaces of IMO and Me-IMO NTs to probes having different composition and dimensions [8].

As reported [6-8], With IMO, several factors must be accounted for: first of all, below complete
dehydration, nanotubes are partially filled with water, and therefore, besides few inner silanols interacting

I** Lewis sites at the outer surface

with a strong base molecule like NHs, only AI(OH)AI groups and few A
may be accessed by probes. At around 300 °C, water is definitely removed and the inner surface, covered
by silanols, becomes actually accessible to bases with different strength, CO and NHs, and to bigger
molecules, i.e. methanol and phenol. Silanols are as acidic as those of amorphous silica, but their abundance
enhances the interaction with adsorbed molecules. It was shown that Si-OH at the A surface of IMO NTs
behaves as isolated silanols, notwithstanding their density, about twice as much that of hydrated amorphous
silica. The outer C surface, pertaining to slit mesopores among bundles, is generally accessible even to large
molecules, and has an amphoteric character, as shown by the reactivity with organic molecules, like phenol,
and with CO,. Due to its bulky structure, however, phenol access to silanols is limited by geometric/
diffusional constraints. As to surface hydroxyls acidity, interaction with NHj; is strong, probably due to
multiple interactions of ammonia with more than one silanol since the inner surface is lined by Si-OH
groups and to difficult diffusion across micrometer long nanotubes. Aluminols behave as mild acidic
species, as shown by the position of the CO stretch band (21512154 cm ), and the formation of the
hydronium and ammonium species with water and ammonia, respectively. Such species arising from H
transfer are most probably stabilized by strong interaction with the narrow environment. As a whole,
aluminol species of the outer NT layer display in this way the amphoteric behavior expected. At higher
temperatures dehydroxylation of nanotubes starts which is accompanied with collapsing the nanotubes
structure, and some relatively strong acidity is developed, as monitored both by the frequency of adsorbed
CO (ca. 2160 cm™) and the formation of ammonium species, resembling those of amorphous alumino-

silicates with high Al content.
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The inner surface of NTs (A pores) is inactive with Me-IMO being lined with methyl groups. With the
hydrophobic inner surface along with the still hydrophilic outer surface, inner pores will be accessible to
small molecules, like N, and CH, by outgassing at 150 °C and removing water. The behaviour of the
aluminol species in B pores is observable with Me-IMO, featuring larger such pores, whereas were not
accessible in the case of IMO [9]. In fact, the accessibility of the B surface, due to smaller nano-pores
among three aligned NTs in pseudo-hexagonal array, depends on the diameter of A pores: if small, like in
IMO, they cannot be accessed by even small probes like water, ammonia and CO; (Fig. 2); when larger A
pores occur, like in Me-IMO, B pores are proportionally larger and may be accessed by such molecules,
which experience confinement effects, documented by a slightly acidic behaviour of the same aluminol

species that exhibit an amphoteric character when exposed at the C surface.

In principle, when Fe isomorphically substitutes for Al, occurence of Fe(OH)AI groups at the outer surface
of modified IMO NTs is expected: such groups should have peculiar acid-base, different with AI(OH)AI
groups in standard IMO NTs, that could affect the catalytic/adsorption properties of Fe-modified samples.
In order to gather information on the formed hydroxyls, their acidity, accessibility and reactivity towards
molecules in gas and liquid phase, IR spectroscopy of interaction with CO (a rather weak base) and NH; (a
stronger base) were respectively studied at nominal -196°C and room temperature (r.t.). Additionally,
surface acidic properties and accessibility of surface groups in water were investigated by Electrophoretic
mobility and interaction with aqueous solutions of Acid Orange 7 (AQO7, CisH;1N;NaO,S), a model
molecule of azo-dyes (a class of organic pollutants of both waste- and ground-waters) whitch was followed
by UV-Vis spectroscopy.
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6.1 Surface acidic properties of Fe-containing imogolite in gas phase

For IR measurements, samples were obtained in the form of thin, self-supporting wafers (optical density of
about 20 mg cm™) and studied after outgassing at 250 °C to remove adsorbed water and other undesired
contaminants, performed by heating in dynamic vacuum in a standard vacuum frame (residual pressure
below 10" mbar as measured by a THERMOVAC PM 20 Pirani vacuometer Oerlikon Leybold). IR spectra
of the outgassed samples were studied, both as such and after dosage of probe molecules: CO and NHs. The
former was dosed at the nominal normal boiling point NBP (-196 °C) of liquid nitrogen in order to increase
the interaction between this weak base and surface of samples, with a partial pressure in the 0.5-20 mbar, in
a homemade IR cell, equipped with KBr windows, allowing us to carry out thermal treatments and
successive dosing of gases, while using liquid nitrogen as a coolant. The later was dosed at room
temperature with a partial pressure in the 0.5-30 mbar. Spectra were recorded at 2 cm™ resolution on a
Bruker Equinox 55 spectrophotometer equipped with a MCT (mercury cadmium telluride) cryodetector.
Considering the range of equilibrium pressures explored, it was not necessary to subtract the IR spectrum of

the free gas in both cases.

6.1.1 IR Spectroscopy of self-supporting wafers

Fig. 3 compares IR spectra of the bare and Fe-modified samples after dehydration at 250 °C: in the 3800-
2700 cm™ a broad absorption band is observed due to hydroxyls interacting via H-bonding [6]. With both
IMO and Fel.4-loaded-IMO (curves 1 and 3, respectively ), bands are seen at 1595 and 1465 cm™ assigned
to carbonate-like species instead absent with Fex-IMO samples (curves 2 and 4): this would suggest an
overall replacing of Al by Fe ions in the structure of imogolite outer surface. Mentioned carbonates formed
at the surface of IMO and Fel.4-loaded-IMO are Aluminium carbonates, whereas as far as Al is replaced

those carbonates do not form.

Absorbance

3500 3000 2500 2000 1500
Wavenumbers (cm™)

Fig. 3 IR spectra of IMO (1), Fe0.7-IMO (2), Fel.4-loaded-IMO (3) and Fel.4-IMO (4) samples that were dehydrated at 250 °C.
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No other differences may be seen, because of the low Fe content and the plethora of hydroxyls occurring
both within and outside NTs. The presence of different OH species may be revealed, in principle, by the

interaction with basic probes.

6.1.2 IR Spectroscopy-CO adsorption at -196 °C

The kinetic diameter of CO (0.387 nm) far smaller than the inner diameter of imogolite nanotubes, allows
its unhindered entrance into the nanotubes and interaction with silanols along the inner surface [10]. Carbon
monoxide can give an interaction of the acid/base type as a consequence of a polarization of the molecule
and/or a small charge release from the 56 lone pair orbital, mainly localized on the C atom. Theoretical and
experimental studies show that, despite the greater electronegativity of oxygen, the dipole moment points
from the more-negative carbon end to the more-positive oxygen end [11, 12]. The three bonds are in
fact polar covalent bonds that are strongly polarized. The calculated polarization toward the oxygen atom is
71% for the o-bond and 77% for both n-bonds [13]. For example in the case of CO interaction with present
hydroxyl groups in imogolite, for the free molecule of CO fundamental v (C-O) value is 2143 cm™ and
larger positive shifts result from adsorption via carbon at a cationic site [14] (Fig. 4). In the presence of free
silanols, the characteristic 2156 cm™ band is expected to appear as a consequence of the stretch mode of

carbon monoxide interacting with =Si-OH [10].

2143 cm? o=¢c-.

'H
g

Si
0~ "2}0
o)

:0=C: 2156 cm™!

Fig.4 Schematic representation of free CO molecule interacting with Bragnested and Lewis acid sites at -196 °C and correlated

vibration wavenumber, the interaction with isolated silanols shift the C=0O stretching mode to 2156 cm™.

Fig. 5 represent the CO stretch range (2250-2050 cm™) of difference FT-IR spectra, obtained after dosing
CO at equilibrium pressures: 0.5-20 mbar on (IMO) and Fe-containing samples after degassing at 250 °C

under the residual pressure of 10 mbar.

2158cm™ 2158cm 2158cm™

Absorbance
Absorbance
Absorbance

2168 cm-” 1
2165 cm 3/ 1

2250 2200 2150 2100 2050

T T L T —F
2250 2200 2150 2100 2050
Wavenumbers (cm™) Wavenumbers (cm™) Wavenumbers (cm™)

2250 2200 2150 2100 2050

Fig. 5 Difference IR spectra obtained after dosing CO at nominal -196°C on IMO (a), Fel.4-IMO (b) and Fel.4-loaded-IMO (c) CO

equilibrium pressure in the 0.50 — 20 mbar range, after degassing the samples at 250 °C under the residual pressure of 10 mbar.
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With all the samples, the main band at 2158 cm™ is ascribed to CO molecules interacting with inner silanols
and the weak band at 2185 cm™ is due to CO interacting with some defective AI** ions at the outer surface
[10, 15, 16], and finally, the shoulder at 2131 cm™, more clearly seen at higher equilibrium pressure, is
ascribed to SiOH—OC complexes previously observed on silica [16]. The poor transparency of the sample
in the OH stretch region did not allow obtaining reliable IR spectra in that region. Spectra obtained with
both Fe-containing samples (Fig. 5b and ¢) do not show relevant differences with respect to IMO except of
one shoulder at low CO pressure at 2165-2168 cm™which is ascribed to CO adsorbrd on un-coordinated
Fe®* of Fe,0; clusters [17]. There is no other appreciable differences between Fe-modified samples and
standard IMO. One probable reason being that CO is too weak to test (poorly acidic) Fe(OH)AI groups,
which should instead interact with NHs, a stronger base than CO, able to interact with both Lewis

(uncoordinated metal ions) and Bransted (hydroxyls) species.

In Fel.4-IMO sample (Fig. 5¢c) a very weak shoulder at 2148 cm™ is observed. The limited shifted with
respect to the free molecule of CO in gaseous phase (2143 cm™), indicates a weak interaction of
electrostatic nature. The observed wavenumber (2148 cm™) is close to that reported in the literature for
CO/H,O dimeric complexes (2144-2149 cm™), formed after CO adsorption on ice [18]. This suggests a
weak interaction of CO with small amount of water molecules remained in the small pores after thermal
treatment at 250 °C under vacuum. This peak is absent in the Fel.4-loaded-IMO sample indicating less
hydrophilicity. As reported in chapter 5, increasing the outassing temperature for Fel.4-IMO was avoided
to prevent the dehydroxylation and partial collapsing of the nanotubes even in the presence of remained
water.

As a whole, bands related to the absorption on inner silanols have a same intensity; in all samples indicating
that they are is the same abundance and accessibility for this probe molecule. But IR spectra of CO
adsorbed at low temperature on Fe-containing samples do not show appreciable differences with respect to
IMO, CO being a too weak ligand to bring into evidence possible differences in acidity between Fe(OH)AI
and AI(OH)AI groups. The poorly acidic external hydroxyls may interact with NHs, a stronger base than
CO, able to interact with both Lewis (uncoordinated metal ions) and Bransted (hydroxyls) species.

6.1.3 IR spectroscopy-NHj3 adsorption at room temperature

Study of the different OH species of imogolite can be investigated by adsorption of NHs; molecules. As
already mentioned, the OH stretch region of single-walled aluminosilicates poses some problems in the
interpretation of IR spectra, since the abundance of hydroxyls hinders the identification of different species,
which have to be studied indirectly. Ammonia is a strong base that can interact with acidic Brgnsted and

Lewis sites through the lone pair of nitrogen atom as presented in Fig. 6.
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Fig. 6 schematic representation of NH; molecules showing electronic density able to interact with Bronsted and Lewis sites

The interaction with acidic Brgnsted acidic sites can also leads to the formation of ammonium ions. The
hydrogen-bonding interactions of ammonium ions with the charged atoms of the walls play a special roll in
stabilizing such ionic structure. Monodentate, bidentate and tridentate species might be formed depending
on the number of sites interacting with the protons of each ammonium ion. Such structures have different
vibrational activities due to their different local group symmetry and can be studied by means of FT-IR

spectroscopy.

Fig.7 reports IR data concerning ammonia adsorption on dehydrated samples: difference spectra are
reported, as obtained after subtraction of spectra of the bare samples shown in Fig. 3, therefore the observed
negative bands are due to species disappearing, and the positive bands to species being formed upon
ammonia dosage. With IMO (Fig. 7a), a negative band is seen at 3735 cm™, ascribed to NH; molecules
interacting with inner silanols [6, 8]; two bands form at 1625 cm™ and 1450 cm™, due to ammonia
molecules coordinated on Lewis sites (outer AI**) and to ammonium ions formed by interaction with acidic
hydroxyls, respectively. Fig. 7b compares difference IR spectra in the N-H bending range obtained with the
four samples under the same equilibrium pressure of ammonia (ca. 10.0 mbar): the spectra of IMO (curve
1) and Fe0.7-IMO (curve 2) are very similar, likely due to the low Fe content of the latter. With Fel.4-
loaded-IMO (curve 3), beside that at 1450 cm™, another component is observed at 1485 cm™, due to
ammonium formation upon interaction of ammonia with less acidic OH groups, likely related to Fe,0s
nanoclusters. Similarly, with Fel.4-IMO a second component is observed at 1475 cm™ (curve 4) amenable
to ammonium ions formed by interaction of ammonia with Fe(OH)AI groups, having an intermediate acidic

character.
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Absorbance
N

1700 1650 1600 1550 1500 1450 1400

Wavenumbers (cm™)

Fig. 7 Section a: difference IR spectra obtained after dosing NH3 at r.t. on IMO dehydrated at 250 °C, NH3 equilibrium pressure in the
0.50-30 mbar range. Section b: difference IR spectra obtained with IMO (1), Fe0.7-IMO (2), Fel.4-loaded-IMO (3) and Fel.4-IMO
(d). Differences were obtained by subtracting IR spectra of bare samples reported in Fig. 3.

Fig. 8 compares difference spectra in the OH region: with IMO (Fig. 8a) the acidic species is at 3735 cm™,
as typical of silanols. The same species is also observed with Fe-containing samples. No relevant
differences are observed with Fe0.7-IMO (Fig. 8b), whereas a new OH species at 3720 cm™ is observed
with Fel.4-IMO (Fig. 8d), ascribed to Fe-(OH)-Al groups. With Fel.4-loaded-IMO such band is absent,
notwithstanding the presence of isolated Fe** ions documented above, and a new band is observed at 3705
cm™ (Fig. 8c), due to hydroxyls species related to Fe,O; nanoclusters: such OH groups should be less

acidic, and indeed the band due to ammonium ions is less intense in Fel.4-loaded-IMO (curve 3 in Fig. 7b).
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Fig. 8 Difference IR spectra, in the OH stretching region, obtained after dosing NH3 at r.t. on IMO (a), Fe0.7-IMO (b), Fel.4-loaded-
IMO (c) and Fel.4-1IMO (d) samples that were dehydrated at 250 °C. NH3 equilibrium pressure corresponding to 2.5 and 10 mbar.

The disappearance of the 3720 cm™ band in Fel.4-loaded-IMO seems to indicate that Fe-(OH)-Al groups
act as condensation centers for other Fe** ions, ending in Fe,O; nanoclusters, in agreement with the
tendency of Fe®" ions to aggregate in non-acidic conditions [19]. The Fe(OH)AI species has an O-H
stretching mode at 3720 cm™, and forms ammonium cations absorbing at 1450 cm™ upon NH; adsorption at
room temperature, as for IMO. Fe(OH)AI groups likely act as crystallization centres for the growth of
Fe,0; nanoclusters, bearing less acidic OH groups with a stretching mode at 3705 cm™ and forming

ammonium cations absorbing at 1485 cm™. Fig. 9 shows the effect of NH; adsorption on the original

spectrum of Fe-containing imogolite samples,
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Fig. 9 Comparison of Fel.4-loaded-IMO and Fel.4-IMO spectra after outgassing at 250 °C (solid line) and after dosage of 30 mbar
NHjs at room temperature (dashed line).
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Interaction with ammonia is not reversible at room temperature, even after 90 mins evacuation under the
residual pressure 10, indicating the presence of medium strength acidic sites and strong interaction,

probably due to multiple interactions with more than one silanol group [6-8].
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6.2 Surface acidic properties of Fe-containing imogolite in water

6.2.1 Electrophoretic mobility

Electrophoretic mobility as a function of pH was measured at 25°C by means of electrophoretic light
scattering technique on a Zetasizer Nano- ZS (Malvern Instruments, Worcestershire, UK). The
corresponding (-potential curves were calculated through Henry’s equation: Ug = 2¢ { f(Ka)/3r, where Ug
is the electrophoretic mobility, € is the dielectric constant, { is the zeta potential, f(Ka) is the Henry’s
function, and n is the viscosity. The adopted value of f(Ka) was 1.5, in agreement with the Smoluchowski
approximation, usually applied to aqueous solutions of moderate electrolyte concentration, as in the present
case. Water suspensions were obtained after 2 min sonication with an ultrasonic probe (100 W, 20 kHz,
Sonoplus; Bandelin, Berlin, Germany); the pH of the suspension was then adjusted by adding either 0.10 M
HCI or 0.10 M NaOH. Fig. 10 reports ¢ potential curves vs pH for samples IMO, Fel.4-IMO and Fel.4-
loaded-IMO, as IR spectroscopy did not noticed any relevant difference in the surface properties of Fe0.7-

IMO with respect to proper imogolite.
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Fig. 10 ¢ potential curves of IMO (squares), Fel.4-IMO (triangles) and Fel.4-loaded-IMO (circles).

IMO (squares) is positively charged at low pH, the point of zero charge (PZC) being at pH = 9.8, a value
close to those reported for alumina [20, 21], in agreement with the chemical nature of the external surface
of IMO, exposing only Al-O-Al groups and AI(OH)AI bridges, like a hydrated aluminium oxide. Both
modified samples shoe PZC at a little higher pH values and moreover their curves lie upper that of IMO
over nearly a broad range aound PZC values, i.e. the sample is more positively charged in water: we take
this as evidence that Fe(OH)AI are slightly more basic than AI(OH)AI in water. The same holds for Fel.4-
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loaded-IMO, i.e. hydroxyl of Fe,O; clusters are less acidic in water than AI(OH)AI species, in agreement
with what observed by adsorption of gaseous ammonia.

6.2.2 Interaction with Acid Orange 7 (AQ7) in water

In this part, adsorption of Acid Orange 7 (AO7) by synthesized nanotubes from water has been investigated.
Highly porous obtained modified imogolite materials with an extraordinarily positive surface charge in
water and different acidity of hydroxyls group are expected to show interesting adsorption behavior for
AO7 as comparing to bare IMO sample. According to the IR spectroscopy-probe molecules investigation,
introducing the iron species into or on the structure of bare IMO has a considerable effect of the surface
properties and acidity of present hydroxyl groups. In this chapter interaction of acid orange molecules with
these hydroxyl groups will provide more data about the acidity and accessibility of surface groups.
Moreover, from the environmental application point of view, azo-dye effluents from different industries are
highly dispersible pollutants and contain aromatic compounds that are of synthetic origins [22]. They
contribute to water toxicity and represent an increasing danger for the environment and human beings. They
are highly visible, inhibit sunlight penetration, and reduce photosynthetic reactions and accordingly affect
photosynthetic activities of aquatic flora [23, 24] and maybe toxic to aquatic features and also human
beings [25-34]. Thus, the removal of these colored compounds from wastewater is an important target.
However, this process faces a major problem represented in the high stability of these azo-dyes in aqueous
media and their resistance to light and oxidation agents [35], because synthetic dyes have complex aromatic
structures that make them stable and difficult to biodegrade [36]. The methods of dye removal from
industrial effluents include adsorption, oxidation, coagulation, flocculation, chemical degradation and
biological treatment which fall under the broad classification of physical or chemical methods [37].
However, adsorption is one of the most efficient methods for the removal of synthetic dyes from aqueous
effluents. Among several classes of dyes, azo dyes are about 60—70% of the dyes used in textile industry.
AO7 as a typical dye of this group is an anionic azo dye selected as a model molecule for current
investigation. The choice of AO7 stemmed from the following reasons: (i) its molecular dimensions [38]
are so that it should be able to interact only with the (iron doped) outer surface of NTs, avoiding “parasitic”
interactions with inner silanols and (ii) being a sodium salt, it dissociates in water and the anion
C16H1:N,0,S™ should be able to interact electrostatically with outer AI(OH,) Al or Fe(OH,)*Al groups.

Table 1 shows the general characteristic of this dye.

Table 1 general characteristic of acid orange 7 [39-41]

Characteristic Information

Formula Ci1sH1:NoNaO,S
Molecular weight (g mol ™) 350.33

Molar volume (cm® mol ™) 280.26

Molecular volume (A% molecule™) 231.95

Molecular surface (A% 279.02

Molecular dimensions (A) (5.44* 10.03*15.76) A
Natural pH in deionised water 6.1
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According to the presented molecular dimensions in Table 1 for AO7 molecules, accessibility to present
hydroxyls in the system of nanotubes bundles is restricted in some surfaces. As reported by Bonelli et al.
[8], three kinds of surfaces can be actually figured out in nanotube bundles represented in Fig. 11:

Fig. 11 scheme representation of surface in imogolite nanotubes bundles [8].

Surface A, the inner surface of the nanotubes, which is lined by SiOH groups, most probably there is a
limited accessible for AO7 molecules because because of difficult difusion of AO7 molecules in inner pore
of nanotubes (about 1 nm).

Surface B, in IMO bundles is not accessible to molecules, even smaller ones like water [42, 43] since the
corresponding pores are 0.3 nm wide [7, 9].

Surface C is accessible to interact with the AO7 molecules.

Therefore the interaction of AO7 molecules with synthesized samples should be considered mainly due to
the interaction with the hydroxyls (Al-OH-Al, Fe-OH-Al or Fe,O3--OH) present in surface C. D. L. Guerra
et al. in 2010 [44], reported the use of original and modified imogolite aluminosilicates with 2-
mercaptothiazoline (MTZ) as alternative absorbents for extraction of toxic dye, methylene blue, which are
commonly present in waters from a variety of sources and industrial effluents. Due to the increment of basic
centers attached to the pendant chains the dye adsorption capability of the final chelating material, was
found to be higher than is precursor. By the same idea Fe-modified IMO samples covered by the hydroxyls

groups with different acidity has been applied for adsorption of AO7 molecules from aqueous solution.

Since we have focused on the surface properties of Fe-modified nanotubes as comparing to the bare
imogolite nanotubes, the reaction parameters such as initial concentration of AO7, dose of adsorbent and
temperature were kept constant, and the adsorbed amount of dye at the same time by different sample was
checked. Additionally, contrary to what usually done, the reaction was studied in dark conditions, because
the aim of this investigation was in the first instance the reactivity of surface metal centers, and not the
photoactivity of the solid [39]. The experiment was carried out by batch adsorption process; initially by
treating 50 mL of aliquots of stock solution of 0.67 mM AO7 (Acid Orange 7 (NaAQO7) was from Fluka)
water solution with the required amount of adsorbent (1gL ), at room temperature in magnetically stirred
thermostated cylindrical reactors. The reaction mixture was shaken vigorously with the constant speed for 3
days (72h) in the dark. The extent of adsorption of the azo-dye on nanotubes surface was evaluated in
different time intervals (contact time period of 5, 30, 120 minutes and continued to 24, 48 and 72 h). During

the reaction pH of solution was checked with a pH control system involving a glass/saturated calomel
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electrode (Metrhom) and a dosimeter. In terms of color removal, following the procedure described above,
the solution was subjected to centrifugation (4000 rpm for 15 mins) and then were analyzed by UV-Vis
spectroscopy. Isothems plotted by determining the amount of the dye adsorbed on the surface of different
adsorbents as a function of interaction time in the solution with same concentration of AO7, at equilibrium.
Standard plot is drawn for known concentrations and the concentration of dyes was determined by

converting the optical density to corresponding concentration.

Fig. 12 reports the molecular structure of AO7 molecules and UV-Vis spectrum of the starting solution (as
used in Fig. 13a, b, ¢): the hydrazone form of AO7, stable in the solid phase, undergoes an azo-hydrazone
tautomerism, via an intra-molecular proton transfer, so that both hydrazone and azo-form are

simultaneously present in water.
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Fig. 12 a) molecular structure of AO7 and b) UV—-Vis spectrum of a 0.67 mM AO7 solution

Two peaks at 310 and 230 nm and the shoulder at 256 nm are due to aromatic rings absorptions. The peak
at 482 nm is due to the n-m* transition involving the lone pair on N atoms and the conjugated system
extending over the two aromatic moieties and encompassing the N-N group of the hydrazone form [39, 45,
46].The shoulder at 403 nm has a similar nature, involving this time the N-N group of the azo form [47, 48].
Absorbance values at 482 nm were used to monitor the adsorption process, for preparing the calibration
curves between absorbance and the different concentration of the dye solution. Fig. 13a, b, ¢ report UV-Vis
spectra of the supernatant solutions obtained after contacting IMO, Fel.4-loaded-IMO and Fel.4-IMO with

0.67 mM AQO7 water solution, respectively.
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Fig. 13 UV-Vis spectra of the supernatant solutions obtained after different contact times between 0.67 mM AO7 aqueous solution in
presence of IMO (a) and Fel.4-loaded-IMO (b) and Fel.4-IMO (c) all three sections report the spectrum of the starting AO7 solution
(bold curve) and those of the supernatant solutions obtained after 5 min, 30 min, 120 min, 24 h, 48 hand 72 h.

As shown, the absorbance band at the maximum wavelength of AO7 (482 nm) has decreased in intensity
immediately after connection in all three samples. The time dependent behavior of dye adsorption was
examined by varying the contact time between adsorbate and adsorbent. During adsorption process, the
adsorbates start to adsorb onto adsorbent immediately, but a longer contact time was required to achieve
equilibrium state so the contact time was prolonged to 3 days. The effect of contact time on the extent of
dye removal is presented in Fig. 14. The percentage of dye removal was calculated using the following
formula:
Percentage removal of dye = [M] x 100

Co
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where C, is the initial concentration of dye solution and C, is the final concentration of dye solution at each
time interval. Fig. 14 reports the UV-Vis spectra of the liquid phase after 120 min contact with the studied

samples.
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Fig. 14 Section a: UV-Vis spectra of the starting AO7 solution (1) and of the supernatant solutions after 120 min in contact with IMO
(2), Fel.4-loaded-IMO (3) and Fel.4-IMO (4). Section b: percentage of AO7 removed by IMO (squares), Fel.4-loaded-IMO (circles)
and Fel.4-IMO (triangles). Section c: pH of the solutions during AO7 adsorption measurements.

In the reported experiments, no new bands form, indicating that a mere adsorption process occurs. From the
obtained adsorption data, the trend in intensities concerning the samples IMO, Fel.4-IMO and Fel.4-
loaded-IMO reported in Fig. 14b is evaluated, whereas section ¢ of the Figure shows the parallel behaviour

of the solution pH.
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Two processes are seen to occur in all cases, one rapid, involving a decrease in pH, the other time-
dependent and implying the moderate increase in pH. The slow process is most probably related to the
difficult diffusion of NaAO?7 into A-type pores, the size of which is of the order of the transverse dimension
of AO7": the interaction is with silanols with a process that decreases the concentration of hydronium ions
in the solution. The fast process, instead, takes place at the outer C surface, involving either AI(OH)AI or
Fe(OH)AI species, and causes the release of hydronium ions in solution. With Fel.4-IMO, where Fe(OH)AI
species are present, the latter process is particularly relevant. As it concerns IMO, the following reactions

seem to account for the features observed:

SiO" + H" + AO7 - SiOHAOT (e9.1)
Al(OH,)*Al +AO7 = AI(OH)AI"AO7 +H* (€9.2)

The adsorption process implies hydrogen bonding of the anion AO7" with acidic hydroxyls, silanols and
bridged species, respectively. This implies in turn reversal of egns. (3) and (4), with opposite variations in
pH.

AI(OH)AI + H* = AI(OH,)*Al (eq.3)
SiOH = SiO" + H* (eq.4)

Note that because of the size of the molecule, more than one acidic hydroxyl may be implied per NaAO7
molecule. With Fe1.4-IMO a second interaction may take place with Fe(OH,)"Al groups:

Fe(OH,)'Al +AO7 > FeAOT7 +AIOH + H* (€9.5)

Reaction (5) likely implies the formation of FeAO7  adducts, in which N atoms of the organic dye
coordinate Fe** ions, through a ligand displacement phenomenon in which, by their nature of transition
element, Fe** ions can display coordinative capacity towards N atoms of AO7". This reaction release H+
ions in water in agreement with considerably lower pH values of correlated suspesion during the
experiment. On the contrary, with Fel.4-loaded-IMO such Fe(OH)AI groups served as crystallization

centres for the growth of Fe,O3 nanoclusters and are no more available to bind to AO7" species.
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Conclusion

From surface acidity point of view, the main effects of the presence of Fe are on formation of new hysroxyl
species with different acidity in Fe-modified samples, probably, preferntially Fe(OH)AI in outer surface of
Fex-IMO nanotubes and Fe,O;—OH in loaded sample. With both samples, when Fe substitutes for Al, at
the outer surface Fe(OH)AI groups occur, the intrinsic acidity of which is only marginally different from
that of AI(OH)AI, both in the gas phase, as suggested by NH; adsorption, and in water, as shown by (-
potential measurements. In gas phase Fe(OH)AI groups also act as condensation centers for other Fe** ions,

ending in Fe,O3 nanoclusters, bearing less acidic OH groups.

In water, Fe(OH)AI bridged groups, which are slightly less acidic than AI(OH)AI groups, but provide
accessible Fe** sites that may be accessible to species able to coordinate iron, as observed in the case of
AOQT, leading to a higher efficiency towards the retention of such moiety and, more generally, of anions in
aqueous solution. Finally we can conclude that Interaction with AO7" in water solution occurs in different
ways, as documented by the observed pH changes: i) with proper IMO, AO7" anions preferentially adsorb
via H-bonding; ii) with Fe1.4-IMO, Fe** cations of Fe(OH)AI groups act coordination centers for N atoms
in the AO7" moiety; iii) with Fel.4-loaded-IMO, Fe,O3 nanoclusters likely hinder AO7™ adsorption.
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Introduction

The catalytic oxidation or degradation of organic molecules continues to be a very important method for the
preparation of primary and specialty chemicals in the chemical industry or environmental issues worldwide
[1]. The main driving force for the development of new efficient oxygenation catalysts is the necessity to
functionalize feedstock alkanes to raw oxygen-containing chemicals and the ability to selectively
hydroxylate non-activated C—H bonds in elaborate chemicals in order to save many steps in the preparation
of fine chemicals. In addition, for obvious environmental constraints, classical stoichiometric oxidants, such
as dichromate or permanganate, should be replaced by new environment friendly catalytic processes using

clean oxidants like molecular oxygen or hydrogen peroxide [1].

The intrinsic surface acidity of imogolite nanotubes, unique and regular internal/external surface and
defined porosity, all suggest that catalytic properties of imogolite could be unique [2]. As mentioned before
from a catalytic point of view, the most interesting features in these materials are: (i) the nanoporous
structure with a monodisperse tube shape; (ii) the outer surface covered by AI(OH)AI or Fe(OH)AI groups
in bare and Fe-modified samples respectively and (iii) the inner surface lined by =SiOH groups [3].
Incorporation of Fe ions in IMO structure generates a new chemical function by forming Fe(OH)AI groups
and cxpected change their catalytic activity. Generally present hydroxyls (AI(OH)AI and =SiOH) show
different acidity and placed in separate surfaces, accordingly participate in completely different way in the
catalytic process according to their acidity and accessibility to reactants which is affected by the bond
strength and dimension of reactant molecules. For example, Bonelli et al. [3] reported that phenol has a
limited access to inner silanols at high temperature, whereas methanol interacts with both inner silanols and
outer AI(OH)AI groups. According to the obtained results in previous chapter, modification of imogolite
nanotube by introducing the Fe species led to the creation of hydroxyls with different acidity as comparing

to the present hydroxyls in bare imogolite.

In the gas phase reaction over bare imogolite nanotubes and slightly more hydrophilic Fe-modified samples,
a factor must be accounted for adsorbed water: below 250 °C, nanotubes are almost completely filled with

I** Lewis sites at the outer

water, therefore only AI(OH)AI groups and perhaps few inner silanols and A
surface may be accessed by probes. At 250 °C, water is definitely removed and the inner surface, covered
by silanols, becomes actually accessible to reactants; however, accessibility to silanols could be limited by
geometric/diffusional constraints of reactant molecules. Besides gas—solid reactions, imogolite could be
also considered for aqueous phase reactions and describe a potential application of imogolite nanotubes for
providing a solution to the problem of industrial dye contaminations in water sources [4-7] by chemical
degradation of organic polutants which arise from the surface charge and catalytic properies of present
hydroxyls in the surface [8, 9].

In this chapter catalytic activity of Fe-modified samples in two different media is discussed according to the
hydroxyls acidity and iron species structural position for oxidation of propylene in gas phase and

degradation of AO7 in water.
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7.1 Epoxidation of propylene in gas phase

The reaction chosen as a test reaction is selective epoxidation of propylene (P) to produce propylene oxide
(PO) because, besides the technological importance of setting up a new method to produce the propylene
oxide due to the low efficiency and disadvantages of present methods, this reaction will provide more
information about the acidity and accessibility of new hydroxyls in Fe-mosified samples. In fact the
presence of superficial groups with different acidity results in different products of catalyzed O,/C3Hs
reaction; accordingly based on the obtained products we can roughly judge aboutthe acide strength of
present hydroxyls. According to the literatures, epoxidation of propylene is favored by mild acidic sites
[10]. As shown before introducing Fe into structure of imogolite will create new acidic hydroxyls with

marginally lower acidic strength than those in standard IMO.

Propylene oxide (PO), also known as methyloxirane, or 1,2-epoxypropane, which is one of the major
commodity chemicals used in chemical industry, desperately requires a new process for its production,
because of the disadvantages that are encountered with the currently available processes. The production of
propylene oxide consumes over 10% of all propylene produced [11]. In 1999, the total production for
propylene oxide amounted to ~5.8 million tons per year. This market is annually growing by ~4%-5%.The
major application of propylene oxide is in the production of polyether polyols (65%), which are mainly
used for the production of (polyurethane) foams. The second and third largest applications are in the
production of propylene glycol (30%) and propylene glycol ethers (4%), respectively [11]. Propylene
glycols are mainly used in the production of polyesters, whereas propylene glycol ethers are primarily used

as solvents.

Propylene oxide is currently produced using two different types of commercial processes: the chlorohydrin
process and the hydroperoxide process. In 1999, the production capacity was distributed evenly between
these two processes; however, because of the environmental impacts of the chlorohydrins process (huge
amount of waste water containing CaCl,, glycols and small amounts of other hydrocarbons), the most
recently built plants are all using hydroperoxide process technologies. However, a disadvantage of the

hydroperoxide processes is the production, in a fixed ratio, of a co-product (either styrene or tert-butyl
alcohol, depending on which variant of the hydroperoxide process is applied). Because these co-products
are produced in a volume that is ~3 times larger than that of propene oxide, the economy of the process is

primarily dominated by the market of the co-product.

So far, a major research effort has been made in the development of alternative direct epoxidation processes
for the production of propylene oxide. The aim has been to develop a process for the direct gas-phase
oxidation, similar to the direct epoxidation of ethene. The direct oxidation of propylene with oxygen
requires the insertion of an oxygen atom into a propylene molecule [12, 13]. This chemistry has been used
industrially for producing ethene oxide from ethene on supported silver on alumina catalysts since the
1940s [12, 13]. Selectivity to ethene oxide is typically 90 % industrially and while these olefins are
chemically similar, direct propene epoxidation on similar catalysts surfers from low selectivity of around 5-
10 % (200 °C, WHSV = 2000 h™); the remaining propylene converts to CO and CO, as well as some trace
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byproducts (acrolein, propanal, and propanol) [13-15]. Some alkenes like ethene and styrene, which have
no allylic hydrogen atoms, can be directly epoxidized with molecular oxygen in the gas phase over different
catalysts. The process for the direct epoxidation of ethene over Ag catalysts was developed in the past and
has been performed worldwide for six decades. However, over the same or similar catalysts the propylene
oxidation leads to propylene oxide selectivities of less than 15% at a conversion degree of less than 15%. In
the case of ethene (C,H,, R=H), the energy required to cleave the C-H bond is 184 kJ/mol, while the C=C
attack does not require significant energy; thus, ethene prefers the epoxidation pathway [11, 40]. The
abstraction of hydrogen from a propene (C3Hg, R = CH3) molecule forms a more stable allylic radical than
in ethene combustion, requiring only 67 kJ/mol to cleave the C-H bond [11, 40]. The C=C attack of
propylene requires negligible energy, but once the initial C-O bond is formed, an additional reaction is
possible. The distance between OH groups on surface of imogolite nanotubes specially on the inner surface
is similar to the distance between the a-carbon and vy-carbon of propene (0.29 nm and 0.27 nm,
respectively), and an adjacent O may cleave a y-H to form a surface intermediate which proceeds to
combust [11]. This combustion pathway is much more exothermic than the epoxide formation (-155 kJ/mol
and -46 kJ/mol, respectively), and coupled with the lower barrier to hydrogen abstraction of gas phase
propylene explains the preference of propylene to combustion over epoxidation relative to ethene [11]. In
propylene oxidation, the resonance stabilized C;Hs radical enables the higher selectivity to combustion [12-
14].

However, the catalysts that have been developed utilizing many metals and their oxides [15-25] show
substantial combustion rates, no activity, or rapid deactivation for epoxidation of propylene. Similarly,
combinations of titania, alumina, and silica show high yields during initial tests but quickly deactivate [26]
for the direct epoxidation using oxygen or air which is, by far, insufficient to result in a viable process
(usually <30%, with the remaining portion of the propene being converted to carbon dioxide). In another
work Olin developed a process for the direct epoxidation of propylene using molten salt “catalysis”,
claiming promising results of 65% selectivity to propylene oxide at 15% propylene conversion [27].
However, this process is not yet commercially applied. An alternative to using alkyl-hydroperoxides, which
are used in dehydroperoxide processes, is hydrogen peroxide. Especially, when TS-1 (titanium silicalite-1)
is used as a catalyst, this allows for the possibility of a very selective (95%) and hydrogen peroxide-
efficient production of propylene oxide [28]. However, the major problem for the commercialization of this
process is the fact that, on a molar basis, propylene oxide and hydrogen peroxide have comparable market
values, making it impossible to run the process profitably at this time. For other epoxides used in fine
chemistry, the use of hydrogen peroxide or organic peroxides is more favorable, because the cost of these
oxidants is much smaller, compared to the product value. The disadvantage of the high cost of hydrogen
peroxide for the propylene epoxidation can be solved by the in situ production of the hydrogen peroxide,
which is a process that is currently under construction by Dow-BASF [29]. Another route toward the
production of propylene oxide under development is based on propylene epoxidation, using a mixture of
hydrogen and oxygen over a gold-titania catalyst. After Haruta and co-workers [30] discovered this system
almost a decade ago, many research groups performed work on this catalyst. Although the selectivity for

propylene oxide is very high, the low conversion and hydrogen efficiency still need to be improved.
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Many iron-containing compounds and solid catalysts have been reported to catalyze the selective oxidation
of benzene or alkanes [31]. Iron-containing microporous amorphous silica synthesized by a sol-gel method
was reported to catalyze the conversion of benzene to phenol with H,O, [32]. Fe-ZSM-5 catalyzed the
selective oxidation of benzene to phenol with N,O [33]. Fe-containing Y zeolite modified with Pd was
effective in the oxidation of alkanes such as hexane to oxygenates with a H,O, or O,—H, gas mixture [34].
Iron phosphate catalyzed the partial oxidation of methane and ethane to their alcohols with an O,—H, gas
mixture [35, 36]. However, to our knowledge, no iron-containing heterogeneous catalyst has been reported
to show significant activity for the epoxidation of alkenes with H,O,, although substituted iron (lI1)
porphyrin chlorides, typical biomimetic model complexes, are effective for epoxidation reactions with
organic hydroperoxide [37]. This part will examine the reaction mechanism and catalytic requirements for
epoxidation of C3Hs while O, has been selected as an oxidant in gas phase, focusing initially on catalytic
reactivity of bare imogolite and then extending to different Fe-containing samples, to establish the reactivity
and selectivity of propylene oxide formation correlated to introducing of iron in imogolite structure. At the
same time the catalytic results will provide more information about structural and acidity properties of Fe-

modified samples.

7.1.1 Catalytic test: Epoxidation of propylene in gas phase over Fe-modified
imogolite

An experimental set-up for the rate measurements of propylene epoxidation was used, shown in Fig. 1. The
reactivity measurements were performed in a fixed bed microcatalytic quartz reactor with plug flow
hydrodynamics. The reactor was heated by a furnace (Bluewater Heater) connected to a temperature
controller (CN3251-R-S2, Omega) reading the temperature from a K-type thermocouple (Omega) inside the
reactor. Three gas flows were fed to the system: He (99.999 %, Linde), O, (5.50 % in He, Linde), and
propene (99.95 %, Linde). Three thermal mass flow controllers (SLA5850S1BA1B1B2A1, Brooks)
controlled the gas flow rates and fed into the system through the reactor, or through a reactor bypass. The
reactor effluent was taken to a gas chromatograph (8610C, SRI) equipped with packed columns Molecular
Sieve 13X (6' x 1/8" S.S., SRI) and HayeSep D (6' x 1/8" S.S., SRI), and a TCD and FID (SRI).

Sample

Gas
Chromatograph

Fig. 1 Propylene epoxidation System

Typically, 150 mg of catalyst samples (bare and Fe-modified imogolite) were loaded into the reactor and

supported by its quartz frit. The catalysts were pretreated for dehydration by 50 ml min™ He flow and
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heating at 10 °C min™ to 250 °C and holding for 4 h (step A). The temperature then decreased to the first
point of reaction temperature, typically 100 °C, as shown in thermal treatment diagram in Fig. 2.

700

600

500

400

Temperature (C)

300

200

100

0 250 500 750 1000 1250 1500

Time (min)

Fig. 2 temperature program used for propylene oxidation test: A) dehydration of samples under helium flow (50 ml min™) at 250 °C

and for catalytic teat at B) 100 °C (steady state) and C) increasing temperature up to 500°C .

A reaction mixture of 3 kPa O,, 20 kPa propylene and He as carrier gas was introduced into the system
with a total flow rate of 16.67 ml min™ at the constant temperature (100 °C) for 6 h and the reactivity of the
catalysts was checked in steady state condition (step B). Then reaction temperature starts to increase with
rate 1 °C min™ up to 500 °C to check the temperature and structural change effects on catalytic reaction (step
C). During the reaction, effluent concentrations were monitored every 15 minutes with the GC.

Complete dehydration of synthesized sample under mention condition (time, temperature and gas fellow)
was checked by GC-MS by detecting the water molecules to ensure the accessibility to inner pores after
water removal. Gas chromatographic studies of synthetic imogolite indicate that the intra-tube pores are
accessible to hydrocarbons at least up to the size of benzene and cyclohexane (~6 A diameter) but exclude
perfluorotributylamine (~ 10.2 A diameter) [38]. Fig. 3 present and estimation of propylene molecule
dimension.

H

H
1_03;\ 1.337 A /08 A
C C H
1.086 7 1 52}\1,0957
H ' C 1.005 A H
1.09%

H

allylic hydrogens

Fig. 3 estimation of Propylene molecule dimension

The reactants in this reaction (O, and C3Hs) possess very different molecular size, and are supposed to have
quite different diffusivity properties leads to the difference between their accessibility to acidic center in

inner pores. Fig. 4 shows the catalytic performance of dehydrated bare and Fe-modified samples in
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conversion of reactants at 100 °C. Generally the conversion rate of reactants (oxygen and propylene
molecules) is extremely low at this temperature.
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Fig. 4 conversion% of reactants at constant temperate (100 °C) by time

At constant temperature (100 °C), as reported, in all samples the conversion rate of oxygen drops almost
gradually during the time except of Fel.4-loaded-IMO containing Fe,Oz species. According to the
literatures the metallic centers in the structure are the responsible for activation of O, molecules. If oxygen
is unable to dissociate, the epoxidation will not occur. When the oxygen-metal bond is too strong the
formation of epoxide is thermodynamically impossible. Therefore, the suitable metallic center should have
the ability to dissociatively adsorb oxygen, which is weakly bonded at high coverage [11]. FT-IR studies in
previous chapter showed that a limited amount of Lewis acidic sites (AI**) are present in synthesized
samples. With this reason gradual decrease in the O, conversion can be related to occupation of limited
number of these sites in the structure by activated oxygen which at the test temperature cannot interact with
propylene and leave the site fast enough. On the other hand, the constant rate of O, conversion in Fel.4-
loaded-IMO sample could be related to the presence of Fe,Os; metallic centers which provides enough sites
for chemisorptions and activation of oxygen at 100 °C. The reduction of metallic centers could be occurred

by propylene or when reaction was under way by its partial oxidation products.

Chemisorption of oxygen on the metal surface to create the activated oxygen species is the first step in
oxidation of propylene [39, 40]. In next step, activated oxygen is ready to interact with propylene
molecules. There are two main approaches to create two separate pathways with different products:
activated oxygen may either abstract hydrogen from gas phase propylene, leading to a combustion pathway

to produce CO and CO,, or react with an adjacently adsorbed propylene molecule to form a surface
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intermediate responsible for propylene oxide formation. In Fig. 5 selectivity towards different products of
reaction over catalysts at 100 °C is reported:
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Fig. 5 selectivity% towards different product of reaction at constant temperature (100 °C) over IMO (a), Fe0.7-IMO (b), Fe1.4-IMO
(c) and Fel.4-loaded-IMO (d)

As reported in Fig. 5 in all samples the oxidation path way is predominant in compare to combustion
pathway at 100°c. In this pathway activated oxygene may interact with the adjacent chemisorbed propylene
by present hydroxyls to activate the C-C bond in the competing pathway to form a C-O bond, followed by a
second C-O bond to the adjacent carbon, and desorption [40]. The acidity of present hydroxyls (Al-OH-Al,
Fe-OH-Al, Si-OH) play a critical role in this desorption of formed PO as will be discussed later. In the
mechanisms proposed by Carter and Goddard [40], the combustion mechanism in this model proceeds
through O assisted H abstraction of the C-H bond and the formation of a surface OH. The resulting unstable
radical quickly reacts to combustion products.

In the reaction at 100 °C selectivity towards PO shows gradual decline in IMO and Fex-IMO samples. At
the same time, by decreasing the selectivity towards PO in these samples, selectivity towards other
hydrocarbons (acrolein, propanal, propanol) rises not CO and CO, the products of combustion process. On
the contrary, the selectivity towards PO shows more or less constant rate during the time over the sample
containing Fe,O3; species. The reason is related to different electronic properties of produced activated
oxygen over different metallic centers which will be discussed later. The role of Fe,O3 species in catalytic
reactivity of obtained samples could be more clearly considered in comparing the rate of different product
over bare and Fe-modified catalysts (Fig. 6).
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Fig. 6 Rate of different products (mol/gr.cat/s) at constant temperature (100 °C)

Whereas the rate of PO gradually declines in both IMO and Fex-IMO samples all during the test, in loaded
sample it shows a constant value. This could be probably due to the ability of Fe,O3 species to produce and
release mild electrophilic activated oxygen species in the constant rate at experiment temperature. We can
conclude that, although the main pathway at this temperature is not combustion, epoxidation of propylene is
restricted by the produce of activated oxygen, as the decrease of PO rate show. The synergistic effect of
Fe,O5 species can be seen which is beneficial to produce more active sites where oxygen activated species

adsorbed on its surface, which plays an important role in reaction.

In the second step, oxidation of propylene was estimated by increasing the temperature from 100-500 °C
(step C in Fig. 2). As reported in Fig. 7, conversion of O, increases significantly above 200 °C for all

catalysts during the test.
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Fig. 7 conversion% of reactant by increasing temperature from 100-500 °C over different catalysts

Generally the maximum conversion of O, over the samples containing Fe is more than bare imogolite
probably related to the presence of more structural defect and metallic centers. It seems that higher
temperature provides required activation energy for activated oxygen species to leave the metallic centers
(AI** and Fe,0,), either for attacking the allylic hydrogen in gas propylene molecules to combust and form
CO and CO, or attacking the C-C hond of chemisorbed propylene to encourage the epoxidation process and
form PO respectively. In bare IMO at the temperature range around 300 °C, conversion of O, shows a drop
and then start to increase again. According o the previous reported results, this temperature range is
correlated to the structural change of imogolite nanotubes to lamellar phase due to the dehydroxylation.
Probably at the first, decrease in the surface area resulted from conversion of nanotubes to lamellar
structure causes to decrease in O, conversion, but after while higher temperature and more structural defects
provide the suitable condition to increase the conversion of oxygen. This phenomenon is absent or very
small in the samples containing iron, forgave the amount or position of iron atoms in the structure. As
reported in chapter 4, UV-Vis spectroscopy revealed that even the Fex-IMO samples containing some Fe
species in the form of Fe,O3; except of structural Fe. This can be concluded that iron species governs the
oxygen conversion and accordingly the dependency to AI** is less. In the same way selectivity towards

different products by increasing the temperature are reported in Fig. 8.
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Fig. 8 selectivity% towards different products with increasing temperature 373-773 K

At lower temperature (100 °C) the selectivity towards propylene oxide and other hydrocarbon products
(acrolein, propanal and propanol) are more than CO and CO, indicating that at this temperature epoxidation
is more favorable that combustion process. With increasing the temperature, selectivity towards PO
increases to reach a maximum at the temperature around 220 °C, while selectivity towards other
hydrocarbons is decreasing. The best results (highest selectivity towards PO and lowest selectivity towards
other hydrocarbons) achieved over the Fel.4-IMO. In the case of IMO sample selectivity towards other
hydrocarbons is higher than PO even at this temperature. After this maximum for PO production, selectivity
towards PO starts to decline in all cases. Since, at this temperature structural alteration in not expected due
to the dehydroxlation, the intense change in the reaction conditions could not be related to structural reason
in catalysts. Instead, as reported before at this temperature O, conversion is dramatically encouraged by
temperature. As reported in literature C3Hg-O, reactions occur via competitive epoxidation (Eqg. 1), partial
oxidation (Eg. 2), and total oxidation (Eq. 3) reactions and form PO other other hydrocarbons (due to the
lack of required oxygen) or CO/CO,, respectively:

CsHs + 0.5 O, — C3HgO (Eq l)
CsHs +30,— 3 CO+3H,0 (Eq 2)
CsHs +4.50,— 3 CO; + 3H,0 (Eq 3)

As can be seen in mentioned equations, higher amount of accessible oxygen atoms and at the same time
higher temperature will encourage the combustion pathway. Accordingly at this temperature selectivity
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shifts to CO and CO; , the products of combustion process. This fact is confirmed by comparing the rate of
each product with increasing temperature in Fig. 9, indicating that while below about 220 °C, the rate of
products from two oxidation and combustion pathway are more or less in the same range, with increasing
the temperature and high conversion rate of O, the predominant reaction shifts to combustion and
production of CO and CO,.

).0000001
Fe0.7-IMO
—_ IMO
(4 -
] -=C02
?n 6E-08 -+=+C02
% ——other C3 J/‘ —+—other C3
-=-p
€ 4E-08 -=-PO 0
(]
=)
[¢]
o

0.0000001
m Fel.4-IMO ?! Fel.4-loaded-IMO ;1/
S 8E-08 0
8 02 / --CO //
- -
= 6E-08 —+—other C3 / =02
© 0 }6/ ——other C3 %/
E 4E-08 -=-P0O
5 7
=y
]
e 2E-08
0 _
100 200 300 100 200 300

Temperature (°C) Temperature (°C)

Fig. 9 Rate of products over different catalysts with increasing temperature (373-773 k)

According to these results the best catalytic activity of catalysts towards PO is achievable in the temperature
200-220 °C, in the condition that combustion process is not activated by temperature. In this condition, the
selectivity towards PO reaches to 65% in Fel.4-IMO but at low conversion of propylene. The reason that
the highest PO selectivity is not occurred in the sample with the same amount of iron loaded on the surface
Fe39-loaded-IMO, probably is the presence of more metallic centers on the surface to provide activated O
for combustion reaction (attach the H). With increasing the temperature higher than 220 °C the selectivity
shifts to produce CO and CO, due to the thermal activation of combustion process especially in micropores

as a known heat problem to further oxidation of PO in pores [11].

According to this procedure, two important parameters should be addressed to describe the reaction
between O, and C3Hg over bare and Fe-modified imogolite samples: the electronic properties of the oxygen
specie and acid strength of present hydroxyls in adsorbing the propylene molecules. The interaction
between molecular oxygen and metals or metal oxides will produce oxygen species with different electronic

properties from strong electrophilic to nucleophilic. For the transformation of the ethenyl group (-CH=CH,
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group) of an alkene in an oxirane ring, a mild electrophilic oxygen species will be necessary [10]. The
reaction between oxygen species and a propylene molecule will occur, dependent on the electronic
properties of the oxygen species, following one of three possible reaction paths (Fig. 11):

H H H )
H 0
I
H,C — C— CH;

1- Mild electrophilic
2- Strong electrophilic .

N 2 = C,H,0,, CHO,
3- Nucleophilic 2Ty Y

3 = CcO

X

Fig. 11 Possible reaction paths of the reaction between propylene and oxygen species [10, 11]

1. The reaction between mild electrophilic oxygen species and propylene will take place at the m-bond of
propylene. In this way will emerge propylene oxide. High temperatures and acidic or basic conditions will
favor, directly or by the isomerization of propylene oxide, the formation of propanal and acetone [42] these
statements are in fair agreement with obtained results in this project. The acid strength of the catalyst is a
dominant factor in selectivity and reactivity of propylene oxide isomerization to acetone and propanal after
PO formation, while the reaction intermediates is propylene oxide protonated or that adsorbed on the Lewis
acidic sites. In fact the selectivity and activity correlated with strength of the interaction between the
propylene oxide and the surface hydroxyl groups.

2. Strong electrophilic oxygen species will attack all C—C bonds. Thus, the reaction products will be carbon
organic molecules having one or two carbon atoms.

3. Nucleophilic oxygen species will attack preferentially H atoms in the allylic position, because these
allylic hydrogens have an acidic character. This reaction path will lead to combustion and products like
carbon monoxide and carbon dioxide [10].

On the other hand, from the acidity point of view, according to the literature [10], mild acidic surface

groups are more favorable to formation of PO, because it is easier for formed species to leave the surface
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and provide vacant site. To describe this we can suppose that the propylene molecule initially adsorbed as a
secondary carbonium ion at Bronsted acid sites, OH groups with different acidity in bare and Fe-modified
samples. Then carbonium ion attack by oxygen activated by neighboring metallic centers.

As it is reported the highest selectivity towards PO has been achieved over the Fel.4-IMO with mild acidic
hydroxyl groups as comparing to more Al-OH-AI groups in IMO. It is worth reminding that hydroxyls
groups present in imogolite materials are not such acidic like those in zeolites materials. On the other hand,
as reported in literature [11] catalyst containing strong acidic or basic properties can easily isomerized the
formed propylene oxide to propanal and acetone on the contrary with mild acidic hydroxyl groups, suitable

to weakly bond to the propylene and easily desorbs formed PO molecules.

To subtract the catalytic effect of reactor from the obtained results, the same reaction was carried out in the

empty reactor under the same gas flow and temperature program (Fig. 12).
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Fig. 12a) Conversion of reactants and b) rate of different products in empty reactor by increasing temperature

These results show that in the range of temperature used for reaction (100-500 °C), the reactor has
negligible effect on conversion of feeds and encourage the combustion process especially at lower
temperatures. Therefore, the observed conversion and selectivity is due to the presence of catalysts.

Fig. 13 compares the catalytic activity of IMO and Fe-modified samples in oxidation of propylene as
comparing to some reported catalyst mostly activated with transition metals.
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Fig 13 catalytic performance activity of IMO and Fe-modified samples in oxidation of propylene as comparing to some reported

catalyst mostly activated with transition metals.
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7.2 Degradation of the azo-dye (AO7) by H,O, in water

Due to the large degree of aromatics present in dye molecules and the stability of modern dyes, in many
cases conventional biological treatment methods such as adsorption techniques are insufficient for manage
and control the industrial pollutants, these physical adsorption techniques just transfer organic compounds

from water to another phase.

Advanced oxidation processes (AOPs) such as Fenton and photo-Fenton catalytic reactions [44, 45], H,O,/
microwave [46] H,O,/UV process [47,48] and photo-catalysis [46, 49] have received increasing attention in
the last decade since they are able to deal with the problem of dye destruction in aqueous systems especially
in combination of dye adsorption as reported in previous chapter [4, 46]. AOPs are related to the formation
of active radicals such as OH®, OOH® and O**, which will attack numerous organic compounds dissolved
in wastewater quickly and non-selectively [8]. The process is based on the high oxidation potential of which
are placed on the catalyst surfaces. The organic molecules present on the reaction system may react with
these oxidizing agents to form radicals and other intermediate species, which maybe further degraded to
eventually yield carbon dioxide and inorganic ions. Chemical oxidation of dyes is very successful for azo
dyes as it can initiate the cleavage of azo bond. But we should be aware of secondary pollution due to

formation of oxidized amines and chlorine in some cases [50].

In this context, there are many reports involving the modification of porous adsorbents with transition
metals [51, 52] or metallic oxides and sulfides [51, 53] to be used as catalysts.The problem about the
separation of the catalyst from the treated water has been solved by fixing the catalyst on a support like
silica gel, quartz optical fibers, glass fibers, ceramics, cellulose membranes, polymer films, zeolites, etc.
[52]. Kinetic investigations have shown that degradation rate of azo-dyes by radicals present in the solution,
depends on different parameters related to the reactor geometry, the oxidant concentration, the catalyst-
organic molecule interaction, nature and concentration of the organic pollutant and the catalyst, the solution
pH, and the reaction temperature. The investigation of the adsorption and degradation processes of organic
pollutants on the catalyst surface and its dependence on operational parameters is of great importance in
elucidating the mechanism of catalytic reactions and also improve the understanding of the interfacial
phenomena which take place in catalytic reactions. For example, it is of special interest to know whether an
adsorbate is adsorbed by a specific chemical interaction, e.g., if it is coordinated inner spherically with
surface sites (chemisorbed), or whether it is less specifically adsorbed by electrostatic or hydrophobic
interactions with the present functional groups on the surface. Therefore degradation rates and reaction
pathways are expected to be strongly dependent on the specific molecular structure and the nature of the
chemical bond between surface and adsorbate. These data can help to charactrize the superfacial properties

and acivity of suface groups in sample.

In the present work imogolite nanotubes both as such and Fe-doped have been used as cataytsts for

degradiation of AO7 in aqueous solution.
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7.2.1 Catalytic test: Degradation of the azo-dye (AO7) by H,O, in water

This experiment was carried out by batch adsorption process. Initially the experiments were carried by
treating 50 mL of aliquots of stock solution of 0.67 mM AQ7 water solution contained 0.03 or 0.1 M H,0,
(reference solutions) with the required amount of catalysts (1gL ), at room temperature in magnetically
stirred thermostated cylindrical reactors. The reaction mixture was shaken vigorously with the constant
speed for 4 days (96h) in the dark to reach the equilibrium. The extent of adsorption or degradiation of the
azo-dye evaluated in different time intervals (contact time period of 5, 30, 120 minutes and continued to 24,
48, 72 and 96 h) spectrophotometrically. Taken sample in each time was subjected to centrifugation (4000
rpm for 15 mins) and then were analyzed by UV-Vis spectroscopy (spectrophotometer: double beam,
Perkin Elmer 5000). Standard Isothems plotted by determining the amount of the dye degradated by
different catalysts as a function of interaction time by converting the optical density to corresponding
concentration. Catalytic measurements were run at natural pH of the AO7 solution (=6.8), to avoid
adsorption phenomena occurring in acidic conditions, and on the contrary to what usually done, in the
absence of light, because the aim of the investigation was in the first instance the reactivity of surface metal
centers and pesent hydroxyls, and not the photoactivity of the solid [54].

In order to figure out the mere effect of hydrogen peroxide [54], pH values close to neutrality were chosen,
so avoid undesired adsorption processes that could mask the effect of proper reaction. In the following,
therefore, the decrease in intensity of AO7 bands is entirely ascribable to degradation of the dye. The first
experiment was done with the H,O, value (0.03 M) corresponding to the stoichiometric amount of

hydrogen peroxide necessary for a complete degradation of the dye, according to the following equation:

C1sH11N,SO4Na + 42H,0,— 16CO, + 46H, O + 2HNO3 + NaHSO,

Fig. 14 reports UV-Vis spectra concerning a solution obtained by mixing 0.67 mM AQO7 and 0.03 M H,0,

without any catalyst.

2.0 T T T T

15474
|

1.04

F(R)

' 0.67 mMM AO7 + 0.03M H,0,
\

0.5

7
~4 0.67 mM AO7

0.0

T T T T T
200 300 400 500 600 700 800
Wavelength (nm)

Fig. 14 UV-vis spectra concerning a solution obtained by mixing 0.67 mM AO7 and 0.03 M H,0O, without any catalyst in the 200-800

nm range after 30 min
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As mentioned before active azo dyes have double bound of nitrogen to nitrogen (—N=N-), which is
bounded to an aromatic group. In the corresponding spectra two peaks at 310 and 230 nm and the shoulder
at 256 nm are due to aromatic rings absorptions. The peak at 482 nm is due to the n-z* transition involving
the lone pair on N atoms and the conjugated system extending over the two aromatic moieties and
encompassing the N-N group of the hydrazone form [54-56].The shoulder at 403 nm has a similar nature,
involving this time the N-N group of the azo form [57, 58]. Absorbance values at 482 nm were used to
monitor the adsorption process and preparing the calibration curves between absorbance and the different
concentration of the dye solution. As shown in Fig. 14, with hydrogen peroxide alone, there is no notable
degradation of AO7 molecules, because of the limited oxidation power of H,0, (E, =1.78 V), H,0; is not
powerful enough when used alone and cannot oxidize AO7 directly [8]. If very small change in the intensity
of main peak of AO7 be considered as neglectable degradation takes place within 30 min, likely by formed

OH?e species that are notoriously able to attack aromatic rings [54, 59].

Fig. 15 reports UV—-vis spectra collected from the reaction solutions (0.67 M AO7 and 0.03 M H,0,) upon
adding the different catalysts (1g/L). In all cases, the same pattern of reaction was observed indicating, a
plain decrease of AO7 bands occurred, that most probably an oxidative degradation of AO7 is taking place.

Additionally, at around 250 nm a new band could be detected ascribable to new species during the reaction.
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Fig. 15 UV-vis spectra of the supernatant solutions in the presence of 1.0 g/Lcatalyst and 0.0.3 M H,0,: 0.67 mM AO7 up to 96 h for
IMO, Fe79-IMO, Fe39-IMO, Fe39-loaded-IMO.
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Before oxidation, the absorption spectrum of AO7 was characterized by one main band in the visible region
(Aas = 481 nm), and the other one in the ultraviolet region located at 310 nm, respectively. The peak at 310
nm was associated with “benzene-like” structure in the molecule, and the 482 nm band is originated from
an extended chromophore (nitrogen -nitrogen double bonds), comprising both aromatic rings connected
through the azo bond. As a result of the catalytic process in this system, both bands were disappeared after
about 5 min in bare IMO sample, due to the fragmentation of azo links and “benzene-like” structures. The
same patern can be seen in other catalysts but at very longer time. Results presented in Fig. 15 are
compared in Fig. 16, reporting AO7conversion as a function of time. The conversion fraction of dye was

calculated using the equation 4:

_Co—C_, C
X= 3 =1- o 4

in which X was conversion fraction, C was dye concentration (ppm) at time t (min) and C, was initial dye

concentration (ppm).
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Fig. 16 catalytic activityin the degradation of AO7 in dark conditions in the presence of 0.03 M H,0, and1 g/L catalyst reported as

percentage of AO7 conversion versus time (h).

Reaction in the presence of IMO shows considerably higher conversion rate, about 95% of conversion only
after afew minuts and reaches to stable condition, as comparing to the all Fe-modified samples, forgave the
amount or the position of iron species in the tube structure. Fe-containing samples show lower conversion%
all during the experiment and reach to stable condition after very longer time: 24 h ( for Fel.4-loaded-IMO)
or 72 h ( for Fe0.7-IMO and Fel.4-IMO). As reported Fe-modified samples lined up according to their

surface acidity.

As mentioned in previous chapter, according to the presented molecular dimensions for AO7 molecules,
accessibility to present hydroxyls in the system of nanotubes bundles is restricted surface B and is difficults

with the hydroxyl present in surface A due to the almost hard diffiustion of AO7 molecules in inner pores.
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Surface C which is covered with lined hydroxyls group with different acidity. Therefore the main
interaction will takes place on surface C and will be governed with different types of surface groups:
hydroxyls (Al-OH-Al, Fe-OH-Al or Fe,05--OH).

Generally two processes could be supposed according to the structural characterization of samples for
degradation of AO7molcules.In the first approach Fe®" ions can play an important role for activation of
hydrogen peroxide and produce the required radicals (HO+ ) for attacking the AO7 molecules. Then,
according to the litherature [54] Azo dyes could be easily decolorized by the attack of radicals formed from
the below equations and the dye molecules are degraded to the lower molecular weight compounds, finally

to carbon dioxide, in the presence of oxygen.

Fe** + H,0,— Fe®* + H" + HO,»
HO,+ + H,O,— HOe* + H,0 + O,
AO7 + HO* — degradation products

Results show that the highest degree of conversion achieved in reaction of AO7 molecules with IMO
sample. Therefore the effect of mentioned process in degradation of AO7 if any, is not the prodominent or
even determinitive at all (absence of Fe®" centers in bare IMO), because as reported in previous chapter
Fe** is coordinated with N atom from azo-dye molecules in the water and is not accessible for interaction
with H,O, to produce required radicals. Accordingly some one can note that another mechanism drives the
degradation conversion. According to the literature present hydroxyls can play a catalytic role in produce
the required radical to degrad the AO7 structure. As shown in Fig. 17 hydroxyls results the formation of
very active OOH groups and then carries out an intermolecular rearrangement with the neighboring

adsorbed AO7 molecules to achieve the oxidation [60].

9 _ ¢

g / \l,
? ’ﬁ\l‘ H20
H
Degradation Products |/O\|/ H.0:2

Fig. 17 Proposed role for the (Fe) AI-OH-AIl sites on tube external surface in degradation of AO7 molecules.

It reveals that the hydroxyls with more acidity like those in IMO sample, AI(OH)AI, are more favorable to
degradation reaction shown in Fig. 17 as comparing to those hydroxyl groups in Fex-IMO samples
(Fe(OH)AI) with less acidic character. This trend is confirmed with account on the degradation rate of AO7

in contact with Fe0.7-IMO with fewer Fe(OH)AI groups and Fel.4-loaded-IMO containging very weak
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acidic hydroxyls formed on Fe,O; clusters (Fe,0s--OH). These results are in fair agreement with reported
results of R. Rinaldi et al. in 2006 [41]. Their detailed investigation of catalytic performance of different
aluminol groups in water by H,O, as oxidant showed that contribution of hydroxyls in catalytic degradation

is directly related to their acidity as shown in Fig. 18.

?H (|3H B

- | P

Al AL :“#I\L/ N
]

b la lla
(-0.50) (-0.25) (0.00)

b I
(+0.25) (+0.50)

Fig. 18 Idealized hydroxyl configurations on the alumina surface proposed in the Knézinger and Ratnasamy model. The values in

parentheses are the global charge on the hydroxyl groups [41].

The combination of their results from ?’Al MAS NMR spectra and TPD-NH; profiles of calcined aluminas
allowed assigning the type la Al-OH sites as the catalytic centers for epoxidation. The type Ib AI-OH sites
have no activity in catalytic epoxidation with transition aluminas. The strong acid sites of types lla, 1lb, and
111 AI-OH groups are responsible for the undesirable decrease in selectivity for the oxidant due to H,0,
decomposition. Therefore it seems that less acidic Fe(OH)AI groups presented by Fex-IMO samples should

have no activity in catalytic degradation of AO7 as reported in Fig. 16.

The H,0, concentration is crucial for the degradation rate and the rate of hydroxyl radicals, which leads to a
higher rate of AO7degradation. In order to estimate the effect of H,O, concentration on conversion of AO7
and provide more HO- radicals, higher concentration of H,O, equal to 0.1M was used. Again, with
hydrogen peroxide alone (Fig. 19), a neglectable reaction takes place within 30 min, similar with those

happend in lower concentration [54, 59].

2.0 T T T T

154

0.67 mM AO7 + 0.1 M H,0, 4

1.0

F(R)

0.5

0.67 mM AO7

0.0 T T T T T
200 300 400 500 600 700 800

Wavenember (nm)

Fig. 19 UV-vis spectra concerning a solution obtained by mixing 0.67 mM AO7 and 0.1 M H,0O, without any catalyst in the 200-800

nm range after 30 min
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Fig. 20 reports UV-vis spectra collected from the supernatant solutions of mixtures containing different
catalyst and a concentration of H,O, equal to 0.1 M. In all cases, the same pattern of reaction was observed
indicating, a plain decrease of AO7 bands of an oxidative degradation of AO7 occurred.
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Fig. 20 UV-vis spectra of the supernatant solutions in the presence of 1.0 g/L catalysts and 0.1 M H,0,: 0.67 mM AQO7 up to 96 h for
IMO, Fe0.7-IMO, Fel.4-IMO, Fel.4-loaded-IMO.

Results in Fig. 20 are compared in Fig. 21, reporting AO7conversion as a function of time. The conversion
fraction of dye was calculated using the equation 4:
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Fig. 21 catalytic activityin the degradation of AO7 in dark conditions in the presence of 0.1 M H,0,and 1 g/L catalyst reported as
percentage of AO7 conversion versus time (h).
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As comparing to the lower concentration, it seems that in IMO sample there is a little decrease in
conversion. It could be probably related to the fact that at higher concentrations, H,O, quenches OOH°
radicals and so; dye removal efficiency decreases [61], because the produced OOH° radicals react with each
other instead of neighboring adsorbed AO7 molecules and therefore, AO7 removal efficiency did not more
increase. Instead, increase the H,O, concentration leads to a greater and quicker degradation of AO7 in all
Fe-modified samples. The conversion in connection with Fe-containg samples show about 10% increase
with same order and behavor, which is due to the increases surface OOH°® concentration and so, AO7
removal efficiency increases. In proposed mechanism, the interfacial peroxide-like species is generated via
the interaction of H,O, with acidic hydroxyls; its reactivity to the adsorbed organics relies on the
neighboring OH specious for activation, and hence can be blocked with high concentrations of hydrogen
peroxide [62]. At high concentrations, H,O, acts as a hydroxyl radical quencher as follows, consequently
lowering the concentration of hydroxyl radicals [46].

Also in this concentration, among the synthesized samples, IMO shows highest catalytic reactivity for
degradation of AO7 by H,0O,. According to probe molecules adsorption reported in previous chapter,
hydroxyl groups is IMO show higher acidic properties than those in Fe-modified samples (Fe-OH-Al).
Therefore it seems that the hydroxyls groups with higher acidic strength are more effective in degradiation
of AO7 molecules by H,0,. The obtained results specially in the case of bare IMO could be reconfirmed by
reported results in literature [63], where IMO reported to be fully inactive for potential in free radical
release in the presence of either hydrogen peroxide, therefore another mechanism except of production of
OH radicals should be responsible for high rate dye degradation, such as forming surface OOH groups.
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Conclusion

The catalytic performance of bare and Fe-modified imogolite nanotubes, was examined in two different
media: epoxidation of propylene in gas phase using O, and degradation of AO7 as a typical organic

contaminant of water sources. Both selected reaction are of importance in energy and enviroment fields.

The highest performance in catalytic epoxidation of propylene was achieved by Fel.4-IMO at the
temperature range around 200-220 °C while the combustion reaction is not activated thermally. This
catalyst shows a selectivity% towards PO up to 65% but at low conversion of propylene like many reported
experimental catalysts. The higher catalytic perfoemance of Fel.4-IMO could be related to the mild acidic

properties of Fe(OH)AI hydroxyls. Moreover Fe,O; play an important role in activation of oxygen species.

Contrary, the best condition for degradation if AO7 was observed in the presence of IMO sample as
catalyst, by formation of very active OOH groups and then carries out an intermolecular rearrangement with
the neighboring adsorbed AO7 molecules to achieve the degradation. In this case higher acidity of
AI(OH)AI groups in water provide reacitve sites. Fe(OH)AI groups which are more basic in water
environment seems to be weaker in H,O, decomposition. Therefore IMO with more than 95% of

degradation just in a few minutes could be proposed as a new candidate for waste water treatment.
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