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Abstract

In the beginning of 19%0[1, 2], the usage of microspic and spectroscopic
methodsallowed theidentification of nanosized tubular clay minerals, such as
halloysite, chrysotile and imogolite. However, the concept of nanosized tubular clay
minerals wasiot sopopular and a few papers were only published on this topic.
After the first observation of carbon nanotubes (CNTSs) in I19RBXheinterestfor
nanosized tubular clay mineraghich could be synthesized besides being present
in nature was renewed

Nanosized tubular clay minerals, as their name implied, are tubular
nanostructures clay minerals with dimensiam thel - 100 nmrange[4, 5] and a
hollow tubular structureSo far,among all clay mineral®oth halloysite and
imogolite have attracted more attention for their applications in fabrication of clay
polymer[6] nanocomposite¥], catalysis and adsorpti¢8, 9]. The reason for their
popularity is attributed to their unique, edemensional tubular structure and
properties which are modifiable by altering the internal and external surf@ees

11].

Proper imogolite is a hydrous aluminum silicate with chemical formula
(OH):AI20sSIOH [2, 12], occurring assingle walled nanotulse (NTs) with
Al(OH)AI and Al-O-Al groups at the outer surface, and silanols (SiOH) at the inner
one. Thisthesisis aimed atassessing theatalytic behavior o the hybrid
organic/inorganic analogue of imogolite,e. methytimogolite (MelMO,
(OH)3AI203SiCHs), with an inner surface lined by-8iHz groups (hydrophobic)
and an outer surface resembling that of imogolite (hydrophilic). The special
structure of MelIMOeads to enhanced adsorption propetties render isuitable
for gas separation/storad@]. Furthermore, MeIMO NTs have higher degree of
long range ord€rl 3], higher productin yield, larger pores (> 0.2 nm) and surface
area (~ 600 rhigt) with respect to proper imogolif].

Modification of the outer surface of MeIMO NTs includes eitfeemation of
covalent bonding or electrostatic interaction. The forisiachieved byhe reaction
of MeIMO with organosilaneq11], whereas the latter is possible due to the



protonation of outer surface of NTs in water, whlelds tocharge matching
betweena proper counteron and the outer surface of NT%$4]. Thesespecific
properties may be exploited in several applications, mainly for removal of organic
pollutant from water by the electrostatic interaction of anion/cations with the
charged surface of NT45-19].

The fcond topicof this work concerns another modification of the outer
surface by isomorphic substitution (IS) of octahedral A the outer surface by
Fe**. Fedopal MelIMO was obtained by both ionic exchandéE) and direct
synthesigDS) method with two Fe contents,.i@70 wt.% (Fe0.70MelMO) and
1.4 wt% (Fel.4MelMO). Although IS of AF* by FE* is a common process in
almost all natural aluminsilicates little is known about Fe doped imogolite NTs.
Several studies have been recently performed dealing with the synthesis, surface
characterization and applications of Fe doped imogolite NTs. So far, no specific
study has been devotéal thesurface propensis of Fedoped MelMO NTSs, nor to
their applicatiorasheterogeneous catalyst.

The presence of Bein the structure of NTéducesnew chemical and solid
state properties. Based on theoretical calculations edoped imogolite NTs, IS
of FeforAlmayceat e fAdefective sitesandrbdodeh i nsi deé
the band gap amogolite (an electrical insulator) from 4.7 eV to 2104 eV[2(Q].
On the other hand, the first experimental studieasinly due toOokawa and later
to Shafiaet al, indicate thalNTs are preserved up to 1 ¥ Fe isomorphically
substituted in the NTs. Higher Fe contents lead to the unavoidable formatimm of
oxo-hydroxides particles/clustefg1-24].

This study confirmghatin Fe-doped MelMOas obtained bpoth IE and DS
methods Fe** speciesn theNTs structure decrease the bayap of MeIMO from
4.9 to 2.4 eV. Moreover, with 1.4 Wb Fe some FgOy oligomeric clusters and
FeOs particles are fornmg. Decreasing the Fe content to 0.7%tshows that
isolated F& species are more abundagtDS method, whereas by ionic exchange
Fe tends to form more oligomeric iron oxo/hydroxide clusters gD{fearticles.
This particular behavior of Fe@oped MelMOcould help one to choose the proper
method for specific application.

The thermal stability of MeIMO and Fépped MelMO NTs hs alsobeen
studied. Mechaniseof collapse of NTsdt T> 300 °Cdehydroxylation andNTs
deformation result in collapse of stture) have been investigatadth samplesat
different Fe loading and also in different heating environnjeititer in air or in
vacuun). According to the obtained results, thermal treatment in air results in the
faster cleavage of MelMO NTs by burning thener methyl groups to CO



Whereas, thermal treatment in vacuum, triggers thavagje of NTs from another
route which is detectable byore positive chemical shift if®®Si MAS NMR
analysis.

Although the wall structure of collapsed samples is partiddynaged or
disordered, and finally collapsed at around 400 °C, the phases stemming by the
thermal collapse of NTs show considerably high surface area and highyatosit
to residual microporous regiofikely derived from unaffected pristine NTs within
the layerd25]. Furthermore, the analysis of IR spectra of pyedadsorption on
collapsed samples show theesence o$trong Lewis/Brgnsted acidic sites.

Another interesting aspers the deformation oNTs due to dehydroxylatign
which may leado the alteration of light adsorption capacity aodhereduction of
band gap in deformed NT with respect to original one. This has been investigated
by theoretical calculation (SCOFTB) of dehydroxylated imogolite NT[&€]: in
the literature, ithas been observed by practical band gap evaluation obtained by
UV-Vis spectroscopy on MelIMO NTs. Therefore, the dehydroxylated imogolite or
MeIMO NTs is considered as a seonductor and controlling the degree of
dehydroxylation in the heat treatment process may open the possibility to adjust and
control the electronic and mechanical properties of NTs. All these observations
trigger the future investigations on the differesttuctural phases arrived from
thermal treatment of NTs.

In order to investigate the photocatayapplication of Fedoped MelMO NTs,
the samples obtained by IE method have been studied for the-Fdmttmn
oxidation of tartrazine dye, an important ptdnt of both wastewater and
groundwater.

The obtained results imply that IS offAFe** at low Fe content (i.e. 0.7 wt. %
Fe) starts the photBenton process and provides total discoloration and
mineralization of tartrazine dye. Whereas, at higher fgec (i.e. 1.4 wt. % Fe)
the higher amount of Fe oxuydroxide clusters play detrimental effect on
tartrazine mineralization, due to both a lower pHeémton activity of the clusters
with respect to isolated Fespecies and their ability to catalyzeet(undesired)
decomposition of kD, to oxygen and water. Remarkably,-BOH groups at the
outer surface of bare MelMO also enhance the photocatalytic activity towards the
dye mineralization.Tartrazine removal was studied also in the presence of the
buckled phases stemming frddTs thermal ollapse. The results were interesting
and show the high dye adsorption and degradation in the presence of collapsed
phase, mainly due to new coordination environments for both Al and Fe sites,
leading an active site towards the phBtnton reaction.

VI
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Chapter 1

Physicochemical Properties of
Imogolite-Type Nanotubes

1.1 Introduction

NanotubegNTs) have attracted significant attention in the last decades, due to their
specifc physical properties, which asecombination of their nanoscale dimension,
hollow cylindricalform, structureporosityand compositionThese specific aspects
allowed to consider their use as building blocks in several applications for
nanostructured assemblies,g. high strength nanocompibes, field emitting
surfaces, electrode materiadgnsors, nanwansistors, and energy storatgvices
[28-30]. Discovery of carbonanotubeg¢CNTs)in 1991 by lijima[3] has opened a

new horizon in a world of science and technology, due to their particular properties
and application in electronics, composite materials, electrochemistry and molecular

separation$31-37].

Despite such attractive properties, several intrinsic limitations of CNTs inhibit
their application, such as high temperature process witptoduct yield 38-40],
their colorlimits thdr applications as nantlers in transparent hybrid materials
[41], low compatibility in bieapplications, some negative environmental aspects,
potential toxicity[41, 42], ard the difficulty in the surface functionalify3, 44].

The existing barriers facing the use ©ONTs encouraged the research for
analogue structures among inorganic materials, especially metalNdkslgvith a
lower synthesis cost and mild synsie conditions (usually hydrothermal or
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solvothermal), higher surface reatty (similar to a metal oxidé@ydroxide), higher
flexibility for surface modification, andomtrollable dimensions (the averdgagth
in the ~20500 nm range) for better performance in fabrication of thin membranes

[45, 48].

Two inorganicNTs namelyimogolite NTs [12] and halloysiteNTs [47] with
the singlewall strudure, have been rise attentions in the last years. Imo@olise
with unique and attractive properties for molecular adsorption and membrane
formation, controllable and monodisperse dimensjd8s49], high hydrophilicity
[8], and fast mass transpoetd.for water and alcoholgb0, 51], show a potential
application in different fields of science and technology. The inner surface of the
aluminosilicate SWNTcontain silanol (SOH) groups andccan be expected to
resemble those of metal oxidgémoxide and silicate materials. Therefore,
potentially can be functionalized in a manner analogous to the -ledwn
techniques for functionalization of mesoporous and microporous sib2as5|.
On the other hand, the hydroxyl groups at the external surfaces of aluminosilicate
SWNTs may possess good affinity to hydrophilic polynig&}, which could open
thepossibilities for producin@lTs/polymer membranes.

1.2 Nanosizeal tubular clay minerals

Nanosized tubular clay minerals, as the name implies, are clay minerals with tubular
hollow nanostructure with a length varies from 1 nm to several mi¢gdyni the
beginning of 1950s, the structure of nanosized tubular clay, such as halloysite,
imogolite and chrysotile[2] have ben identified, usingseveral analytical
techniques.

Halloysite isa dioctahedral clay mineral with Al:Si ratio 1:1 as depicted in
Scheme 1-1 [57]. Gibbsite octahedral shigeAl(OH)s, comprises the main
framework of the halloysite NTs. The outer surface of the this sheet can be
modifiedby siloxane groups yieldingl>Si>Os(OH)s-nH2O [57]. Tubular
halloysite varies in length from the submicron scales to several microns, even > 30
e 57, 58], and the external diameter ranging approximately from 10 to 100 nm
[59, 60]. The outer surface of halloysite is formed by(s8i groups and bears a
negativecharge at pH 6 7, while the inner cylinder core is related te@d, and
is slightly positively chargef1].
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Schemel-1: Monolayer sructure of halloysite and cross section views of (a) a (12,0)
imogoliteNT and (b) a (12,0) halloysitdT. Whiteatomsare H, red O, bludl, and
yellow Si (41)

Imogolite consists of singlevalled aluminosilicate nanotubesith an inner
diameter of approximately 1.0 nm, whidaturally occurs irweathered volcanic
rocks soils. The NTs consist of curved gibbsite sheets, in whitle (SiQ)OH
groups substitutes the inneydroxyl surface of gibbsiteheetq62].

Chrysotile is another clay mineral, which is normally transforrtredugh
hydrothermal alteration processom ultrabasic rockforming minerals, like
olivines. Chrysotile is in fact a hydrous magnesium phyllosilicate with chemical
formula Mg(OH):SiOs [63], and consist of Si©@and Mg(OH) layers. The
octahedral Mg(OH)groups form the outer surface of the tubes and the@dDps
are located in the inner pd@4]. The inner diameter dfiTs varies from 78 nm
and the outer diameter from-2Z nm[65].

1.3 Imogolite-type NTs

Imogolite is a hydrated aluminosilicate clay mineral with a fibrous structure with
the ALLSi atomic ratio of 2:1 and chemical formula of (HAI).OsSiOH

(Schemel-2) . The name fAdi mogoliteo was first
1962[12] for aconstituenpr esent i n the clay fractions

in glassy volcanic ashF{gurel-1).

us

C
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From the 1970s an intense research activity in this subject was carried out by
V.C. Farmer and otherfs6-70], in order to find the molecular structure and
properties of imogolite. Based on their results, imogolite results to be a
paracrystalline mineral, which appears as long threadiberlike structures and
may be from 400 nm uf several microns long with a constant inner diameter of
1.0 nm[8§, 71]. The outer diameter isa. 2.0 nm in natural imogolite whereas it
varies around 2:2.7 nm in syrtteticsamples, due to the presence of differentinter
tubes impuritie$2].

In 1972, Cradwicket al. [2] presented a structural analysis of imogolite.
According to their analysis, the imogolX&'s consist of orthosilicate groupstae
inner surface, while the outer surface consists of gibbsite Butse(nel-2) [8].
The tubular structure of imogolite was initially explained by the connection of
larger octahedral t@s in the gibbsite sheet with the smaller silicon tetrahedron: this
misfit in size causes a contraction of the gibbsite sheet, in which-Geli€tances
between two shared oxygens shorten to less than 3 A. This change in geometry
causes the gibbsite shée curl and form a tub&ridged hydroxyl groups AIOH-
Al are found on the outer tube walls, whereas the innertubesugd c ons-i st s

OH groupd2].

Thereare two possible distancéetween SiOH groups inside tiNTs, one
between two SiOH withithe same circumference (the distance 0.25 tire)other
between two SIOH of twaadjacent circumferense(the distance 0.44 nm)
(Schemel-2). This aspect leads to high SiOH density in imogolite structure, which
is twice the averageéensity ofSIOH groupsat the surfacef hydrated amorphous
silica[8]. The high hydrophilicity of inner surface of imogolite hinders the diffusion
of species within inner cavity, such as catalyst and adsts;aerefore a primary
dehydration step is always required in order to remove the inner surface adsorbed
water molecules.

of
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Schemel-2: Sectionview of imogoliteNT with 1.0 nm the inner diameter of A pores and

two possiblecircumferences, both containing 12 imogolite units: the calculated distance
are: (i) the 0.44 nm, the distance between two SiOH groljygo adjacent

circumference(ii) the 0.26 the distance beten two SiOH in the santke circumference

(8]

TEM micrographs Kigure 1-1) have shown that imogolitBlTs arrange in
bundles with nearly hexagonal packing. Tubes tend to aggregate with different
degrees obrder andare rarely found in isolated unifg2-75]. Furthermore, the
number and dispersion of bundles appears to be pH depefd&ntZ7].
Consequently, due to particular network, imogadNfEs, reflect 3 different kind of
porositied 78, 79] and surfaces, as reportedSohemel-3[80]:

(). pores A are intraube pores with 1.0 nm diameter, lined by silanalsich
arevery hydrophilic and able to interact with®, NH; andCO[80, 81];

(if). pores B are intetube spaces with very small dimensions{@.8nm wide)
among three alignetliTs within a bundle, and hardly accessible to even small
molecules like wat€li8, 79].

(i) pore C are slit mesoporamong bundles and camteract with larger
molecules, like phengB] and 1,3,5riethylbenzeng80Q].
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Figurel-1: HRTEM images of an IMO bundle formed by parallel NTs (a) forming a
hexagonal array {23

Schemel-3: imogoliteNTsh e x agonal |l y packed in bundles. TF&
corresponds to the distance between the centers dTwavithin a bundle. Pores A, B
and C correspond to propemogoliten anopores (0=1.0 nm); pores an
NTs( 0=0. 3 nm) ed slitmegopores betwekbe undles, respect[@ly



Allophane: a poorly crystalline aluminum silicate clay (pfimtmgolite) 7

The particular structure of imogolite leads to a high surface(2&800 nt g?)

[83] and the high anion adsorption capacity, due to the outer gibbsite groups that

is positively charged in water in a wide range of Because of thighe outer

surface of imogolite, in its pure forrhasa net positive charge below pH [IZB,

84, 85, which favors the adsorption of anions

1.4 Allophane: a poorly crystalline aluminum silicate clay (proto-
imogolite)

Allophane is anontlamellaraluminosilicatewhich is a product of the weathering
or hydrothermal alteration of volcanic glass and feldsf8s86]. The chemical
structure of allophane was long unknown, since beingangstalline could not be
detected by Xay diffraction techniqueg37], although chemical analysis showed
the presence of aluminum (Al), silicon (Si), oxygen (O) and hydr@ggn

Imogolite was differentiated from coexisting allophanes on the basis of its
dispersion characteristic in warm dilute alkali solution, in which it proved more
resistant than the allophane impurities. Furthema¥ diffraction analysis of
imogolite slowed several broad intense linesnd electron microscope
investigations visualized the presence of threads with dimension between 10 and
20 nm.

Allophane is theshortrangeordergroup of claysize mineralswhich contain
water, alumina andilica[88]. The structure of allophane hasgherical or ring
shaped morphologwith a diameter of ¥ nm.XRF, NMR and XPS studies have
affirmed that aluminum occupies different structural sites: octahedral, tetrdhedra
and even pentahedral. In natural allophanestdta ratio ofAlvi/Al depends on
their composition and decrease with decreasing Al/Si re8®83]. Allophane are
categorized in three typés:the aluminurarich allophanes with a Al/Si ratio of
about 2 andhe same structure as imogolite; (ii) the silieooh allophaneswith
the Al/Si ratio of about 1 andontain polymerized silicate; (iii) and the stream
deposit allophanes, witthe Al/Si ratios of 0.91.8,thatAl substitutegor some Si
in the polymeric tetrahedrgd4].

The coordination of Al in atiphanes structure is tBfent from imogolite, since
asignificant proportion of the Al is in tetravalent coordinatj88, 95]. Therefore
the surface of allophane is permanently negative ctaigee Akr i ch, -or Opr ot
i mogolited allophane, has a chemical stri
imogol ite tubesd with the Al [83, 88]i The at i o i s
higher Al : Si ratioin allophane with respect to thenogdite is due to the


https://en.wikipedia.org/wiki/Aluminium
https://en.wikipedia.org/wiki/Silicate
https://en.wikipedia.org/wiki/Clay
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substitution of the ¢BIOH tetahedra of the inner surface witlydroxylsgroups

[83, 88]. This substitution results ithe formation of small (4- 5.5 nm thick)
spheruls structures instead of fibgfSchemel-4 andFigurel1-2) [83].

SVAl=0.5

Schemel-4: Chemical structure of narwmall allophane (A) Full structure, (B) and (C)
Atomic arrangementicross section at pore regig6]

Figurel-2: HR-TEM photograph of synthetic allophane with Al:Si=2, associated in
fractal aggregate®7]
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1.5 Mechanism of formation of imogolite

The basic structure of imogolite structure consists of gibbsite sheets with
orthosilicic acid groups. The synthesis of imogolifdTs involves a simple
hydrolysis step followed by a growstep at 95 °G 100 °C[98]. However, the
phenomenology and mechanism of the fornmatd imogolite NTs are still not
well-understood. Two different mechanisms are hypothesized in the literature: the
former claims kinetic aspects to drive the formation; the latter emphasizes the role
of a seltassembly process under thermodynamic control.

In the first mechanism, the formation of a precursor is expected to take place at
an early stage of the reaction, providing a number of nuclei that induce the
development and the growth &fTs by polymerization.NTs length, which is
monodisperse duringlaynthesis process, would therefore increagdestantively
with synthesis timand by constargddition ofgrowth units to the end &§Ts[48].

Converselyin the seHassembly process, the pratogolite clusterdormed
at the initial stagareconsidereasbuilding blocks of théNTs structureTherefore
NTs with the specific dimensions are expected toasdbEmbldSchemel-4). In
this mechanism, the formation of pratnogolite clusters is highly dependeoi
factors that influence the thermodynamic equilibrium, such as concentration of the
precursors and/or terapature.

In order to understand the mechanism of formation of imoghlite, several
studieshave beemlone on the mechanism of saésembly of aluminogermanates
as a mod€]99] The corresponding resulisply that the Al atoms are hydrolysed
and polymerised, and form the structure similar to gibbsite. The driving forces of
tubular imogolite formation is the minimum strain energy relaxation caused by the
Al TO and Si 10O bond di s oxdgrauges atthe surfageof o n
gibbsite are substituted by SiOH groups to generate fraigolite clusters, and
hydrogenbonding networkg100. Based on MASNMR and FTIR analysis done
by Lee et al. [10]] the size of theNT diameter is directlydependson SiOH
substitution which is, iturn, influenced by the temperatdf®, 101, 107.

The formation energy of imogolitBlTs from 2D planar gibbsite sheets is
endothermic (43.45 Kcal mé); therefore, by increasing the synthesis temperature
SiOH substitution increases; consequently, the diameter of imolydlgencreases
[107]. (Schemél-5) However, the optimum temperature rang@btain imogolite
in few dayss in therange of 95100 °C[98, 103. For instane, it needs 7 years for
the synthesis of imogolite with a diameter close to the natural ones af 264C

when
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» water
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\g ¢ anion

IEP
ti<t <t <t <tst,

pHn
>4 2t 22t
Substitution (Si-OH)
ti<t <t <t st st,

Schemel-5: Structural evolution of the precursors formed during the synthesis of
imogolite[105
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Schemel-6: (a) Formation energy of two dimensiomddinargibbsitelike imogolite from
a planar gibbsite sheet, 43.45 kcal hadnd (b) curvature of profimnogolite clusters
based orthe degree afubstitution ofilanol grouplincreasing in theurvaturefrom
3.48° to 15.66° bwn increase ithe number of silanol group&0]]

The Nairdéds group r epoimdgdite clustaradan dehe s hap
controlled by anionic ligands, and that the primb@golite cluster shape is directly
related to the diameter of tiéTs [49]. According to their research, binding of
different types of anionic ligands to pretaogolite clusters resulted in alteration
of cluster curvature, which may affect the final shape and arrangeshehée
aluminosilicateNTs [49].

Farmer and Frasdd0€ found that during imogolite formation from preto
imogolite, pH drops from 4.5 to 3.0 and explained this finding by the formation of
-Al-O-Al- bridges that favor the loss of a protddcliemel-6). Nevertheless,
addition of anions such as chloride or very weak bases significantly inhibits the
formation of imogolite[106], which suggests that strong #pairing prevents the
intramolecular reaction.
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Schemél-7: Formation of arAl-O-Al - bridge thaffavorsthe loss of a protofiL.0g]

1.6 Modification of imogolite NTs

In order to increase the technical applications, several modifications have been
proposed on synthetic materials. Consequently, an-sutéace modification on

NTs could increase their compatilbyliwith solid- or liquid-phase, such as nano
composite; whereas the inrguirface modification enhances the surface reactivity,
which would be advantageous for shape/size selective separations and catalysis.

Imogolite NTs modification of inner and outerudace is pesible in mild
conditions, andprovides an opportunity to enhance reactivity and alter the
hydrophilicity, pore structure and electrical conductivifg07]. However,
physisorbed water, especially in the inner surfacH™d due to thehigh surface
silanol density (~9.1 OH/nfhmay interfere the functionalization proc§8s108,

109.

All kind of modificatiors of imogolite NTs can be applied by two main
procedure: direct synthesis modification and post synthesis modification.

1.6.1Modification of inner pores of imogolite NTs

In imogoliteNTs, the small dimension of inner pores(1.0 nm), combined with
high hydrophilicity, hindes the accessibility of small probes molecules, such as
CO, CQ, NHg, unlesiNTs are dehydrated in tl2g0 °G300 °Ctemperature range
Therefore, obtaining a larger inner pores dimension with less hydrophibcity
consideed as one of the main targets, whican be achievel by either direct
synthesis or post synthesis method.

1.6.1.1 Direct synthesis method

Direct synthesis methods are based on changing the silicon precursor in the
syntheses bath. Therefore, Si atoms can be replaced by other atoms, like
Germanium|[81, 110, or the hydroxyl groups can be replaced by organic
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functionalities [9]. Consequently, direct synthesis methods open a possibility to
modify inner surface oNTs andchanging the hydrophilicity, polarity and size of
A pores.

Germaniumimogolite (ORSi1.xGeOH) is an example ofmogolite typeNT,
in which silicon atoms are replaced lgermaniumatoms, partially or totally, by
means of germanium precursors like tetraethoxygermanium (TEOG) or germanium
tetrachloride (GeG) [81, 111, 117. Germaniumimogolite may appear as both SW
and doublewalled (DW)NTs[110 113 114]. By increasing Ge substitution, the
diameter (3.3 nm) increases, whereasNHes length decreaseas thatevenNTs
with 20 nm length can be synthesizgd, 111, 117. This material has a high
potential in artificial ion channel devices, due to hydrophilic interior surface
combined with the short letigof NTs[111]].

Another successful example of inner surface modificatiotN©$ and the
alteration ofhydrophilicity was obtained with the substitution of silicon precursor
with an organosilanes(g. triethoxymethylsilane). This modification introduces a
new imogolite type material, named methylogolite (MelMO), which was
synthesized for the first timeylBotteroet al.[9]. Methytimogolitehas a chemical
composition of (OHAI2OsSIiCHs, with completely hydrophobic inner surface,
lined by methyl groups and theoretically unmodified outer surface same as
imogolite one. Furthermore, the inner diameteNdfs increase ¢a. 2.0- 2.5 nm)
due to substitution of larger methyl groups instead of hydroxyl groups; therefore,
the size of B pore increases respectively. The larger B pores increase the
accessibility for adsrption of probe molecules like ammonia andC®7, 115.
MelIMO has simple synthesis procedure and higher yield, with respect to imogolite.

Recently, Kanget al. [116 synthesized new imogolite type material with
synthesis  precursor namely  (&FH20)3-Si-CH2-NH2 ~ (Aminomethyl
triethoxysilane, AMTES) in which the inner-8iH groups have been replaced by
Si-CH2-NH2 up to 15 %. The new synthesd material are named ANT, which
refers to AamNTwme ffThmec tnieavn sslyinzencksi zed
tubes length (average lengthh.50 nm) as observed by TEM analyseemel-7).

Amino methyl substitution resulted in loss of micropores surface area, due to larger
amino methyl groups with respect to SiOH groups (38.wviéh respect to 16.9 A
estimated by atomic vasher Waals radii). Besides, amino groups positively affect
the selective adsorption of carbon dioxide from both/C8s and CQ/N2 mixtures

[116.

mat e
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b Organin

Schemel-8: FormingNTs by incorporaton of theorganic moietiesn the inner surfaces,
using a mixture of TBS and a designed organosilaiid g

Amara et al. (2015) [117 introduced a new hybrid imogolite with the
composition (OHAI2Si1xGeCHz in which the chemical composition of the A
pores has been changed by using the mixture of TEMS and triethoxymethylgermane
(TEMG) to a solution camining Al precursor and acidified with HClOvarying
the amount of TEMG precursor allows controlling the inner diameter of the final
material.

1.6.1.2 Post synthesis methods

For post synthesis modification of inmores, it is mandatory to carry aiproper
dehydration of the material in order to remove molecularly adsorbed water.
Thermally, this occurs at 270 <8D0 °C. Furthermore, the small dimension of the
inner poresda. 1.0 nm), limits the size of organic linker for entering the A pores

[101.

The unique example of the inner pores modification by post synthesis method
had been done by Kareg al. (2011)[10], by grafting organidunctionalize on
well dehydrated imogolitdNTs in the inertatmosphere of glove box with the
continues stirring for 24 h. The functionalizing reagent R (acetyl chloride,
trimethylmethoxysilane or trichlorosilane) was added in the molar ratio R:
imogolite hydroxyl group = 2:1. The new materiatteasmallemner pae volume
due to larger molecular dimension of functionalizing reagent. Furthermore, organic
groups decreased the hydrophilicity of inner p¢fe}.
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1.6.2Modification of the outer surface of imogoliteNTs

Outer surface functionalation of imogoliteNTs improves their application in the

field of clay polymer nanocompositg41g, transparent films[119, films of
aligned NTs [14]. In order to enhance the surface compatibility with organic
solvents, for the applications of imogolite in polymer nanocomposites,
hydrophobization of the outer surface MT is mardatory[118. Furthermore,
isomorphic substitution (IS) of transition metals like iron (Fe) instead af &le

outer surface, may decrease the bandgap of material, for applications in catalysis
and photocatalysi1, 22, 24, 85].

In general, the modification of the outer surface of imogdlite reported so
far could be divided into three categories: (i) grafting WIHARTES (3
aminopropylsilane, NH(CH>)s-Si(OEtk), the most common organosilane for the
modification of oxide$120, 121]; (ii) functionalization with alkylphosphonic acid;
(iii) isomorphic substitution of Aluminum witre** ions. The latter is a unique
modification, which can be obtained by both direct synthesis and post synthesis
method[21-24].

1.6.2.1 Post synthesis modifitan of outer surface of imogolitdTs

The first outer surface modification was reported by Johnson and Pinnavaia, who
in 1990 employed -APTES in water acidified by acetic add22]. The acidic
condition allows a very good dispersion of imogoM&s due to the positively
charged outer surface, as well as fast and complete hydrolysiaBTBS and
inhibition of polymerization. The physiechemical characterization of the material

(by FTIR spectroscopy and solid state NMR) confirmed the outer surface
functionalization. The main limitation was the instability eABTES monomers

in aqueous solution. Later, the same authors reported that ttiefatizing indeed

was not limited to the outer surface only, but also involved to a certain extent the
inner surface oNTs [12(. At the beginning of the process;APTES species
grafted at the outer surfaceTs, then grafting of BAPTES moieties at the inner
surface also occurred. The presence of SiOH groups at the mdiTls wfay result

in the partial functionalizain of a proportion of inner surface. Therefore, in order
to avoid this process, having the inner hydrophobic surface is critical.

Later Qi et |. in 2008121] and Zanzotterat al.in 2012[11], reported grafting
of 3-APTES on imogolite and methyhogolite in toluenaespectivelyin order to
prevent undesireldydrolysis. In the case of imogolitdTs reacted with 3APTES
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leading to a material named IRAPTES. Subsequent immobilization of osmium
tetroxide (Os@) onthe outer surface oiMlo-APTES introduced a new material
named ImeAPTESOsQy, which showeda good catalysis behaviam droxylation

of olefins including the reaction of olefins with chiral ligands trough asymmetric
dihydroxylation[121].

In the case of MelMO, due to stability of inner-&Hz bonding toward
hydrolysis, no hydrolysis and subsequently no reaction WithPBES was
observed. By full functionalization of MelIMO surface the nominal chemical
composition of the new material should be NBH:)s-Si(O)sAl.03SiCHs.
However, Zanzotterat al.[11] chose instead ordird of the content of-2APTES,
which corresponds to the functionalizatiohall AI(OH)AI groups Schemel-8).
They claimedhatusing lower amount of-3PTES prevents the condensation of 3
APTES molecules and formation of undesired phases. Furthermore, due to specific
structure of imogoliteNTs, probably not all the external(OH)AI groups €.9,
those within B pores) may react withA®PTES. Therefore, even with lower
loadings, the aminopropyl groups are likely to cover the all surfdae8VO-NH>
showed a moderate increase in thermal stalaliiy lower surface area (4530
m? g'1) with respect to imogolitegs well aghe ability to react with C&and forms
carbamatefll].

Schemel-9: Functionalization of MeIMO with APTES in toluene leads a material
bringing three kindef groups in the outer surfag#l]

In 2005, Yamamotet al. [119 reported the successful modification bkt
outer surface of imogolite by using alkyl phosphonic acid in hydrophobic solvents
such as hexane and chloroform. Phosphoric acid groups show strong interaction
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with AlTOH groups in the outer surfacand the acidic pH provides a good
dispersion oNTsin the solvent$chemel-9).

Parket al. (2007)[14] report another example of phosphoric acid groups for
producing the two dimensional imogolite composite material by reaction between
either octadecyl phosphonic acid®A) or tetradecyl phosphonic acid (TDPA).
The obtained imogolite polymer nanocomposite were well dispersed in organic
solvent with well alignedNTs in a film obtained with alignedTs on graphite
support. However, using ODPA shows more ordered films, iggpect to TDPA,
due to longer alkyl chains, which improve the intessing with respect to TDPA.
The surface modification of imogolite with ODPA was confirmed by falistance
curve measurement between the cantilever tip and imogolite surface beadore an
after adsorption of ODPA. The results revealed that the adhesion force between
imogolite and cantilever tip was much larger than between GEH&Mmisorbed on
imogolite surface$chemel-10). Adsorption of ODPA change the hydrophilicity
due to hydrophobic alkyl groups that substitute hydroxyl grigiis

imogolite

Schemel-10: Interactionrmodebetween imogolite surface and alkyl phosphonic acid



18 Physicachemical Properties of ImogolH{Bype

ODPA-Imogolite o

s 20

=

2

)

o

® 10 |

(I

0 10 20

Adhesion Force / nN

Schemel-11: Histogramof adhesion forced between imogolite surface and cantilever tip
before and after adsorption of OTDA

A further step is needed order to obtain imogolite polymer nanocomposite
and enhance the affinity toward orgamoieties. The outer surface of imogolite is
functionalized with organic groups bearing a negatively charged head, which can
react with outer surface of other imogolM&sand reactive end can undergo further
polymerization[119. This method introduces a new imogolite poly (methyl
methacrylate) hybrid materifl23. For instance, immobilization of ATR{@tom
transkr radical polymerizationpn imogolite surdice develops an amphiphilic
surfaceattachable ATRP initiator, which is soluble in water and plays an important
role for the homogenous modification of imogoé&s. PVC/PMMA-g-imogolite
nanohybrid was prepared by using this PMMA grafted imogolite as rslow
Schemel-11. The new modified imogolithased materials are expectedbi®
importantin the synthesis of organic/inorganic hybrid materjélsl19.

PVC matrix
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Schemel-12: Fabrication procedure for PVC/PMMg-imogolite nanohybrid
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Another new modification of the outsurface refers to isomorphic substitution
of AI** with F€* ions, which is a common process in all natural aluminosilicates
and brings interesting phystahemical properties to the new material. However,
only few papers have been published in this @gaubstitution of iron in place of
aluminumthree Fe(OH)AI and three F&-Al groups should form and the new
material demonstrates new chemical and solid state prop&therel-12) [21,

22, 24, 85]. All this notwithstandingthe nature and electronic effects generated by
AI®Ee** IS are not fully understood yet.

Several authors agree that up to 1 wt. % Fe may isomorphically substitute for
Al, whereas at higher Fe loadings 14 wt% Fe), iron oxdydroxide clusters
formation occurs along with IS, amr'sformation is hampered at high Fe contents
[21, 23, 24]. NonethelessShafiaet al. obtained Fedoped imogoliteNTs by both
direct synthesis and pesynthesis ionic exchand@3, 24, 85], the latter result
opening the possibility to dope imogolite without perturbing the (delicate)
hydrolysis equilibria leading tBTs formation. Furthermore, the band gap)(&
imogolite, as an isulator withEg = 4.9 eV, decreased to 22.8 eV in Fedoped
NTs that ultimately show semiconducting propertj@8, 24]. Shafiaet al. also
investigated the syntees and application of Feéoped imogoliteNTs in the
degradation of Acid Orange 7: remarkable catalytic properties where observed
under dark conditions, due to the formation of very reactiv®@@H groups in the
presence of kD> [85].

Schemel-13: Section a: front view of aimogolite NT, with an inner diameter of 1.0 nm

with theSiOH and Al(OH)AI groups at the inner and outer surface, respectively. Section

b: isomorphic substitution of one Al(VI) at the outer surface of imogolite by otiedre
andformation of three F©H-AI groups and three F@-Al groups[23, 24]
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1.7 Topics covered in my thesis

During my PhDthesis, | mainly focused on synthesis, application and thermal
stability of methylimogolite (MeMO), with higher microporosities anthrger
specific surface areayith respect to imogolite one®©ne of the main critical
obstacls facing the synthesis of ihmaterial is reproducibility dNTs with high
percentage of purity. The optimum synthesis process in order to get the highly pure
MelMO NTs and complete physiechemical analysis performed on this material
was done during this PhD research (Chapter 2).

Since Fe doped imogolite ty@¢T showed an interesting catalytic performance,
loading of iron in MelMO structure has been also studied for the first time in this
PhD thesis. Iron doping was obtained by means of ionic exchange (IE) and direct
synthesis mettb (DS) with two Fe contents, namely 0.7 and 1.4 wt. % and
thoroudh physicechemical analysis waperformed in order to investigate the
structure of these new materials. (Chapter 3).

Since thermal stability is an issue for many catalytic applicationshémmal
stability of MeIMO and iron doped MelMO with two methods (DS and IE), and in
different atmosphere (air and vacuum) was fully investigated by a means of thermal
analysis (TG/DTG) and the calcined samples treated in high tempeaatlyzed
(by meansof TEM, Solid state NMR, UWis spectrosapy, BET and XRD)
(Chapter 4).

The investigation of different acidic sites on the surfaceN®f has been
performed by FIIR spectroscopyturthermore the catalytic activity toward the
interaction with NaAO7 dye in water has been studi&thpter 5).

Finally the catalytic application of MeIMO and iron doped MelMO have been
investigated in adsorption and discoloration of azo dye (A07) anthqdtalytic
performance for discoloration and mineralization of Tartarazine dye in photo
Fenton process (Chapter 6).



Chapter 2

Synthesis and Characterization of
Methyl-Imogolite

2.1 Introduction

Bonelli and ceworkers (2009) patented a new modifiswbgolite NTs by synthesis
method and replacing TEOS (Tetraethyl orthosilicate) precursor with TEMS
(Triethoxymethylsilane)9, 107] (Scheme2-1). The new type of imogolittke NT

is named methyimogolite (MelIMO: (OHXAI>O3SiCHs), and is chemically
modified at the inner surface with methyl groups replacing hydroxyl groups;
therefore, it presents an inner hydrophobic surface and outer hydrophilic surface,
due to SiCH and AI(OH)AI groups respectivelyscheme2-2) [9, 80, 124].

H3C CH N
L W 0" “CHj
:Sl: H3C\/O"S|I"O\/CH3
/00— CHs
H3C a CH3 b

Scheme2-1: Structuralrepresentation of TEOS (a) and TEMS (b) precursors

MelMO NTs have larger diameter witfespect to imogolite, due to the
substitution of methyl groups in the structure Wéio @2.0-2.5 nm @ mo @1.0
nm) [125. There are two main factors faubularimogolitesformation: (i) the
hydrogen bond (HBnetworks is constructed by the arrangememimér hydroxyl
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(OH) groups. This favorthe strain energyninimum, which is thepreference for
zigzag chirality (ii) the variations othe atomic bond distance between iteer
and outer AIO and SiO bonds[100, 125. Since in MelMO with inner methyl
groups there should be no HB contribution, the most significant fadikelg the
second oneConsequently, in MelIMO, energyinimum decreases with increasing
the tubular curvature followed by an increase of the NT diarfikdér 125 .

Scheme?-2: Frontal view of a MeIMO singlavalled NT, exposing SCH;z at the inner
surface and ADH-AI, Al-O-Al groups at the outer sade[126

MelMO is as an example of organic/inorganic hybrid material with a
nanometric diameter combined with a length of several microns, spitgific
surface properties and both larger pores and higher specific surface area with
respect to imogolite NT[9)].

The structure of MeIMO NTs increases the potential of this material in different
applicatims, such as gas chromatography and gas sepaf&lioifhe special
arrangement of NTs in dehydrated samples gives rise to three kinds of pores
(Schemez-3): (i) intra-tube pores (pore Aca. 2.0 nm) that are not accessible to
probe molecules like CO, GONHs and BHO, due topoor affinity within these
molecules and inner surface of NTs, becafs®n-polarity and hydrophobicity of
Si-CHz groups[9]. On the contrary, in imogolite (as mentioned in chapteh 1)
poresare accessible to gas molecules only after dehydration and evacuation at 300
°C [§]. (i) B pores, which inmogolite structure are not accessible to even small
molecules, such as watgf8, 79]; however, in MelMO these pores are slightly
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larger €a. 0.3-0.45 nm) Scheme2-4) and accessible to molecules like carbon
monoxide (CO), carbon dioxide (GDand ammonia (NkJ [107, 115. (iii) C
surface, with similar amphoteric properties in both materials (MelMO and
imogolite), due to the presence of-&-Al and Al-OH-AI groups. Therefore, the
outer surface can reawith both acidianolecules [i.ewith carbon dioxide (C¢),

by forming carbonate like species] and with basic molecules [like ammonig, (NH
by forming ammonium sxieg.

Bonelli et al.[9] studiedMelMO capacity forthe adsorption of methane at 30
°C with increasing pressure range3d® bars). According to their studies, MeIMO
has a higher adsorption capacity (~about 2.5 times higher) with respect to imogolite,
due tothree timedarger intertube cavitis inthis materiakomparing to imogolite
(Scheme2-4) [107]. Furthermore, these pores can provide a confined environment
to the carbon diide molecule, and relatively large van der Waals interactions
between the molecule and the wdqll97.The comprehensive representation of
different types of porosities and their potential accessibility to acidic and basic
molecules are shown Bcheme2-5.

a =

\\}

Scheme2-3: MelMO NTs hexagonally packed in bundles. The cell paranseter
corresponds to the distance between the center of two adjacent NTs. Pores A, Band C
correspond to proper NTs microporés=(2.0 nm), poreamong three aligned NTs
within a bundle {@0.30:0.45 nm) and slit mesopores between bundles, respectively
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Imo

Scheme2-4: Representation dmogoliteand MelMO bundles, show that the hexagonal
packing ofnanotubesn dehydratecdamplesgive rise to larger intertube cavitigsore B
in MelMO with respect tamogolite[107]

coz :

Scheme2-5: Theaccessibilityof A, B and C surface iimogoliteandMelMO to different
probe molecules, like CO, NHCO; and HO [80]
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Previous studies on imogolitéTs, show that AISi and AlGe Ingolite-NTs
present an intriguing real space separation of the valance band energy (VBE) and
conduction band energy (CBE), which enhaneledtronhole i h) separation via
optical chargdransfer excitations across the WhlIs[127-129. Based on linear
scaling density functional theory (DFT) study on imogolite, the NT wall are
permanently polarised due toetifferent nature of inner and outer wall surface
[124. Furthermore, increasing théllpolarization improves the selectioridation
andreductionof different reactants withidifferent cavitiesof the NT[130, 131].
However, any specific information are to date unknown for methgholite walt
polarization, VBE CBE separation, and optical properties.

Recently, Elliotet al. [126, established the DFT modeling on VBEBE
separation and optical properties of MeIMO and compared the results with those of
rutile and anatase TgDwhose mixture is weknown to lead an effective water
photolysis[132134]. Theirresults demonstrate that methylation of inner surface,
NT curvature and local permanent polarizations may not affect thedeqadation,
bandalignment, and the occurrence of changasfer excitation§12q. Indeed,
MelMO NTs induce a lower ¥D direct photeoxidation and respectively higher
H-O photereduction ability wih respect to Ti@ Moreover, increasing the NT
polarization to values comparable with state of the art ferroelectric photocatalyst
and tuningNT-reactant electronic alignments, by altering the NT radius and wall
thickness, enhandbe e-h separationTherefore MeIMO may introduce anovel
hybrid organi¢inorganic NTfor polarizationenhanced photocatalytic application,
which will stimulate further experimental interest and investigatihg§] .

In this chapter, the physiethemical properties of the synthesized methyl
imogolite NTs were characterized by means of several techniquleslingcXRD,
TEM, adsorption/desorption of -Nat -196 °C, FTIR and solid state NMR
spectroscopiegnd compared to imogolite NTs.

2.2 Synthesis of MeIMO

Synthesiof MelIMO was made according to a procedure proposed by Behalli
[9, 124.

In order to synthesizea.3 gr ofMeIMO NTSs, in a drybox at boom temperature
(r.t.), a 80 mM aqueous solution of HGID double distilled water is prepared (pH
= 1.0) by slowly adding 1.3 mL gierchloric acid (70 wt. %) to 187.7 mL dduble
distilled water.
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In a smaller beaker within the dbox, 8 mL ofaluminumtri-secbutoxide
(97%, ATSB, as source of aluminupi)35 136 and 3.2 mltriethoxymethylsilane
(99%, TEMS, as source of Si) are mixed in the molao vtSi = 2 : 1.1. A slight
excess of TEMS (10 wt%) is used in order to prevent the preferential formation of
gibbsite during hydrolysi$135 137]. Immediately afteout of drybox, with a
Pasteur pipette the whole mixture is dropwise added to the aqueous solution of
HCIO4 under stirring (the final molar ratios are Si: Al : HGI©1.1: 2 : 1). By
adding the mixture to the HClCGaqueous solution, white clusters form and pH
increases to 5.0. The final mixture is stirred at r.t. for about 18 h, until a transparent
solution is obtained. Under stirring, 1.3 L of double distilled water are added to
dilute the solution to 20 mM with spect to Al. The obtained 20 mM Al solution is
stirred for about 20 min. The mixture is poured into a polytetrafluoroethylene
autoclave (with thick walls) and placed in a stove for 4 days-4095°C without
stirring. Decreasing the temperature decreheddrmation rate of NTs, whereas
increasing the temperature results in impurities (aluminum oxide polymorphs)
formation. After 4 days, NTs are collected by filtration (0.02 micron filter) and
washing withdoubledistilled water. The solid product is driedoven at 5860 °
C for 1 day. The final MIMO powder has a white color.

2.3 Textural properties of MeIMO NTs

2.3.1FE-SEM and HR-TEM characterization

The FESEM and HRTEM (High resolutiortransition electron microscopy) image
combined with SAED (Selected AredeEtron Diffraction) pattern of MeIMO are
shown inFigure 2-1 and Figure 2-2, respectively. As shown iRigure 2-1, once

NTs formed, they organize into a porous network of interwoven bundles of closely
packed NTs, similar to those of imogolite.



Textural properties of MeIMO NTs 27

Figure2-1: FE-SEM image of MeIMO bundles dNTs

HR-TEM images show wide domains of aligngdis with considerable length
(Figure2-2). NTs haveca. 2-2.5 nm diameteandsub micrometridength ¢a.200
nm)[11, 138. NTs tend to aggregate with different degrees of order. Sidetkin
al.[139 reported that th&ii O bond length in (HQPIi X and (CHO)sSii X series
of compounds iglirectly affected by the electronegativity of the X substituent
Thereforethe presence of methyl groups insteachpdroxylsinduceshe same
effect and results in the structural relaxation, and shifts the enarggphum
towards NTs with a higher number of units in circumferences. Indeed in MelMO,
bonds are freer to arrange in close packed configuration with respect to those of
imogolite[13]. It has been demonstrated that the number and dispersion of bundles
in solutionappears to be pH depend¢n6, 77, 140 141]. According to studies
done by Karubet d. [147 imogolite NTs flocculate under alkaline conditions and
disperse under acidic conditions, having a point of zero net charge (PZNC) around
pH 6.

The inset of Figure 2-2, shows selected area diffraction pattern (SAED) of
bundles formed by few NTs, which demonstrate crystallinity within them. The first
broad reflection corresponds to the scattering of individual tubes. The second ring
corresponds to the tubes associategarallel bundles given a comparably sharp
reflection. The third reflection corresponds to cetbecenter tube separation, and
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could be taken as characteristic signatures that differentiatbleefrom any
amorphous materia[$8, 103.

Figure2-2: (a,b) HRTEM micrographs of MelMO taken with two different
maghnificationsinset(c) SAED taken from a bundle of feMTs

2.3.2Powder X-ray diffraction (XRD)

Figure 2-3 reports powder XRD patterns of the powder MelMO sample in
comparise with imogolite NTs in a range of 2.5 20° 2. The XRD pattern
corresponds to a hexagonal packing of NTs. The most intense peak is attributed to
the dooreflection, from which the cell parametgrcorresponding to the center
center distance between two aligned NTs, is calculateddascQ Vo
(Table2-1). The (100) reflection is at sliggtsmaller 2f angles in MeIMO NTs
with respect tomogolite NTs, due to substitution of larger methyl groups instead
of hydroxyls. The same behavior has been observed {imGgolite NTs, where
silicate groups ($iO bonds) are partially substituted by gamate groups (G&
bonds)[117. Two broader signals at higheg 2alues are assigned to thghnd

d211 reflections, stemming from repetition of MeIMO structural units along [2Ts
25,48, 119 141]. The intensity of all peaks and specially the main peak are higher
for MeIMO NTs as compared imogolite NTs. This phenomenon is attributed to
the higher degee of longrange order with more ordered packing of MiEs and
higher number of units in circumferences for MeIMO NTs with respect to imogolite

NTs[13].
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According toTable2-1, the cell parametea values in MeIMO andmogolite
are 2.97 nm and 2.62 nm, respectively and the calculated diameters for MeIMO and
imogolite areca. 2.0-2.5 nm ancca. 1.0 nm, respectivelj125. It means that in
MelMO, NTs are closer to each other. A possible reason could be the fact that
within imogolite NTs more CI® ions are present between NTs to balance the
positive charge of external surface (higher than in MeIMO). This fact can lead to a
larger intertube distance in imogolite with respect to MeIMO NTs

7500

5000

Me-IMO
2500 —

Intensity (counts/s)

.

IMO

Figure2-3: Low-angles XRD patterns @fhogoliteandMelMO. Vertical lines
correspond to @o main reflection of NTs structure

2.3.3Porosity characterization by N adsorption/desorption
isotherms

To determine BET SSA (BrunauBmmettTeller Specific Surface Area) and
porous volume, blisotherms were measured-406 °C on both samples (MelIMO
andimogolite), previously outgassed at 250 °C, a temperature allowing the removal

of water and other atmospheric contaminants still preserving NTs stri@t@s

143. Microporous volume was calculated according tottpt method. NEDFT

(Non Local Density Functional Theory) methodsagsed to determine Pores Size
Distributions (PSDs), by applying a»MNilica kernel for cylindrical pores on
isotherms adsorption branch. The same method was also used to measure the ratio
between microporous surface area and total SSA.
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N2 sorption isothens at-196 °C and corresponding pore size distribution are
reported inFigure2-4a and 24b respectively. The related values of BET SSA and
pores volume being reported Tiable2-1.

As-synthesized MelMO samplé-igure 2-4a) shows type IV isotherms with
type H4 hysteresis loop, typical of microporous systems with some mesoporosity
[144. Imogolite has instead a type | isotherm, typical of a (mostly) microporous
materials. According to the isotherms, the SSA and microporous volume of MeIMO
is twice of those reported imogolite treated at the same outgassing temperature, due
to larger inne pore cavities. PSD curves of MelIMO show a family of nanopores
with diameter ofta. 2.0-4.0 nm rangeA wide range of mesoporositgd. 2.55.0
nm) is also detectable, due to heterogeneous C pores and indicating that MelMO is
mostly a mesoporous materidlccording to previous studies, the microporous
volume increases with increasing the outgassing temperature, whereas larger
mesopores are less affected by thermal treatfBnt
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Figure2-4: N, isotherms at196 °C (a) and corresponding PSDs (b) as obtained by
applying the NEDFT method on samples MelMO (bltreangleg, imogolite (black
circles)

Table2-1: Sampes textural properties as derived by XRD patterns argbiytion
isotherms at196 °C

100, a (100) BET Microporous Total
Sample nm (nm) reflection SSA volume Pore Volume
(0.01) ) (m*g?) (cm’gh)° (cm*g?)
imogolite 2.27 2.62 3.8 237 0.08 0.14

MelMO 2.58 2.97 3.4 580 0.11 0.28
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2.3.3.1Formation of aluminum oxide polymorphs

Basal on several studies on imogolite structure, numerous factors are recognized
to influence the polymorphic nature of an initial aluminum hydroxide precipitate
including pH, temperature, kinetics, the presence and absence of ligands and
foreign ions, particarly anions[103. Moreover, formation of imogolite NTs is
affected by different variables like temperature, Si concentration in the bulk
solution and polymerization tinja03.

According to studies done by Farnegral.[10§ enthalpy and free energy of
the reaction have beaneasuredor imogolite ((HOAI>0sSiOH) and boehmite
(AIO(OH)) from equilibrium silicon concentration and at different temperatures in
solution (reaction 2-1), and consequently calculated for gibbsite (Al(€H)
halloysite (AbSi-Os(OH)a) and kaolinite (AISixOs(OH)s) (Table2-2).

000 ™OOP coallTY@O ¢ p

Accordingly, at 25 AC an dSidmallaysite,ol ut i on
imogolite and gibbsite are equilibrium with each other. At T< 25 °C and in
sufficient silica concentration (for preventing decomposition to gibbsite), halloysite
is more stable than imogolite. At T> 25 °C and specific range of silica coatientr
imogolite is more stable than halloysite, while with respect to kaolinite both are

metastablg¢106. Their results were in agreement with previous observation that
imogolite, halloyge and gibbsite can eexist in soil[145.

Table2-2:.Enthalpy and free energy of formation of soil components (kJ)fibD3

Minerals P HA25 °C) P G425 °C)
H.O -285.8 -237.2
Si(OH), -1459.0 -1308.7
Boehmite -988.9 -914.2
Imogolite -3189.6 -2926.7
Gibbsite -1293.1 -1154.9
Kaolinite -4120.1 -3799.4

Halloysite -4101.5 -3780.8




32 Synthesis and Characterizan of Methytimogolite

I n Waexpariinen{104, it was shown that a 7 year long synthesis &5
leads to synthetic imogolite having a diameter close to the natural Mioes.
recently,both Nairet al[99] and Roseet al [10Z reported that the growth of
imogoliteNTs may be a thermodynamically driven sesembly process, in whic
controlling he temperature controls the nanoparticle condensatioalkvas for
the selfassembly process. According tieeir studies[99, 102, protaimogolite
clustersformedat the initial stage of theynthesis are able to assemble into a NT
structure.

Synthesis of MelIMO as well as imogolif&01] depends on kinetics and
thermodynamics of formation, however, upntmv no studies have been done for
better understanding of formation mechanism of MeINI&. Temperature, as one
of the principal thermodynamic parameters, plays an important role in formation
and diameter modulation of predeIMO cluster, which in turn ia function of the
degree of SiCElsubstitution in the structure.

The SiCH substitution in the protmethytimogolite structure highly depends
on the synthesis temperature. At low temperature the $S#0bistitution is low,
whereas by increasing the temperature (up to 95 °C) the 3SsGbstitution
increases and sets the stage for formation of stable NT structure. However, any
distribution in equilibrium thermodynamic and Kkinetic conditions, results in
formation of other phases. Therefoire order to achieve an effective synthesis of
MelMO, several criteria must be met by both the aluminum and silicon sources.
One of the most common phases formed from unsuccessful synthesis process is one
specific type ofaluminum oxide polymorph calleMordstrandite with triclinic
crystalline unit cell, observed as a star shape phase iBHME microscopy
(Figure 2-5), and typical reflection centered at ca 188 & XRD pattern

(Figure2-6) [146, 147).
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Figure2-5: Structure of nrdstrandite (Al(OHy), projected on xy plane, b: FEEM
image of mrdstrandite phase

In this PhD thesis, the effect aémperature and polymerization time on
formation of MelIMO was investigated. The optimum temperature and time
achievel in the presence of Al:Si= 12molar ratio, was between-990 °C and
4 days. NTs formation rate decreas@snuchbelow 95 °C, whereaabove 100 °C,
the formation of aluminum oxide polymorph is highly probable.

According to XRD patterns, increasing the temperature above 105 °C (Sample
1: 105 °C <T<110 °C) results in the formation of high amount of aluminum oxide
polymorphs (nordstrandite)s derived by a lower intensity of the maeak of the
XRD pattern. Converselyin sample 2 (98 °C <T<105 °C, 4 days) a negligible
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amount of nordstrandite is detectable and Sample 3 (95 °C <T<100 °C, 4 days) has
no traceof formation of nordstrandite.

6000

4000 -+

Intensity (counts/s)
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Figure2-6: Low-angles XRD patterns of MeIMO synthesis in different temperatures with
different times: sample-tilack line (105 °C <T<110 °C and 4 days), Sampte®line
(98 °C <T<105 °C and 4 days), Sam@blue line (95 °C <T<100 °C and 4 days)
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Figure2-7: N, isotherms at196 °C (a) and corresponding PSDs (b) as obtained by
applying the NEDFT method on sampleldlack squares (105 °C <140 °C and 4
days), Sample-2ed stars (98 °C <T<105 °C and 4 days), Samik8 triangés (95 °C
<T<100 °C and 4 days)

Figure2-7a and 27b report the hlisotherms at196 °C and corresponding pore
size distributions, respectively. Sample 1, with the highest amount of aluminum
oxide polymorph, has the lowest amount o€mopores (in a range of 225 nm)
and alsdhe lowest total pore volume. On the contraamples 2 and 3 have higher
amount of micropores in a range of -2 nm.The related BET SSA and pores
volume are reported ihable2-3.

Table2-3: Samples textural properties as derived by XRD patterns asdrption
isotherms at196 °C

Time of Microporous Total
Sample Temp ofautoclave  dioo (M) a BET SSA Pore
autoclav o P volume
(°C) (x0.01) (nm) (m?g?) NS Volume
e (day) (cmg?) (e gd)
MeMO-1 4 days T=105110°C 2.6 2.97 334 0.09 0.23
MeMO-2 4 days T=98105°C 25 2.95 617 0.11 0.32

MeMO-3 4 days T=95100°C 2.6 2.67 580 0.11 0.28
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2.3.4MAS NMR characterization

NMR spectroscopy is an important analysis method, which provides considerable
information about the structure of aluminosilicafgds!815(0 including clay
mineralg[ 76, 151]. The position of the silicon resonance is mainly influenced by its
degree of polymerization, and byetimature of cations in the nearest neighboring.
The aluminum resonance is mainly affected primarily by the number of atoms in its
immediate coordination environmeng. to whether the aluminum is fouor six

fold coordinated by oxygen. Therefore, MelM@s characterized ByC, 2’Al and

29Si MAS NMR measurements, for studying the structure and investigating the
structural units of this material.

The3C NMR shows a chemical shift@d.-1.35 ppm, a value reasonably close
to that of 13C in the referencEMS (Triethoxymethylsilane), around 0 ppm
(Figure2-8).

-1.35

15 10 5 0 -5 -10 -15 -20
Chemical shift 6 (ppm)

Figure2-8: Solid-state™*C-MAS NMR of MeIMO

2935 MAS NMR spectrumRigure 2-9) presents a sharp peak with a chemical
shi ft v4a.5 ppm, wilich s typical for tetrahedral Si atoms bonded to one
carbon and three Al atoms through oxygen bridges at the inner saffiides [9,

13
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Figure2-9: Solid-state**Si-MAS NMR of MelMO

The Al MAS NMR spectrum inFigure 2-10 shows a major single shift,
approxi mately at 7.52 ppm. The shi
indicating the prevalent presence of octahedral Al a{d®d. The NMR spectrum

al so exhibits a mi(mselalopgwiattka small codtribatior6 1 . 7 7

ft

from the second spinnirgjdeband of the major peak (asterisks). According to
previous studies, the 61.77 ppm peak is likely due to a minor amount ef four

coordinated Al atoms, probably due to formation of an ahmrp phase rather than
NTs, in agreement with the literaty43.

7.52

10 30 20 10 0 -10 -20
Chemical shift & (ppm)

140 120 100 80 60 40 20 0 -0 40 60 -80 -100

Figure2-10: 2’Al-MAS NMR of MelMO
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2.3.5Thermogravimetric analysis (TGA)

Figure 2-11 reports bdt thermogravimetric (TG; black line) and derivative
thermogravimetric (DTG blue line) analysis of MelMOThe analysis was
performed on 10 mg sample powder, heating from rtepnpeature up to 500 °C,
under Ar flow (55 ml mirt), with the temperature increasing rate of 10 °Cin
by SDT 2960 DTA/TGAMS instrument.

According to the curves, two broad endothermic peaks corresponding to two
weight losses were observed. The first paadd °C is assignetb the dehydration
of the hydrophilic outer surface of MeIMRTs. Comparing the results with those
obtained by Zanzotteet al.[25], MeIMO starts loosing adsorbed molecular water
at lower temperature with respect to imogolite. This behavior ascribed to larger B
pores in MelMO structure, mich favor mass transfer through the porosities
(Scheme2-4). The second peak 860 °Cis due to an actuatructural transition
through dehydroxykon and collapsing the NTs structure at temperatures higher
than 300 °g25], which will be explained in chapter 4. According to Zanzotegra
al. [25] in MelMO, the reaction between inner Glgroups and outer hydroxyl
groupsat around 300 °Gresulted in SIO-Al bonding and formation of methane,
which was detected in their experimefresaction 22):

YQOO 00O0® QU 04 60 ¢ ¢
An additional minor endothermic mass loss observed in TG analysis is at 440
°C, assigned to the release of oxygen molecules, caused by thermal decomposition
of remaining perchlorate specigs ¢ 0) present in the synthesis bath. The same

peak has been observed in previous studies on imogdits and alumine
germanate imogolithlTs at 477 °C and 415 °{113 153, respectively.


https://en.wikipedia.org/wiki/Thermogravimetric_analysis
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Figure2-11: Thermogravimetric (TG; black line) and derivatihermogravimetric
(DTG; blue line) analysis of MelIMO

2.3.6FTIR characterization of MeIMO NTs

Figure2-12reports the IR spectra of addMO pellet, outgassed at rand 50 °C.

With increasing the temperature (T > 75 °C) the band at 1644 doe to the
bending mode of water molecules mainly located at the outer surface of NTs,
disappears almost completely, in agreement with the data obtained from TGA
analysis. Indeed, in more hydrophilic imogolite NTs, this band is still observed after
outgassing up to 150 °¢8, 9]. The sharp band at 1275 ¢ns due to the bending
mode of the SiCHs ( U 3)Qkbups; as well as the bands at 2978 and 2919 cm
which are respectivel yCHgs saingln esdy mape ttrh e¢ & 3y
stretching modes of thei$IHs groups. The broad and intense absorption in the OH
stretch region (380@000 cm?) is assigned to the presence of outer Al(OH)AI
groups[8].
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Figure2-12: IR spectraof MelMO outgassed at: r.t (a) andQ8 (b). The methyl groups
functionalities pointed out by arrow

2.4 Conclusion

Methyl-imogolite (MeIlMO) is a hybrid organic/inorganT obtained by non
expensive, environmental friendly and mraddnditions synthesis. This material has
high surface area, and itubular structure is stable up to 300 °C.

The inner pores of NTs are accessible to small molecules lkaftsr
outgassing at 150 °C and removing the entire adsorbed water. The presence of an
inner hydrophobic surface along with an outer hydropbiiemakes this material
suitable for potentiahpplicationse.g in the fields of gas chromatography and gas
separation. Nonetheless, obtaining Mies of controlled dimension with the whole
inner surface covered by functionality other than methyl groups, and increasing the
NTs polarization with ferroelectriphotacatalystsin order to enhance -fe
separation within t structure, may introducenavel hybrid organi¢inorganicNT
for polarizationenhanced photocatalytic applications and opens the way to other
(OH)3AI0sSii X analogues.



Chapter 3

Synthesisand Characterization o
Fe-Doped Methyl-Imogolite
Nanotubes

3.1 Introduction

Modification of the outer surface of NTs involves either electrostatic interaction or
covalent bondind11, 14, 154. Recently, several researchers have studied Fe
dopedimogolite NTs [21, 24, 85]. Although Al/Fe isomorphic substitution is a
commonprocess in all natural aluminosidites, little is knowrabout Fedoped
imogolite The presence of Fgin the structure imparts new chemical and solid
state propertie$20]. Ookawa and cavorkers for the first timesynthesizd Fe-
containing imogoliteNTs [21, 22].Their studies demonstrate thagithis an upper

limit to the amount of iron that can be hosted in the structure, in that NTs are
preserved up to an overall 1.4 wt % Fe content.

The recent studiesn Fedoped aluminumgermanate NTs, analogous to
imogolite NTs, showed thailTs formation igpreserved up to an overall 1.4 wt %
iron content, whereas the upper limit to the amounsamorphially substituted
(IS) iron is 1 wt%and the formation of Fe oxaydroxides unavoidably occurs at
higher Fe contenfl55. Theoretical calculations showed that iron could either
isomorphically substitute faluminumor cr eate fidefective sites:c
band gap energy of the original material. According to Stetfial. [24] doping
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with iron reduces the band gap iofiogolite from 4.9 to 2.42.8 eV. Alvarez
Ramirezet al.[20] have also studied the incorporatiof iron in Gelmogolite NT,
demonstratinghat the optimized NThodels have iron content in the interval 0.05
OXO 0.1 and t h-enogolitemaks fopm 4.6 to 361 éVe

According to those authors, s canlocatein three differenplaces in the
imogolite structureinner, outesurface of imogoliteand by isomorphic substitution
in the Al gibbsite layer§cheme3-1). In all of the configurations iron affects the
electronic states of the bandgaggion, generating the reduction of the gap values
with respect to original NTs.

M-Imo/Fe-a-3 M-Tma/Fe-h-4

Scheme3-1: Diagonalcrosssedion of the imogolite structure, which indicatbe atomic

layers in the structure. (b) Schatit representation of octahedral isomorphic substitution

of Al*3for Fe™. (c-d) Adsorption of octahedral Feons on the inner and outdefects of
imogolite surfaceln all the cases, the M symbol denotes bathrfd Ge containing

structureg2Q]
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So far, no work hasddressed the effect of Heping on MelMO: in this
chapterwe will report the results of the successfuhtlyesis of novel FMelMO
NTs (Scheme3-2), in which iron doping is achieved by either direct synthesis (Fe
Xx-IMO-DS) or postsynthesis ionic exchange @&eMO-IE, where x = 0.7 or 1.4
wt % Fe).

The physicechemical properties of the synthesized samples were characterized
by means of several techniques (XRD, TEM, Elemental analysis,VigV
spectroscopy, EPR, adsorption/desorption phiN196 °C, FTIR and solid stt
NMR and compared to the original MeIMO.

(OHs) Alz2x FexOs SiCH:s @®-=AlLFe

Scheme3-2: On the left side: frontal view of a MeIlMO singlelled NT (left side)
exposing SICHjs at the inner surface and Al(OH)AI, Ab)-Al groups at the outeusface.
On the right side: environment ideally surrounding each octahedral catfSpHé&r) at

the external surface of NTs
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3.2 Synthesis of iron doped MelMO

Fe-containing methyl Imogolite (F&elMO) samples were synthesized by two
different methods:

3.2.1Direct synthesis of iron doped MelMO (Fex-MelMO -DS,
where x = 0.7 or 1.4 wt % Fe)

In a dry box, a proper amount of irdgfil) chloride hexahydrate (Fe€bH20
(97%)), as a source of iron, was added to 80 mM solution of perchloric acid in
doubledistilled water. Aluminumtri-secbutoxide (97%) as a source of Al and
Triethoxymethylsilane (99%) as sources of Si, were mixed and stirred for some
minutes (molar ratio: ATSB:TEOS 2:1.1). The pH of the equilibrium of solution
was 4. The mixture was stirred for 1&troom temperature. After 18 h stirring, a
clear reddish brown solution was obtaineddiitilled water was added in order to
dilute solution to 20 mM Al and the resulting solution was stirred for 20 min. For
preparing 2 g of F&.4-MelMO-DS (1.4 wt.% [E), use 0.2 g FegbH,O in 127

mL of an 80 mM solution of perchloride acid and add the mixture of ATSB (5.4
mL) and TEMS (2.2 mL) dropwise to the solution, dilute the solution after 18 h of
stirring with 885 mL doublalistilled water. After dilution, thenixture was poured

into a thick wall Teflon bottle, and autoclaved for 4 days at 96° C. After 4 days,
jelly liked clusters were observable in the solution. The solution was filtered (0.02
micron filter) and washed with {distilled waterThe final produtwas dried in the
oven at 120 ° C for 1 day.

3.2.2PostSynthesis Loading of MelMO NTs with Fe (Fex-
MelMO -IE, where x = 0.7 or 1.4 wt % Fe)

The prgoer amount of fine powder of MO was added to doublgistilled water

in a small beaker. Depending on the iromtent (0.71.4 wt% of final sample), the
proper amount of Fe€6H20 (97%) was added to mixture and stirred for 18 h at
room temperature(For 0.25 g MB8VO NTs, add 0.025 g iron (lll) chloride
hexahydrate in 15 ml of doubtéstilled water). The uniforratirring of themixture
insures aigher homogeneity in the final structure.

The resulting mixture was thenbi-filtered

distilled water, and dried at 120 °C for 48 hours.
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3.3Characterization and textural properties of Fe
MelMO

3.3.1TEM characterization

Figure 3-1(a-b) reportsthe HR-TEM images of MeIMO NTs with two different
magnificatiors. The network of bundles foNTs is observable at lower
magnification Figure3-1a), whereas, at higher magnification, bundles of parallel
NTswith considerable long lengtlase detectale.

Figure3-1(d-e)reports TEM and dark fieldEM images ofFe-1.4-MelMO-IE
NTs. Figure 3-1d shows the series tfundles of paralleNTs alignedin different
directions and with more disorder as compared to MelMO, Nisnly due to post
iron loading, whichinduces disorder in the NTs arrangement in busidideinset
to Figure 3-1d displays a detail of terminal region of bundles, showgrthe
hexagonal arrays of NT$he red arrows ifrigure3-1e point out the occurrence of
some Fe-containing clusters at the outer surface of NTs inl BaMelMO-IE
sample. Foa better observation afuchclusters in the structure of NTs, the dark
field HR TEM was also perfmed onthe mentioned saple. In dark feld i TEM,
diffracted beams strongly interact with the specimen; therefopegvides useful
information for observationf planardefects, stacking faul@ndbr particle size.
According to dark fieldTEM image {nhsetof Fig. 1e),Fe-containingclusters with
anapproximatesize of 45 nm are deteable (red arrows).

Figure3-1 (g-h) reports TEM and dark fieldEM images of F&..4-MelMO-
DS NTs.The Fel.4MelMO-DS NTs, show the same morphological featwkes
MelMO NTs Figure3-1g), howeversomeclusters areletectedFigure3-1h, red
arrows). Furthermorethe presence of an amphous phase ialso observable
(Figure 3-1h, white arrow). Theinset of Figure 3-1h showsa dark field-TEM
picture oftherelated sample, with the slightly smallee-containing clusterg~ 4
nm) with repect to Fel.4MelMO-IE sample.

Figure3-1 (c,f and i)correspond teelectedarea diffraction pattern (SAED) of
MelMO, Fel.4MelMO-IE and Fel.4MelMO-DS, respectivelyAs discussed in
a previous chapteiSAED patternis related tostructure crystallinity The first
reflection ring corresponds to the scattering of individual NTs, which has a
comparably sharp reflection for MO (Figure 3-1c) and Fel.4MelMO-IE
(Figure3-1f); however for Fel.4-MelMO-DS (Figure3-1i) is broader. The second
ring corresponds to parallel NTs within a bundle, which is identical in all three
samples. The last reflection corresponds to ceonteenter NTs separation and
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could be t&ken as characteristic signatutieat differentiate the NTs from any
amorphous phasd$8, 103. This ring is more blurred in thdirect synthesis
sample, probably due to the formation of some ammup phase, due to high
amount of iron

Figure 3-2 (a-c) correspond tdEDX (Energydispersive Xray) analysis of
MelMO, Fe1l.4-MelMO-IE and Fel.4-MelMO-DS, respectively. According to
the EDX analysis, the samplssowthe same Al:Si atomic ratio of 2:1, which is
in agreement with the NTs structure.
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Figure3-1: HRTEM images of MelIMO bundles (a), formed by parallel NTs (b) and
corresponding SAEPRattern(c). HRTEM images taken from Fe4-MelMO-IE
(sections d and efjprming the hexagonal arrayméetto section d), black filedEM of
iron-containing clusterdrfsetto section e) and corresponding SAR&ttern(f). The
HRTEM images taken from Fe4-MelMO-DS (sections g and h), black fildEEM and
particle size of irorcontaining nanoclustersgetto section h) andorrespondingAED
pattern(i)
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| d

Figure3-2: EDXS (Energydispersive Xray-épectroscopy) analysis of MeIMO (a),-Fe
1.4-MeIMO-IE (b) and Fel.4-MelMO-DS (c)



Characterization and textural properties of\f@lMO 49

3.3.2Powder X-ray diffraction (XRD)

Figure3-3 reports powder XRD patterns of the studied samples, corresponding to
a hexagonal packing of NTs. The most intense peak is due taotheftection,

from whichthe cell parameter a, corresponding to the centeenter distance
between two aligned NTs, talculated Table3-1).

Broad peakst higher angles are assigned g dnd @11 reflections due to the
repetition of MeIMO structural units along the tulp2s25, 48, 119, 141]. Samples
obtained by IE show a shift in theoglpeak position to lower angles with respect to
Mel MO (2d= 3. 42A, 3. 38AMeMAIE &dHeDA i n Mel M
MelMO-IE, respectively), witha corresponding increase of the cell paramater
(Table3-1). Upon F&YAI®* IS, NTs inner diameter is indeed expected to increase,
due tothe larger Shannon radius of octahedral (BdJ(r= 0.645 A) with respect
to AI®* (r= 0.535 A) (Curves 3 and P4, 140. Sucheffect was instead not
observed in samples obtained by DS (curves 2 and 4). The same effect (i.e. a cell
parameter decrease in samples obtained by direct synthesis) was observed in Fe
doped imogolite NTsdue to the presence of chloride ions replacinggéig
perchlorates ions that remained trapped between NTs in the dry pod@erBhe
washing procedure after ionic exchange likely allows the removalabf &uns,
leading to darger cell parameteHowever, it should be noted that XRD patterns
vary slightly from sample to sample depending on sample alignment and adsorbed
water content in ambient conditig82, 104]. Furthermore, incorporation of Fe
atoms in tube structure without alteration of MeIMO structure is limited. According
to studies done by Shafe al. on Fe doped imogolite NT[24, 156 obtained by
direct synthesis, increasinggth amount of Fe O1. 4 wt %, resu
the characteristicodi peak of imogolite in XRD pattern, showing that increasing
the iron content will hinder the formation of NTs in fair agreement with the
observations by Ookawa about iron dopetbgolte NTs [21, 22]. The same
consideration can be done for samples obtained by direct synthesis method with
higher amount of iron (curvd) (1.4 wt%; Fel.4MelMO-DS), in which the
intensity of first peak is slightly lower than the original MeIMO andOFé
MelMO-DS samplesas well as, less repetition of structural units alongh\tfie
(the intensity of éb1and @11 reflections). These results cheattributed to thdigh
amount of amorphous phassoming from unreacted precursor in agreement with
SAED pattern and’Si MAS NMR analysiswhich confirm indeed the presence of
the trace of silanolsondensation in theeFL.4-MelMO-DS. XRD patterns of ion
exchanged samples (curves 2 and 3), indeed, show that the hexagonal packing is
maintained, since the characteristic peaks of imogolite NTelamerved
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Figure3-3: Low-angle XRD patterns of MeIMO (1), F&7-MelMO-DS (2), Fe0.07
MelMO-IE (3), Fel.4MelMO-DS (4) and F4..4-MelMO-IE (5)

3.3.3Porosity characterization by N adsorption/desorption
isotherms

To determine the BET SSA (Brunau&mmettTeller Specific Surface Area) and
porous volume reported ihable 3-1, N2 isotherms were measured-406 °C on
samples pngously outgassed at 250 °C, a temperature allowing the removal of
water and other atmospheric contaminants still preserving NTs str{i8tur43.
NL-DFT (Non Local Density Functional Theory Method) was used to determine
the Pores Size Distributions (PSDs), by adopting-ailica kernel for cylindrial
pores.

N2 sorption at196 °C(Figure 3-4a) gives rise with all the studied samples to
type IV isotherms with limited hysteresis loops, as typical of microporous systems
with some mesoporosity. All iron doped samples (0.7wt% and 1.4 wt% with IE and
DS) have larger mesopores volume and SSA valu#s respect to MelMO
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(Table3-1), likely due to the fact that Feoping mainly affects the outer surface of
NTsand especially C mesoporgs]]. This is confirmed by PSDs curves, showing
an increase of volume due to mesopores larger than 3.Bigorg3-4b).
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Figure3-4: N2 isotherms at196 °C(a) and corresponding PSS, as obtained by
applying the NEDFT method, of samples: MelMO (stars)-&:&-MelMO-IE (hollow
triangles), Fel.4-MelMO-IE (triangles), Fe.7-MelMO-DS (hollow circles) and F&.4-

MelMO-DS (circles) samples
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3.3.4Nature of iron species as studied by UWis spectroscopy

DR UV-Vis spectra of dehydrated samples are reportétgure3-5aMelMO has,
as expected, a negligible absorption in the-\4¥ region (curve 1).

All Fe containing samples (0.7wt% and 1.4 wt% with IE and DS) have strong
absorption bands both below and above 300 nm. According to the literature, bands
around 240 and 290 nm are due to chdrgesfer (CT) transition betweerf@nd
isolated F&ions in dfferent coordination (tetrahedral or highéfhe 240nm band
likely implies that besides AVFe** IS, another type of ionic exchange occurred:
previous theoretical work129 has indeed postulated the occurrence of some
defects/vacancies at both sides of MeIMO NTs wall, which could lead to the
formation of somd@d Fe** sites upon ionic exchang&bsorption bands in the 300
400 nm range and above 400 nm are assigneddtdrahsitons of F&* ions in
oligomeric clusters (®y) and FeOs particles, respectivelpd57-160.

UViVis spectra point out the preferential formatiohclusters and E©s
particles by IE method especially at higher iron content, in agreement with what
was observed by Shafiat al. [24] with Fedoped imogolite Furthermore,
broadening of UWis spectrumover 290 nmcontributed to the small F®y
oligomeric clusters and E®s particles that their absorption bands partially overlap
in the highwavelengti{158 159. In DS samples, however, a higher proportion of
isolated F& sites is observed with respect to clusters (curves 2 and 4). If the same
iron content is considered, more intense bands, relatsdl&tdéd F&, are observed
by DS, as well as more intense band relatedh®oformation of small Ry
oligomeric clusters and B@s particles are observed in IE method. The occurrence
of some FgOs clusters in both IE and DS samples indicates that thealact
isomorphic substitution of Fe for Al in the MelMO structure is lower than that
corresponding to 1.4 % by weight, in agreement with the literf@die

The presence of isolated ¥sites in Fex-MelMO-IE sampeés indicates that
Al bridgesat the outer surface ™Ts are reactive in water, and consequently the
following reaction takes plade4]:

5ol Oda "OdOG O O Od & b §OG  (31)
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Figure3-5:DR UV-Vis spectra (a) and corresponding Tauc plots (b) of MelMO (&), Fe
0.7-MelMO-DS (2), Fe0.7-MelMO-IE (3), Fel.4MelMO-DS (4) and~e-1.4-MelMO-
IE (5)

Reaction 8-1) was already observed in irgloped imogolitesince such NTs
structure is able to exchange*Aklnd Fé* ions dynamically in water solution,
rendering ionic exchange an alternative method with respect to more complicated
direct synthesis procedures.

Figure3-Sbreportst he corresponding Tau-gapef pl ot , f
the materials can be extrapolated: MeIMO is an insulator with an energy band gap
Ey=4.7 eV (curve 1)With Fecontaining samples, band gap valuesaaréollows:
Ey= 2.4 eV for FeD.7-MeIMO-IE and Fel.4MelMO-IE, and = 2.7 and 2.6 eV
for Fe0.7-MelMO-DS and Fel.4MelMO-DS, respectively. Isomorphic
substitution of irorreduces the band gap of MelMO, especially by IE, thoaigh
precise determination of the banggahampered by the presence of=lusters
along with substitutional iron.

3.3.5Nature of iron species investigated with EPR spectroscopy

EPR spectroscopy has been extensively used to identify the state of iron species in
molecular structures and in thelidostate, since it is an efficienéchniquefor
identification ofisolated F& species of different coordination geomdtrg1-165,

as well as F®y clusters of different degrees of aggregation by analysis of the
mutual magnetic interactions of the Fe sjte&1]. Furthermore, EP& considered

as atechniqueof choice for characterization ofgeometrical and electronic
peculiarities of different isolated Feions at very low iron conceérations (which

is often not possible to analyze by other techniqugdvdssbauer spectroscopy).
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In order toget deepemsight in the state of iron in MeIMO structure, the two
sampleswith lower amount of iron loading®.7 wt% of Fe)were studiedasthey
were expected to have lower amount of iron oxo/hydroxide clusters.

For betterobsenation of the paramagnetic behavior of iron species, EPR
signalswere recorded both a room temperature (r.t.) and low temperature {l.t. at
153 °C)with the correspondg sample powder in 1 mm quartz tubes

EPR analysis of both samples at I.t. show typical signals at effectivalges
of 2, 4.3, and 6Kigure3-6¢). These signalwere frequently detected in-E&M-5
and with Fé* ions in other solid matric§466-170.

The number and position of EPR transitions for isolatetf Fms highly
depends on the local ligaffigéld symmetry of the sites (reflected by the magnitude
of the zerefield splitting (zfs) parameterE and D, as well asthe possible
magnetic interactions between thdav1]. Therefore, from the signal position
alone it is not possible to obtain the exact coordination of the respective Fe ions
(octahedral or tetrahedral), since the signal positiatii@n by the magnitude of
both D and Ej.e. the extent of distortion of ¢hFe coordination. Such distortion
can arise from both tetrahedral and octahedral coordination. E/D pardrastar
limited range (61/3), andshows thealistortiondegree of rhombistructurein the
electronic environmerjtL6]].

The signals at g a 4.5 Pandstransiiomof & 6 ar i ¢
isolated F&si t es in strong -rghcdmhi3c (oD axhasal H/IDB

hs, E/ D = 0, [g6]. Tai}impliesthat pBespedies givingrise
to a |line at g & 4 witrespscttoaféd* site representadg | y di st
by a signal at g a 6, due to the differenc

characterizes the additional asymmdtt§6 177. In zeolites, ¢a 4.3 is assigned
to F€* sites incorporated in tetrahedral framewodsitions, whereas a line atg
6 is attributed to isolated Fespecies in higher coordinati¢h6l, 166-169, 173.
The signal at @ 2 is assigned to either isolated®F@ high symmetry (D, FE 0)

or FeOy clusterg167].

In aluminum silicates, Féions are in higkspin electronic configuration, (S =
5/2), since the possible ligands are oxygen, OH or water molecules (which are weak
field ligands). According to previous studies, the prominent peaksat ¢.3 in
EPR spectraHigure 3-6) is assigned to the presence of isolatet! i6@s in high
spin state, likely corresponding to species absorbin§Ganhg in the DRUVT Vis

spectrd16q.
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As expected for pure paramagnetic behavior according to the- Weis law,
the intensity of two peaks at 4.3 and 6 increases with decreasing tempd@iature.
intensity loss of these two peaks at (r.t.) is strongly suggesting a shorter relaxation
time forthe corresponding FéspeciesFigure3-6a and 36b).

In contrast, the intensity of the line aB@® does not markedly increase upon
cooling(Figure3-6a and 36b). This suggests that the¥sites responsible for this
signal are coupled by antiferromagnetic interactions withy®j@&usters, which
reducethe number of unpaired spins contributing to the EPR signal. The presence
of Fely clusters in these two samples has been confirmed by previotgidJV
spectralfigure3-5a).

Therefore, the temperature dependence of the EPR signal intghsty
significantinformation on the presence of magnetically coupled pHaSe&sl77].
Whilewellor der e d cRe@ssstardifertomagrestic Belown=960 K (TN:

Neel temperatuje and, therefore, not ER&ctive, it has been shown that
nanopar tFeOsl( @s &o0f3 Wm) do give rndeedo t o an
incomplete compensation of the spin mom¢héd, 174).

According toFigure 3-6¢, by comparing the relative intensity of ther g 4.3
for both iron doped samples at low temperatet83 °C), the intensity of this signal
is higher in FeD.7-MelMO-DS, with respect to F8.7-MelMO-IE. Previous
studies Faron doped imogolite NTs imply that 8y clusters /particles in the
structure (with the g &  2-2.3) strongly interact with Féisolated iron sites,
hampering the evaluation of the relative spin concentration sterkd and /or
isolated F&' sites[166, 178 179. Thereforejn this case, there is a high anisotropy
in the transitionprobabilities of F& high-spin states. Comparison &fV-Vis
spectra Figure 3-5a) and EPR signald-{gure 3-6¢) show that by ionic exchange
more Feormedoligomeric clusters and/or k@3 particles than isolated sites, which
may negatively affect the intensity of corresponding peaksat ¢.3 in he EPR
analysis. Summarizing, these ressh®w that isolated Féspecies are much more
abundant in F®.7-MeIMO-DS.

E |
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Figure3-6: EPR spectra of (a) F& 7-MelMO-IE in r.t. and I.t. {153 °C), (b)Fe-0.7-
MelMO-DS in r.t. and I.t. {153 °C) and (c) F8.7-MeIMO-DS (blue curve) and Fe.7-
MelMO-IE (red curve) at153 °C
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3.3.6Elemental analysis

The Fe0.7-MelMO-DS sample was characterized by elemental analysis
(Table 3-2). The results show an exact amount of 0.7 wt% loading inNfhe
structure, although a slight excess of iron (1 wt%) was loaded in the syntheses bath..
Furthermore, the Al/Si molar ratio is 0.496, which is in fair agreement with the
Al/Si ratio for bothnatural and synthetimogolite NTs[18(.

Table3-2: Elemental analysis of F&7-MelMO-DS sample

Element Unit amount
Al mass% 27.8
Si mass% 13.8
Fe mass% 0.69

3.3.7MAS 13C, ?’Al and 2°Si NMR on iron doped samples

Solid-state’*C, ?’Al and ?°Si MAS NMR measurements were carried out in order
to investigate the coordination of both silicon addminum atoms in methyl
imogolite samples.

As mentioned in chapter 2C NMR shows a chemical shift ea.-1.35 ppm,
which has the value reasonably close'¥ NMR of the reference compound,
TEMS (Triethoxymethylsilane), around O ppRidure3-7). In the Fel.4MelMO-
DS, however, an additional small peak with a chemical shittao60.0 ppm is
detectabl e, assigned t oemminghfrom thesiigognoups (U=
precursor. The same peak has been observE€iNMR of modified imogolite
type NT obtained by using methyltrimethoxysilane precurgad has been assign
to C*in the methoxy groupomingfrom the precursof10].
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Figure3-7: Solid-state’>*C-MAS NMR of MeIMO and iron doped MelMO NTs

2935 MAS NMR spectra show a sharp peak centered at chemical shift value of
atd -48 ppm) for all sampled={gure 3-8), which is typical for tetrahedral silicon
atoms bonded to one carbon and three aluminum atoms through oxygen bridges at
theinner surface of NTE9, 13].

The spectra al so s hi@wpmaforaisanples, whitlo ul der
is not commonly found in other aluminosilicate frameworks. This chemical shift is
assigned to thanique G(6Al) silicon framework probably due to the limited
occurrence of an amorphous phase in the strufbixe/6]. Futhermore, Fel.4-
MeIMO-DS ae xt ra mi nor -18thppm) assigned wt@AINIand(
considered the contributidinom the small number of condensed silanols groups
[50, 76]. Theinset of Figure 3-8, shows a magnification dhe main peak a43
ppm. MelIMO and F&.7-MelMO-DS show the same spectra, whereas by
increasing the amount of iron in #e4MelMO-IE, disorder induced by ion
exchange in the structure slightly affects the shape of the peak. The widest peak
belongs to Fd.4MelMO-DS, which indicates the different environment around
Si atoms, due to heterogeneity in the sample structure.
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The results ot*C and?°Si MAS NMR, along with the TEM and corresponding
SAED pattern of Fd.4-MelMO-DS, confirm that a higher amount of iranthe
synthesis bath affects the structural stabihtyormation of the MelIMO NTSs, by
imposing strain energy into the structuhence hinders the formation aNTSs.
These results are in agreement with previous findings on iron doped imdgidjte
where Fe may isomorphically substitute for Al up to 1 wt. %, whereas by ionic
exchange method and higher Fe loadings (>1 wt. % Fe),d-byakoxide clusters
formation occurs along isomorphic substitutiig(re3-5a) [21, 23, 24, 85].
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Figure3-8: Solid-state’*Si-MAS NMR of MeIMO and iron doped KIMO NTs

The ?’Al MAS NMR spectra Figure 3-9) show a major single shift,
approximately at 7.5 ppm for all samples (MelMO;FéMelMO-DS, Fel.4
MelIMO-DS and Fel.4MelMO-IE), indicating the presence of octahedral
aluminumclosetothdtound f or gi b §hl6q. The snallishoulder . 8
around 61.7 ppm presentedimsetof Figure3-9, along with a small contribution
from the second spinningsideband of the major peak, is ditried to small
proportion of fourcoordinaéd aluminum atoms, probably comirfgom an
amorphous phase within the structuréNaf[143.

ppm)
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Figure3-9: Solid-state?’Al-MAS NMR of MeIMO and iron doped MeIMO NTs

3.4 Conclusion

This is the first report on Fadoping of hybrid organiinorganic NTs of the
imogolitetype (methyimogolite MelMO) with two weigh percent Fe (0.7 and
1.4 wt %). It is shown that doping with iron may occur both by direct synthesis,
by addition of F& species in the synthesis mixture, or by ionic exchange of
preformed NTs in agueous phase.

The resulting materials, however, sh@ome different properties, mainly
concerning the state of f3pecies. Direct synthesis (with 0.7 wt% of Fe loading)
seems to favor actual isomorphic substitution &f fee Al3*. Comparison between
Fe-0.7-MelMO-DS and Fed.7-MelMO-IE show that isolatede®* species are more
abundant in F©.7-MelMO-DS, whereas by ionic exchange iron tends to form
oligomeric iron oxo/hydroxide clusters orJBm particles rather than isolated sites.

By increasing the amount of iron up to 1.4 wt%, in direct synthesis méteod
1.4-MelMO-DS), someFeOy oligomeric clusters and BE®@z particles were
detected in black fieldEM. Some tracesf an amorphous phase deriving from
unreacted precurseand/or unsuccessful synthesis process, due to perturbing the
synthesis conditionyere detected by XRD, SAED pattern ai@ and?°Si MAS
NMR.

On the other hand, in ion exchange method, the origWia structure is
preserved. However, post loading of iron mainly affects the outer surfa¢&sof
(C surface). Consequently,induces som disordes in the NTs bundles, wlth is
detecthle in HRTEM spectra, as well as the formation of largeesopores and
higherSSA valuesFurthermoreformation of small F€y oligomeric clusters and
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FeOs particles are more likely bthis method, as observeddarkfiled TEM and
also proofed byJV-Vis analysis.

Although a simpler experimental procedure, psghthesis ionic exchange
leadsto a higher formation of K&y clusters and E©s particles. Nonetheless,
isomorphic substitutin also occurs by ionic exchange. The better dispersiorfbf Fe
ions in the synthesis mixture during direct synthesis is probably the main factor
affecting the preferential formation of isolated (octahedrafj Biges in theNT
structure.

Independentlyof the synthesis method, the presence of Fe has a significant
effect on decreasing the band gap of MeIMO (an insulator), and finally a new hybrid
materials with semiconducting propertiegXE4- 2.7 eV) is obtained.

Finally, novel Fedoped MelIMO NTs haw higher porosity and higher surface
area, and can be considered as support of catalytic species, and could be considered
a novel material in the fields of adsorption and catalysis.



Chapter 4

Dehydration and Dehydroxylation
of Bare and Fe-Doped Mehyl-
| mogolite Nanotubes

4.1 Introduction

The dehydroxylation phenomenon has been observed in aluminosilicate and
aluminogermate NTs, within a broad temperature range by TG ang#sitl3

153. By thermal heating, the falving successive processes are taking place on
the structure of asynthesized NTs: (i) dehydration, (70-150 °C) (ii)
dehydroxylation with subsequent structural collapse above 300 °C, (iii) formation
of mullite crystalline phase, due to structure transtdrom at temperature above
1000 °C.

MacKenzieet al.[143 postulated two possible mechanisms for the structural
transformation of imogolit®&Ts by increasing the temperature. According to their
studies, theleavage of the NTs is probably prompted by the loss of some a&ixtern
Al-OH groups[25, 143. In the first mechanisnimechanism A)the singletube
cleavage occurs with the tube breaking along its axis and formation@{S8i
bridges with AtO-Si-O-Si-O-Al repeating sequencé&¢hemed-1a). The second
mechanism(mechanism B)instead, is the vertical cleavage of two adjad¢ns
and deals with two tubes cleavage, resuliimglehydroxylation of silanol and
aluminol groups ofwo adjacent NTs. Consequently;&HAl bridges form due to
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condensation and formation of -8-Si-O-Al-O-Si repeating sequences
(Schemet-1b).

Al

a — cleavage
Al
Al Al i
._/ b ﬁ |
cleavage — - — cleavage
Al
i S Al
Al/——‘cleavage
Al ﬁj} Al
—_ &
si S Si
Al Al Al
Al Al Al
Si Si Si
Si Si Si
Al Al Al
Al Al Al Al Al Al
Si Si Si Si Si Si
Al Al Al Al Al Al

Scheme&d-1:Two possible collapsing mechanisms occur within NTs structure upon
heating[143: (a) singletube cleavage (b) twimbe cleavage and condensatigh|

Later,Zanzottera el al2012)[25] reported an irreversible structural transition
and brmation of lamellar phase from thellapse of aluminosilicate imogolite NTs
startingat around 400 °C. Additionally, they proposed that the structur@iosn
some residual microporous regions derived from unaffected pristine NTs within the
layers(Schemed-3) [143. Base on their research on thermal stability of imogolite
and MelMO and Mdmo-NH>, with imogolite, the proposed mechanism was the
cleavage of NTs across their diametecl{emed-3a), causing the formation of the
repeating sequence -&)-Si-O-Si-O-Al. Nonetheless, with two other hybrid
imogolitelike samples the mechanism is much more complex hoth
mechanismseem to act sequentiallgg].

Comprehensive studies on dehydration, dehydroxylation and rehydroxylation
of imogolite NTs have been cardeout by Kanget al. (2010)[50]. According to
their studies, NTs we completely dehydrated under vacuum and at 250 °C, as a
prerequisite to partial dehydroxylation process that was previously investigated up
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to 450 °C. However, at this temperature also a small proportion of hydroxyl groups
was still present and the tubulstructure was preservgsD].

Numerical calculations done hya Silvaet al. (2015) [26] indicated that
dehydroxylation of silanols groups at the inneracefof NTs induces deformation
of NTs before the recovery of cylindrical structure with the subsequent
rehydroxylation of the outer surface. They concluded dieaitydroxylation of the
silanol groups led to BOi Si bonding in the inner surface and cleavag®Ts due
to the thermal treatment, and subsequently affected the geometry, band gap and
Youngdés modul us of inh Behemedat[26)r Tharéfagre, as s how
controlling the degree of dehydroxylation in the heat treatment process may open
the possibility to adjust and control the electronic and mechanical properties of
imogolite NTs. According to their SCDFTB calculations on the dehydroxylation
imogolite NTs[26], the dehydroxylated imogolite is considered a semiconductor
with a lower bad gap energy with respect to parent imogolite.

A Al Al Al Al
\ \O—AI O—Al
Al PN A A O,/ & HO
O—Si"OH O—S§imOH —> /O—Si(‘ S Y .
Al oA oAl Al /O—A' O—Al
Al/ Al Al Al

Schemed-2: (A) Dehydroxylation reaction occurs in the inner surface of NTs. (B)
Optimized structures of the dehydroxylated zigzag (12,0) imodslitE26, 18Q
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Nevertieless, no information is available for the irreversible collapsing
mechanism oMelMO and iron dopedelMO in different calcination medium.
Based on experimental results concerning solid statéear magnetic resonance
(NMR), powdersX-ray diffraction(XRD), thermogravimetricmass spectrometry
(TG-MS), and Fourier transform infrared spectroscofiyT-IR), in this chapter
evidence is reported that these materials do show an irreversible collapse
phenomenon, just amogolite [25], which was previously studietlowever, he
thermal treatment of NTs in either air atmosgher under high vacuum may affect
the collapsing mechanism, as well as the presence of iron.

=0.32 nm

\I’J\'\-’

2.1-2.6nm

o
F

Schemed-3: Pathes of the layers occur by imogolid's cleavage andadensation
[143 (a) and proposed buckled structure basedalculated values ofg from XRD
peak position and the residual porosity after thermal collapgegpb)
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4.2 Characterization and textural properties of collapsed
NTs

4.2. 1TGA-DTG analysis

Figure 4-1a and 41b report the differential thermal analysis (DTA) and
thermogravimetric analysis (TGA) of MelMO, {e7-MelMO-IE and Fe0.7-
MelMO-DS samples40 mg of each sample wenged for TG angbkisfrom 40to
500 °G with 10 °C mintheating rate and under Ar flow

According to the curves dfigure4-1a and 41b, two broad endothermic peaks
accompanied by a weight loss were observed with all the samples. The first and
second endothermic peaks are attributed to the loss of adsorbed water and the
dehydroxylation of outer surface by removing of-@H-Al groups [25, 50],
respectively. MeIMO sample stagleasing water above 40 °C, most of water being
desorbed at 75 °C, whereas, molecular water desorption fristme@ imogolite
NTs desorbsat higher temperatur@30-150 °C), due to higher hydrophilicity of
both inner and outer surface and smaller pdresvever, dehydroxylation of the
outer surface appears at about the same temperature with MelMO, in agreement
with the similar compositiof8, 25].

With MelMO, a third mass loss is observed at 440 °C, wdrna iron doped
samples the mentioned peak has not been observed. As mentioned in chapter two,
this peak has been assignedherelease of oxygen molecules, caused by thermal
decomposition of remaining perchlorate spe¢@s 0) presentin the synhesis
bath and has be@meviouslyobserved in DT@nd MSanalysis of both of imogolite
and aluminegermanate imogolite NT[25, 50, 113.
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Figure4-1. Derivativethermogravimetric (DTG; a) Thermogravimetric (TG; b) analysis
of MelMO, Fe0.7-MelIMO-IE and Fe0.7-MelMO-DS
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4.2.2TEM characterization

Figure4-2reports the HRTEM images of MeIMGc and Fel.4-MelMO-c samples
(thermallytreated at 500 °C iargonfor 4 h; heating rate & °C min').

The HRTEM image of MelMQc is reported irFigure4-2a, and the residual
voids derived from the thermal collapse of the structure are detectable.insd¢he
of Figure4-2a, the proposed structure of collapsed NTs made from patches of layers
(yellow arrows) are sealed together. Also, some residual voids coming from
unaffected NTs in the #@mmal treatment process (white arrows) are visiBg
143. The distance between layers in the collapsed structure is roughly about 1.0
1.2 nm.

Figure4-2b reports TEM pictures of F&.4-MelMO-IE-c sample. The parallel
layers and residual voids derived from thermal collapse of NTs are detettable.
insetof Figure4-2b shows the parallel layers with the average distanca.bf0
nm.

The presence of some clusters are detectable in both sarkpiesed-2, red
arrows). In a case of MelMO, these clusters imagssigredto carborresiduesn
structure. The EDXS analysis of sample from different zoalss, canfirms the
presencef carbon in the structure after collaps{rggure4-3a). On the other hand,
for Fe1.4-MIMO-IE-c, thesame signal may be assayl to either carbon residues
and/orFe-containing cluster@Figure4-3b).
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Figure4-2: HRTEM images of collapseg@ielMO-c) with carbon residual content
indicated with red arrow&), forming a lamellar phase along with patchelayérs and
pores coming from pristine NTisdicated with white arrowgnsetto section a). HRTEM
image of Fel.4-MelMO-IE-c with iron-containing clustersdicated with red arrowg),

forming a layered structure with some residual vdiaiset to sectioid)

a | . b

ke 0.90 1.80 2.10 3.60 4.50 5.40 6.30 .20 8.10 n.v‘

Figure4-3: EDXS analysis of MeIM& (a) and Fel..4-MeIMO-c (b). EDXS analysis
energyresolution 139.2¥¢ at Mn KU

4.2.3Solid state NMR analysis on the collapsed samples

In order to study theollapsemechanism oMelMO and Fedoped MelMO NTs at
the earlier stage ofcollapsing by considering the effect of thermal treatment
environment on the collapse mechanism, all sanwéze thermallytreated at 400
°C with heating rate of 5 °@in™for 2heither inair or in vacuumThe solid state
13C, 27Al and ?°Si MAS-NMR studies have been performed on all samples.
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Clearly, increasing temperature beatingtime may result in more structural
collapseFor proofing this fact, a longer heating time was considereahi®iof the
samples (F®.7-MelMO-DS; thermal treatment in airfor 2 and 4 hoyr and
correspondindNMR spectrg**C, 2’Al and ?°Si) were reported for comparison

4.2.3.1C MASNMR

Figure4-4 shows thé*C Solid NMR of all the studied samples. All samples, with
the exception of MelM&air-2h, display a main peak t.6 ppm that is very close
to the®C chemical shiftof M@Sicompund (U= 0 ppm). However
13C NMR in tubular structure, theepk is broader andlightly shiftedto more
negativechemical shiftrepresenting®C species in slightly different environments,
mainly in form ofSi-CHz and Si-CH. groups(Figure 4-5). With MelMO-air-2h,
the mentioned peak is not detectdtdely due toburning of methyl group® CO

in the presence of airHowever, the small peak at around 30 pprassgnedto
aliphatc carbonspeciesn the structuréFigure4-5) [181]. Apparently, the thermal
treatment in vacuum or the presence of ironhm structure affect the collapsing
mechanismn a way that high amount of carbbanded to Satoms are still present
in the final phase.

1.4IE-vac-2h N
‘1.4DS-vac-2h N ‘
0.7DS-vac-2h / \
m%w w
WZNWW
W/\WW\N\N\/VV""‘M
0.7DS-air-2h [ \
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120 100 80 60 40 20 0 -20 -40 -60 -80
Chemical shift (3)

-1.67
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Figure4-4: Solid-state'*C-MAS NMR of MeIMO and iron dopd MeIMO, heated at 400
°C, for 2h or 4 hwith heating rate o °C.min’%, either in air or in vacuurgxDS/IE,
represent the Fe-MelMO-DS/IE; x=0.7 and 1.4 wt% of Fe)

c 74
1 \| /C=C\ -
/C\ —L=C—
(8)
11
/C\x —C=N RGO Alkanes
220 200 180 160 140 120 < 100 80 60 40 20 0 -20

Figure4-5: The3C chemical shift scale in solid state NMR

4.2.3.2°’Al MASNMR

Figure4-6 reports*’Al NMR spectra: with all the samples, three peaks at 4, 33, and
62 ppm are seen. As previously discussed, the peak at 4 ppm is assigned to
octahelrally coordinated Al, also present inggmnthesized NTE5]. A broad peak

at 33.6 ppm (absent in the-sgnthesized samples) is observed in all the thermally
treated samples. There are several possible assignments for such peak. Previous
studies stated that peaks in the520 ppm range can be assigned to distorted
tetrahedral AI[182 183, distorted octahedral Al184] or pentacoordinated Al
[184-187]. Based on previous research on structural collapse of imogolite type NTs
and n the analogy to the structural transformation of gibbsite under calcination, this
peak is assigned to the pewtaordinated Al specid$0, 62, 188191], as observed

with some transition alumina,mostly s-alumina with a chemical shift at
approximately 26 ppnil92 and alscobservedn amorphousaluminosilicates at

33 ppm[191, 197.

The peak at 60 ppm is attributed to tetrahedi@ininumAl(1V) [25, 50, 197]
and it has been observed, although with lower intensity, in NTs structure and
assigned to some structural defects within the NT |4l

The?’Al MAS NMR spectraof both imogolite and MelMGn collapsedorm
are very similarThis is in agreement with the fact that the outer surface of both
type of NTs may collapse in the same way.
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Figure4-6: Solid-state?’Al -MAS NMR of MeIMO and iron dop& MeIMO, heated at
400 °C, for 2h or 4 hwith heating rate 06 °C.min’, either in air or in vacuun{xDS/IE,
represent the Fe-MelMO-DS/IE; x=0.7 and 1.4 wt% of Fe)

4.2.3.3°Si MASNMR

29Si NMR provides a moleculdevel understanding of the structural change in the
interior wall of the SWNT during heat treatmerijgure4-7). The NMR spectra
indicate the presence of various enviroents around Si atonfScheme4-4).
Accordingly,three different peaks are observed with almost all samples, namely a
sharp peak at4 3 p p m, a br oa® ppmaead aceslucedeantersily a t
At ai | 0 aHowever tBe ppagsnmtensitieend the chemicahift positions

vary from sample to sample, and significantly depend on different heat treatment
and on iron loading.

The peak at43 ppm is assigned to Si atoms bonded to three oxygen atoms and
one carbon atom,e. Oz Si-CHz moieties present also in collapsed samph&s.
The broad peak at90 ppm indicates that most Si atoms are present’ a#te3.
This peak has been observedi0 ppm and90 inimogolite and MelMO NTSs,
respectrely, and has been assignedthe transformation othe Si coordination
environmentdue tothethermal collapse ahe NTs[25, 50]. Furtherexperiments
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on amorphouslumingsilicates showed that®Si in @ sites display more positive
chemical shiftsyith increagng thesubstitution ofAl loadingas a second neighbor
[149 191, 193197].

Copéretet al. (2015) [197]], conducted a comprehensive DFT study on the
interface between Silica and Alumina in aluminosilicates. According to their
results,the presence of various environments around sirfi@irspecies, such as
different Si O1 Al and Si O1 Si angles and bond lengths, different coordination
numbers of Al atoms, psence of nowgovalently bonded Al atoms in the
neighborhood of $iO bonds resulted in the chemical shifts distribution within a
range of80 to-97 ppm. The analysis of crystalline and amorphous aluminosilicates
with corresponding empirical assignmefisl9 191 194 196 197 showsthat
both Hand Al as a second neighbors are the source of increasing in the chemical
shift of 2°Si MAS-NMR. Consequently, the small tail B78 ppm chemical shift
could correspond to a higher number of Al neighbors (n = 4) together with a proton
[149 191, 194, 197]. The negative shift toward the peaks centere®3 ppmare
due tothe bonding of sitate directly to the Al surface, withcreasing in Si content
in less Al neighbor§191].

On theother hand, in the presence loigh Si contentin the surrounding
environment?°Siis found aimore negative values, especially arou88 ppm (and
to a lower extent, 100 ppm), consistent with the existence of nmarmerous Si as
second neighbors arfdrmation of a Si@ multilayer and a pure silica network

[1911.
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Figure4-7: Solid-state?*Si -MAS NMR of MelMO and iron dope MeIMO, heated at
400 °C, for 2h or 4 hwith heating rate 06 °C.min', eitherin air or in vacuum(xDS/IE,
represent the Fe-MelMO-DS/IE; x=0.7 and 1.4 wt% of Fe)
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Q?silicate having two sharing oxygens

Q#silicate having four shaning oxygens

Schemet-4: Silicate connections detected from the analysfSifmagicangle spinning
nuclear magneticesonance (MAS NMR) spectfa9g

4.2.3.4The effect of thermdleatmentenvironmentand the presence
of ironin collapse of nanotube

Comparison between MelMO treatedaim or vacuum (curves 1 and 4) shavat
thermal treatment in aiesults in the disappearance of #8i -43 ppm peak and
preferential formationfothe peak at90 ppm with a tail at78 ppm both with high
intensity The broad peak centered-80 ppm can be ascribed to the formation of a
Si-reach phase (8D-Si) in air. Frurthermore, the tail af78 ppmis likely due to
substitution of a higher nureb of aluminum neighbors (n=4) into tetrahedral sites
around tetrahedral Si atoms, hence, formation oOBAI(IV) groups.

On the other handor both bare and Fdoped samples (curves 4, 5 and 6) by
thermal treatmernih vacuum a high amounf Si-CHsmoieties is still preserfpeak
at-43 ppm)and a positive displacement®8i chemical shift to the peak dered
at-83 ppm, with a small shoulder-a8 ppm.
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Following the two mechanisms proposed by MacKenziecfdtapsing of
imogolite NTs[143, it seems that thermaktment in air provides occurrence of
both mechanism@mechanism A and BSchemed-1). Accordingly, the cleavage
occursalong the NTs bylehydroxylatorbetween silanol and aluminol groups of
two adjacent NTs. Therefore, formation of repeating sequence[&ii@i Al]T O
(mechanism BSchemet-1b) occuss, as well asondensation of silanols across the
NTs diameter, antbrmation of the repeating sequencet @I [SiT O Si]i O1 Al
(mechanism ASchemet-1a). In fact the presence of air acts as a drivangd for
faster cleavage of NTdue to effect of air iiotal (no sign of peak a#t3 ppm for
MeMO) or partial (less partial intensity of gdeat-43 ppm for Fedoped samples)
burningof the inner methyl groups

On the other handhe presence of Fe in structueors the mechanism B
(comparinghespectruml and 2), in agreementith the2°Si chemical shift toward
more positive values{8 <t ( p p88))and<ormation of peak centered-2®
ppm with lower intensity with respect to collapsed MelMO in air.

According to Zanzotteraet al. [29], there could be two possible routes
(Scheme4-5) for the reaction between an aluminol group and a SiGidup
according to mechanism B: (i) direct elimination of methane by transferring the H
atom from the aluminol species to Sigfdquaton 41); (ii) and transferring the H
atom of methyl group to the aluminol species, followed by releasing of molecular
hydrogen (equations-2). The Si-CH>-O-Al speciesform in the secondouteare
unstableand may releas€H groupswhich are reactivandcan either dimerize or
decompose to cokigke carbon and molecular hydrogenzjHequations 48, 4-4
and 45) [25]. In fact, he presence of colie carbon is much more evident even
by visual inspection of samples thermally treated in high vacuurf rtiar), as
shown by the dark grey color of the sampig(re4-8).

To summarize thermal treatment irir, resultsin the occurrence of both
meclanisms, in which mechanismtBkes place mostly accordibg equation 41.
On the other hand, the presence of Fe in the structurthatitermal treatmet in
vacuum favomechanism B, mostly throughe second route (equations24to 4
5).

SiT CHs+OHT Al kK SiT OT Al+CHs (4 1)

YQ OO 00 0 WYQOO 0 06a O 1 ¢

3E6G0O 0 O0&® 3EJ 0da dOc (4 3)
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Schemed-5: Different proposed route for hybrid imogolite type NTs clea\&ag

K ﬁs ™ Air

’ ‘ . Vacuum

Figure4-8: The Fe0.7-MelMO-DS powder sample, treated in air and vacuum at 500 °C,
for 4 h with the heating rate 6f°C.min’*



Characterization and textural properties of collapsed NTs 79

4.2.4Powder X-ray diffraction (XRD)

XRD analysis were done on three seles&aiples (MeIMO, F€.7-MeMO-IE and
Fe0.7-MelMO-DS) in the assynthesized and collapsed form, thermally treated at
500 °C, for 4 h and with the heating rates6C min (Figure4-9).

With assynthesized sampleBigure4-9, left part),the peaks corresponding to
an ideal hexagonal packing of NTs are observed as discussed in the previous
chaptersAfter the thermal treatment either in air or in vacuum, the XRD patterns
essentially show a single reflection, ascribed to the (100) plane of a lamellar phase.
A faint pe& due to the (200) diffraction is also barely visible in almost all samples
(Figure4-9, right part)

As shown inTable4-1 the doointer-reticular distance in both air and vacuum
environments is smaller than the distance between hexagonally packed NTSs,
causing ashiftofdopea k t o hi g theespet?odhe paregt saenple wi t

According to previous studies, the obtaitedellar structureannot be viewed
as a simple close packing of proper lay@t; 68]. Indeed, based on the mechanism
proposed by MacKenziet al.[143 the lamellar phase should result in a thickness
of D0.32 nm Scheme4-3b), which is definitely smaller than the intesticular
distance in the collapsed sam[i&]. More likely, the structure of all the collapsed
materials is made of patches of layers sealed together, with some micropores
entrappedvithin the layersderiving by the presence of residual NTs, unaffected
by thermal treatment and acting as spacers between the I8ghesr(el-3b) [25].

Comparing the XRD patterns of samples thermally treated in either air or under
vacuum(Figure4-9, right part),the doo inter-reticular distance is slightly smaller
under vacuum, resulting in a shiftofosip e ak t o hi gher 2d angl es
heat treatment in air (OMMEIMDIE:3Pand 3. 98 A =&
4.06° and F&.7-MelMO-DS: 3.99° and 4.30°, with the values corresponding to
the air and vacuum, respectively).

Some molecular dynamigalculations performed on either hydrated or dried
imogolite showed that NTs are highly deformaf89, 20Q and dried NTs can
deform into an oval shag&99 (Schemet-6). Besides, defects such as vacancies
within the imogolite structure may favbiTs deformatiorj49].

Moreover, calculations on the frequency values of radial breathing modes of
NTs which have been performed by both Bardes[62] and Konduri[117],
suggest t hat i mogolite NTs are rather Aso
Youngds modul us for both aluminosilicate
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range of 200400 GPd62, 112 114, 18(Q, which is smaller than Y
for carbon or boron nitride NTg9].

The XRD results also give an idea about the possible mechanism for collapsing
of tubular structure, which agrees with the previous results. Under vacuum, NTs
firstly deform around their contact points due to intertube interacti®eisemel-6)

[199. This primary deformatiomaytriggersthe clavage of NTmore toward the
mechanism B and formatiomf more compact layers ith respect to air
environment.

30000

—— MelMO —— MelMO

Fe-0.7-MelMO-IE 3000 —— Fe-0.7-MelMO-IE
— Fe-0.7-MeIMO-DS — Fe-0.7-MelMO-DS

20000
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Figure4-9: (right): Low-angle XRD patterns of es/nthesized MelMO, F8.7-MelMO-

IE and Fe0.07-MelMO-DS. (left): Lowangle XRD patterns of MelMO, F&7-MelMO-

IE and Fe0.07-MelMO-DS, thermal treated at 500 °C for 4h with heating rate of
°C.min't either in air oiin vacuum
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C Contact between two
i nanotubes

Schemed-6: Calculated imogolite structure by molecular dymics simulations, viewed
alongthe direction of the tube axis: (A) for two interacting NTs and (B) for three
interacting NT4180, 199. (C) Contact point of two NTs, resulting in their local

deformation 199
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Table4-1: Samplegextural propeies as derived by XRD patterns

Sample 2d | d100 (M) a(nm)?
MeMO 3.42 2.58 2.98
MelMO-500 °GAir 3.98 221 2.55
MelMO-500 °C-Vac 4.20 2.10 2.42
Fe0.7-IE 3.40 2.61 3.00
Fe-0.7-IE-500 °GAir 3.93 2.26 2.61
Fe-0.7-IE-500 °GVac 4.06 2.17 2.50
Fe0.7-DS 3.43 2.57 2.97
Fe-0.7-DS-500 °GAir 3.99 2.13 2.45
Fe-0.7-DS-500 °GVac 4.30 2.06 2.38

(a) Hexagonal cell parameter as obtained by applying the equc'aitior‘l:'Q G

4.2 5Porosity characterization by N adsorption/desorption
isotherms

N2 sorption isotherms at196 °C were measured on three selected samples
(MeIMO, Fe0.7-MeMO-IE and Fe0.7-MelMO-DS) in both the asynthesized
and collapsed fors) thermally treated at 500 °C, for 4 h and with heating rake of
°C.min? (Figure4-10 (a-c)). The corresponding values of SSA and pores volume
are reported iTable 42.

All as-synthesized sample§igure 4-10 (a-c), full symbols) show type IV
isotherms with H4 hysteresis loop, typical of microporous systems with some
mesoporosityf144]. The ratio between the values of microporous SSA and total
SSA (as determined by NDFT) shows that doping with iron induces an overall
decrease of the microporous area and a corresponding increase in the mesoporous
one, in agreement with Shagf al.[23, 24, 85, 156, who showed that Fdoping
mainly affects the outer surface of MeIMO NTs (C mesopores).

All the collapsed samples also show type IV isothdfigyre4-10 (a-c): half
hollow and hdow symbols, corresponds to heat treatment in air and vacuum
respectively). Corresponding values, reported able 42, show that collapsed
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samples have lower BETS® with respect to parent samples, due to partial pore
blocking caused by the structural cleavage accompanied by dehydroxyiijon
50]. Although the wall structure of collapsed samples is partially damaged or
disordered, the microporous volummed corresponding ratio between microporous
and total SSA, are indeed higher in both thermal treatment inchivasauum with
respect to parent samplégaple 42). In fact, the achievement of a fully layered
structure is unlikely at the adopted temperature.

The PSD curves of es/nthesized and collapsed samples are reported in
Figure4-10(d-f): the assynthesized sampleBigure4-10 (d-f): full symbols) show
similar porodly, in agreement with values reported Table 42, with a slight
increase in the volume of large mesopores in the presence 28,22, 156. On
the othe hand, the PSD curves of collapsed samffégure 4-10 (d-f)) show at
least two families of micropores (~1.0 nm and-2.0 nm), and a dramatic deaise
of mesopores volume with respect to parent samples. The total pore volume for the
samples treated wmacuum is lower than samples treated in air and even lower than
that of parent sample€onverselythe ratio between micropore and total SSA are
consderably high. These data can indicate that in the presence of vacuum the layers
are morecompact,in agreementwith the results obtained by XRD analysis.
Furthermore, the decomposition of methyl groups in the presence of vaesuits
in formation of cokdike phase[25], as mentioned previsly (Figure4-8). The
presence of residualEntaining fragments in the structure may partially block the
pores and results in lower micropores volumes with aetsip the air treated
samples.
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Figure4-10: (ac) N isotherms of samples €lt96 °C for assynthesized samples (full
symbols) and thermal treated samples at 500 °C for 4h with heating Eat€ afin?,
either in air (half hollow symbols) or in vacuum lleav symbols). (df) corresponding
PSDs, as obtaigeby applying the NIDFT method, of asynthesized samples (full
symbols) and thermal treated samples at 500 °C for 4h with heating Eat€ afin™,
either in air (half hthow symbolg or in vacuum (hlbow symbols)

4.2.6Nature of iron species as studied by \J-Vis spectroscopy

DR UV-Vis spectra of collapsed samples (heated in air at 500 °C for 4 h with the
heating rate o6 °C.min?) are reported irFigure 4-11a. The spectrum of all
collapsed samples is mainly dominated with two characteristic oxygertal
chargetransfer (CT) bands below 300 nm, assigned to CT transitions ffoo O
Fe**ions in tetrahedd (Td, 240 nm) and octahedral (Oh, 290 nm) coordination

[157.

In the case of F&.4-MelMO-IE-c, a broadening of UWis spectrum is
observed in the range of 3@00 nm witha maximum around 500 nm. The
broadening of UV spectrum in the 3@00 nm range is assigned to CT transitions
of oligomeic Fe oxehydroxide clusters, whereas bands above 400 nm to larger Fe
oxo-hydroxide particles and-d transitiong 157, 159 201].

After collapsing Figure 4-11b), UV bands ascribed to Fe okydroxide
clusters in the range of 380 nm almost disappear, whereas the bands below 300
nm (211 and 270 nm) increase in intensliye position of 27Gim band is typical
of CT transitions, indicating a chanigethe environment of Féions,by changing
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in the environment of Si and Al atomsDuring thermal treatment &00 °C Fe
oxo-hydroxide clusters likely reacted with treduminumsilicate network as
observed for Fe in LFO perovskitg02. Such phenomenon is expected to impact
on thecatalytic activity of collapsd samples, which will discuss in chapter 6.

In addition inthe Fel.4-MelMO-IE-c sample, CT at 370 nm shifted slightly to
higher wavelengths, which may indicate the migration of part of tfddfes from
framework toextraframeworkpositions and aggregation inke oxchydroxide
clusters present FE4-MelMO-IE samplg203.

Band gap energy ¢evalues of all collapsed samples were calculated according
to Taucbs formula and t he Fgwedflempeondi ng cu
doped samples, the calculated band gap is different with respeesyathssized
samples, indicating a change in the environment of Fe in agreement with previous
observationsTable4-3).

However, in thecase of MelMO, the band gap of collapsed sample is lower
than the asynthesized sample. This agrees with the theoretical calculation based
on SeltConsistent Charge Dsity Functional Tight Binding SCGDFTB)
calculationson the effect of dehydroxylation on the band gap energy of imogolite
NTs which has been performed recently by da Sévial.[26]. According to their
studies, upon dehydroxylation up to 50 %, NTs tend to deform and changing in the
environment of silanols and formation of@iSi bonds resuiin the decreasing of
band gapenergy. Therefore, the dehydroxylated imogolite is considered as a
semiconductor.
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Figure4-11: DR UV-Vis spectra of collapsed samples obtained at 500 °C for 4h with
heating rée of5 °C.mint in the air atmosphere (a) and comparison between DR/igV

spectra of asynthesis samples (solid line) and corresponding collapsed samples (dashed

line) (b). Corresponding Taudqgts of collapsed samples (c)
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Table4-3: Calculated badg ap ener gy according to Taucbés fo
collapsed samples

Sample Band Gap in NT form Band Gap in collapsed
(eV) form (eV)

MelMO 4.7 3.9
Fe-0.7-MelMO-IE 24 2.8
Fe-0.7-MelMO-DS 2.7 3.2
Fe-1.4MelMO-IE 2.4 2.3
Fe1.4MelMO-DS 2.6 31

4.3 Conclusion

Thermal treatment of imogolite typé¢Ts reveals the progressive dehydroxylation
in the NT structure resulting in the formation of new phase where a lamellar
structure coexist with some residual voids derived from pridtine. Moreover,
thermal treatment in air or vacuum may affect the collapse mechanism and the
structure othefinal phase. &cordingly, the thermal treatment in air leadfatster
cleavage of NTs bthe elimination of methyl group from structure aradlapse of

NTs through both mechanisms (mechanisms A and B) postulated §evize et

al. [143. On the other hand, under vacuuthe burning of metl groups is
hindered.The presence of Fe in the structures, same as vacuatmér triggers

the mechanism B, probably due to joining tendencyFef ions in the NTs
framework to theextra frameworkFe-containing clusters.

The collapsed sampledso exlibit a different light adsorption capacity and
different band gap values with respect to theyaghesized onegrobablydue to
the changing in thenvironment of atoms ithe collapsed phase. Howeyeatore
complete studiesn collapsed samples areeded to investigate their formation
mechanisms and their modifications. Control of thermal stability of imogolite type
NT and the different structural phases arrived from thermal treatment is a
prerequisite for the elaboration of future materials aed epplications.



Chapter 5

Surface Acidity and Reactivity of
Bare and Fe-Modified Methyl-
Imogolite Nanotubeswith azo-dye

5.1 Introduction

The composition of the inner and outer surfaces of imogolite type NTs with the
unique porous structukgccurringin the dehydrated NT$S€hemeb-1) introduces

this material as an interesting choice for different chemical engineering
applications. The major applications of this material relate taiface where the
presence of cavities with various pore dimensiavith different chemical
properties and large specific surface areas (SSA) are required. For example one
might utilize this matrial for catalysis applicatiorgas adsorption argtoragd9,

10, 114, removal of ions from agueous soluti®8, 85], etc. The outer and inner
suface of imogolite NTs, with the presence of silanol and aluminol amphoteric
groups, have different acid/base properties and ion exchange cdghdiyrther
advances irthis field are significant for improvement of materials with different
functionality based on imogolite and imogolitkee constituents. In this chapter the
surface acidity and catalytic reactivity of MeIMO NTs anddeped MelMO NTs
have been studied fahe first time, in order to gain a deeper insight for further
applications.
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Schemeb-1: representation of different kind of surfaces present in the bundles of
dehydrated imogolite type NT8]

5.2 Determination of acidi base propertieshy adsorption of
pyridine followed by IR spectroscopy

In order to study the adsorption properties of imogolite type NTs, the proper heat
treatmat is neededt elevated temperatures under vacuarorderto removethe

water molecule$8, 107, 115. However, the outgassing temperature must remain
below 300 °C to avoid the structural collapse mentioned in chaptér Therefore,

the optimal pretreatment temperature for maximum pore accessibtiity
maintaining thenandubularstructure, is in the range of@Ci 300°C[25, 115.

To investigate further the catalytic potential of imogolite type NTs, the
adsorption of different reactive molecules can be studied for probing the acidic and
basic sites in the structure of material, particularly the type and abundance of acidic
Lewis and Bgnsted species. Bonebi al. [8, 9, 107, 115, carried out several
studies on the surface acidity of imogotiype NTs, ugg IR spectroscopyof
various probes including NACO and CQ@ The results imply the interaction of
NHz molecules as well as, CO molecules with silanol groups and confirms the
significant acidic sites associated with these groups in the inner surfategolite
NTs. However, in a case of MeIMO NTs npaolarity and hydrophobicity of Si
CHz groupsmay hinder the interaction of probe molecules with the inner surface
[8, 9,115 138. On the other hand, the outer surface of both imogolite st
NTs, show weak Lewis aciditgs shown by theoordination of NH moleculeson
external APF* Lewis sites.
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One of the most common probe molecules for identification of acidic sites,
especially in aluminosilicates and sikaluminais pyridine[204]. Unlikeammonia
which interacts with both weak and strong acidic cidé@grently-bonded pyridine
gives different absorption bds inthe IR rangewhich are quite evident and give
information about differeritewis (LPy) acidic siteBrgnsted BPy) acid sites and
the hydrogerbonded pyridine (HPy) molecules on the surface of matgdials

209.

5.2.1Sample preparation for IR analysis and pyridine adsorption
method

The samples for pyridine adsorption analysis are preheated at 200G °Cfor

4 hin high vacuum line and maintained in glovebox for further experiments. The
pellets for IR measurements are obtained in the form of thin;$(Rporting wafers
(10% of the sample concentration in KBr; all procedure is performed in glovebox).
The extra pug dry pyridine is attachezh IR cell including the sample pellet, which
was preevacuated in the line. The IR spectra of outgassed samples are studied both
before and after pyridine adsorptiatr.t., followed by consecutive evacuation at
r.t., 80 °C, 1B °C (and for some samples even up to 250. Al spectra are
subtracted from spectrum of sample before pyridine adsorpiibrspectra are
recorded using a Bruker HR Alpha spectrometer, equipped with OPUS software.
Spectra areecorded at resolution2 cnt, A typical experiment consisted of the
measurement of transmission in 32 scans in the region from 4000 to 1600 cm

5.2.1.1ldentification of botiBrgnstedand Lewis Acid Sitess obtained
by IRspectra of adsorbed pyridine

Inspection of IR spectra shothat ®veral bands in th&6501430cm? region
appeardue to pyridine adsongin. This indeed corresponds ¥(C-C) stretching
vibrations of the ringTable 1)[209 210. The relative intensity ratio of the IR
band at1545 cm? (characteristic of the pyridium ions P{)Ho theband at1455
cm' ! (characteristic of thé.Py species), are considerad anindex of relative
concentration of the Brgnsted to Lewis acid g2@4, 217,.

Lewis sites (LPy): Trcoordinated aluminum atonmere strongLewis acid
centerg[217. The LPy species produced the characteristic bands in the range of
1630 1600 cm![210. However, the most typical Lewis acid sites are the bands
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near 145, 1490 crit, and the 1455 chhband is typical sign of these sitgxl 7.
Lewis acid sites havieigh stability to outgassinat high temperature1q.

Bregnsted sites (BPy): Theotonation of pyridine molecules to pyridinium ion
(PyH") is the main reason of the formation of BPy sites. BRgws adsorption
bands at 1640630 cm?* and 15501530 cm' regions and bads near 2450 and
1580 cm?! [210. However, the most common bands ar@bout1490, 1540, and
1635 cm®. The band at 1540 crhis alsoconsidered a typical band of this gifd 1,
212|. BPy species are relatively less thermally stable than LPy sp2digs

Hydrogenbonded pyridineHPy): these sites are formed due tebbind donor
sites (surfac®©H groups)[21d and also the strong electrostatic interaction
between the cation and the pyridine moleda@l€2 213. They are characterized
by strong IR bands in the range of 159690 and 14551445 cm?! [21(.
Further mor e, another characterization of
vibrations of the associated surfa@él groups[21(. According to studiesHPy
sites m the clay solid, has vibration bands near 1440 and 1598 [@mil, 217.
These species are likely unstable to outgassing at even low tempenatiaresst
of metal oxides (100 °dR1g.

Physisorbeébonded pyridine (PPyit is due to loosely adsorbed closed packed
layers (liquidlike) of Py molecules give bands in the range of 143@30
cm' 1[210. These bands are normatlsmovedafter evacuation at temperature near
150 °C or even room temperatygi4].

The summary of different configurations with corresponding IR characteristic
bands of adsorbed pyridine on the surface of metal oxides,at reported in
Table 5-1 [21(. Schemeb5-2, also addresses an overview of different IR
characterization bands of pyridine adsorbed on the surface of acifizddli@17].
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Schemés-2: IR characterization bands of pyridine adsorbed on the surface of acid solid
Pyridine adsorbed on B, Brgnsted sites; L, Lewis sites; H, hydrbgened, and P,
physisorbed pyriding211, 212
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Table5-1: Shape and IR characteristics bands of adsorbed pyridine on the surface of
metal oxides at ¢ X 6 [21Q

5.2.11.1 IR spectra of pyridine adsorbed on the surface of MeIMO arndioped
MelMO

The IR spectra of bare and-Beped MelMO samples after dehydration at 200 °C
and 500 °C, are reported ihigure 5-1a and 51b respectively. For samples
dehydrated at 200 °C, the broad adsorptaomge (38068000 cm?) is observed due
to hydroxyl groups on the outer surface of N8k For all Fedoped samples, no


























































































































































































