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Inorganic nanotubes likoS, and WS,, first reported in 19921] and 19932]
by Tenneds ¢gr oangiubulawmeategathat Bueceeldathe discovery othe
most famousarbon nanotubes 1991 by lijima [3], promoing an intense experimental
interest in the fieldBesidesothermetaloxide/hydroxide nanotubular structufdsll], a
unique inorganicsingle-walled aluminosilicatematerial calledmogolite, discoveredin
1962 byYoshinaga and Aoming Japanese soils of volcanic oridit?], has attracted
many r e s atarestcdues tots ptential applications aanions/cations retention
from water L3-17], catalysis 18,19, gas adsorption, separation and storab@1f],
scaffold for biomedical applicatio20] andinorganic nanofiller for polymer matrixes
[21-23]. Being an aaloguematerialto carbon nanotube# can represent an intriguing
different source for new technological applications.

The aim of the present PhD project is to describe the developments obtained in
imogolite research field, concerning the $wtis and characterization of two new
modified imogolite nanotubes, either by direct or pggithesis reactions, as compared to
unmodified synthetic imogolite.

Synthetic imogolite was obtained for the first time in 1972 by Crawelict [24]
andpatented in 19842F], by a solgel synthesis in acid environmeir.a way similar to
the formationof carbon nanotubes, singlesheet offlat gibbsite, Al(OH}, in presence of
silicateswith Al:Si ratio of 2:1, eventually curls upby the joining of thesilicate and
gibbsite layergas Si O bonds are shiter than AT O bond$, leading to the replacement
of one side of the gibbsite octahedral sheet by a silica tetrahEkeasilanols groups
formed, face towards the inside of the tuBdemicalcompositionof imogoliteis given
by (OH)sAl,O3SiOH, describingthe layers of atoms from thexterior to interior of the
tube both inner and outer surface are hydrophianilarly, carbon nanotube®rm in
order to minimize the energy of the dangling bonds at the edges of graphite sheets.
However, they possess a wide range of diameters and numbers of sheets in the walls
compared with the relatively well defined diameter and single sheet naturegdlita
tubes.

The main purpose of chemically modifying synthetic materials is the expected
increasedangeof technologicalapplications that can be achieved. Moreover, variables
such as purity, composition, reproducibility, and specifically desigaatures can be
often better controlled in synthetic procedures rather than msingal clay specimens,

which typically contain impurities and are often not easily available.
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Particularly, for nanotubular structures it is critical to develop methotsbéeito control
the functionality of their internal and external surfaces.

The first new hybrid material of imogolite type was obtained by direct synthesis.
The complete hydrophobization of the internal surface was achieved and a new material,
methytimogolite, labeled as Mémo, with stoichiometric formula(OH)3;Al,OsSiCHs,
was collected [26,27]The presence of a hydrophobic inner surface along with an outer
hydrophilic one could be in principle exploited in adsorption processes aimed at gas
separation(e.g. hydrocarbon recovery from wet gaseous streams) or storage: for this
reasonyolumetricadsorption of methane was testewl compared to imogolite.

Methyl-imogolite represeed the starting material fothe subsequenpost
synthesissilylation reactim with 3-aminopropyltriethoxysilane (APS) in anhydrous
conditions. MAS NMR(Magic Angle Spinning Nuclear Magnetic Resonareghnique
was a crucial tool to demonstrate the successful synthvelsish eventually led to the
collection of a new aminatddydrophobic material, labeled as NMao-NH..

Structure and textural features of NMao and Me-Imo-NH, were studied by
combining different techniques, such as XRR-ray Diffraction) FESEM (Field
Emission Scanning Electron MicroscopWiR-TEM (High Resolition Traismission
Electron Microscopy)Porosimetry, XP$X-Ray Photoelectron SpectroscopVGA-MS
(Thermal Gravimetric Analysis Mass SpectrometryMAS NMR and FFIR (Fourier
Transform Infrared)and compared to unmodified imogolite. Moreostability of each
type of nanotubes was estimated as well as the acidity/basicity properties of their
surfaces, by recording FIR spectra after dosing increasing pressure of gaseous probe
molecules, such as NKnd CO, at different prgeatment outgasginemperatures.

Finally, imogolite was tested in a preliminary study as possible negative control

for HARNSs, High Aspect Ratio Nanomaterials.
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1.1 Inorganic nanotubes

The discovery of carbon nanotubes in 1891ijima [1] has significantly attracted
r e s e arattemt®nm aspotential model systems for nanotechnology due to their
unexpected propertiesand applications inelectronics, composite materialsand
electrochemistry [8]. lijima realized that graphite could be bent to formlti walled
tubeswith different chiralities term which referdo the way hexagonal carbon rings are
arranged with respect to thabe axis.However, several problems in carbon nanotube
technologyremain to beovercome ashe development of a lotemperature synthetic
process with high yield as wehs precise control over nanotube dimensicare of
crucial importance

On the other handpnorganic nanotubes likiloS, andWS,, first reported in 1992
[91 and 199310]by Tenneds group, wer ehatshceeedether st i
discovery of carbon nanotubgsromoing an intense experimental interest in the field.
Besides othermetal oxidehydroxide nanotubular structurgd1-18], dngle-walled
aluminosilicateslike natural [19] and synthetic [20] imogolite, halloysite nanotubes [21],
the specular imogolite tube, and single and doublalled aluminogermanate
nanostructures [22], have been rediscovered in the past decades as potential materials for
several techmlogical applications, which will be presented in detail in the following
paragraphs.Besides nanotubular structuresporiganic fullerendike nanoparticles
including BN [23-27], BC,N [25], GaS [28],TiOyx [29,3(0, have also been showing to

haveinteresting perspectives.

1.2 Natural hydroxyaluminosilicates (HAS)

Natural tydroxyaluminosilicates (HAS) are secondary mineral phases of critical
importance to the biogeochemical cycleatdminum [31]. Twodiscrete forms of HAS
have been distinguished by both their stoichiometries and coordinatadnnihumand
silicon [32]: HASa, also calledorotoimogolite whichis formedunder conditions where
[Al] > [Si(OH)4], with Si:Al ratio of 0.5and all aluminumatoms being present in
octahedral coordinatignHASg, protoimogolite allophang is instead formed under
conditions where [Al] < [SI(OH) and has a Si:Al ratio of 1.@ith half aluminum atoms

in tetrahedral coordination.
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Among HAS and HAS, halloysite[21,33,34] andmogolite, have also been identified
on the basis of dispersion characteristics in aqueous meé&B, DTA (Differential
Thermal Analysis) [35] and IR [36,37]measurementsalthough SEM [34,35,38], TEM
[37,39] andearly MAS NMR measurements 1982 [40] resulted to be crucial tools to
clearly discriminatd TMs, Imogolite Type Materials as they are verall defined. Three

hypothesesre generally accepted bow ITMs are formed

1. Aluminum and silicon are released by weathering inBheial (E) horizon and
migrate downwards until inorganaluminumand HSIiO, form proteimogolite
sols once th soil pH is sufficiently high [41]These sols may be precipitated as
ITMs.

2. The upper part of the podzolic profile (O, E and B horizongjoisiinated by
metalorganic complexeswhich are responsible for the formation of the Bhs
horizon. Here thealuminum and silicon activities would be governed by the
simultaneous equilibrium with imogolite and interlayered hydsékyn 2:1 layer

silicates.

3. Iron and auminum released by weathering complexes with organic matter
precipitate in the B horizon according to classical podzolisation theory, or adsorb
onto already formed secondary-&®ide and Aloxide mineralg42]. Microbes
subsequently degrade some of the organic matter and the rekdassdum
combines with soil solutiorof H4SiO, to form imogolite, while Fe forms
ferrinydrite [43].

1.2.1 Structure of natural imogolite

Imogoliteis a shorrange nanotubulasrdered aluminosilicate with an Al:Si ratio
of 2:1. Itsoccurrence was first demonstrated in 1962 by Yoshinaga and Aamaiay
fractions of soil [mogg derived from glassy volcanicsources[19]. After the initial
discovery,it hasalso been detected in SpodosolSaotland, Canada and in northwestern
United State$44-47, Figure 1].

-10-
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Figure 2: Structure of imogolite nanotube.
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In a way similar to thdormation of carbon nanotubes singlesheet offlat gibbsite,
Al(OH)3, in presence of silicatewith Al:Si ratio of 21, eventually curls uppy the
joining of the silicate and gibbsite layetas the SiO bonds are shter than Al O
bondg, leading to the replacement @fie side of the gibbsite octahedral sheet by a silica
tetrahedraThe silanols groups formethce towards the inside of the tube.

Chemical composition of imogolitemineral is given by(OH)3Al,O3SiOH,
describingthe layers of atoms from thexterior to interior of the tub@-igure 2) both
inner and outer surface are hydrophil@milarly, carbon nanotube®rm in order to
minimize the energy of the dangling bonds at the edges of graphite sheets. However, they
possess a wide range of diameters and numbers of sheets in the walls compared with the
relatively well defined diameter and single sheet nature afgotfite tubes.Electron
micrographs have shown thembogolite tubesare formed rarely isolated while tend to
aggregate in spider web networks wdtifferent degrees of ord¢47-52]. Moreover, he
number and dispersion of bundles appears to be pH depdB8¢t@]. The consequence
of this packingeflects the peculiar porosity of imogolite nanotubes (Figure 3)

Figure 3: Type of pores found in imogolite. Hexagonal packing of nanotubes
considered.

-12-
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Three main types of pores che distinguished

I.  Intratube pores (type A).

ii. Intertube spaces, which are the spaces between three aligned tubes in a regular
packing (type B). These holes are so smalli(@®.8 nm) that they can be ignored,

according to literature, in any discussion d$arption [49,53].

iii.  Mesopores, which are the empty spaces between bundles of tubes (type C).

The resulting pore size relationship is: C > A > B. A ThiWage of bundles of natural

imogolite is shownn Figure 4 [39].

»
g

S

AL TR L TR

b

Figure 4: TEM imageof natural imogolite B9].

Recently, electrophoresis analyses and id@de potentiometric titrations on natural
imogolite [54], confirmed the geometrical distribution of surface charge groups, i.e.
negative SiOinner groups and positive AIQH groups located outside, respectively,

according to the following reactions

AI(OH)AI + H* A A(OH)*Al  EXTERNAL ALUMINOL SURFACE (Eq.1)

siV(OH) A siV(0) + H' INTERNAL SILOXANE SURFACE (Eq.2)

-13-
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However, only the positive counteons seem to havea significant effect on the
electrokinetic properties of this clay miner&8ince 1969 [35], &écause of its unique
chemicalstructurewith high surface aregp5] andsurfacereactivity[56], Wada proposed
imogolite as a possible gas and iors@tbent Therefore, once synthetic imogolite was
successfully obtained for the first time in 1971 [20], its physical, chemical and electronic
properties have been widely studied in the following years. They will be reported and
discuss thereafter, alongtWithose of protoimogolite and halloysite.

1.2.2 Structure of natural protoimogolite allophane

Protoimogolite allophanes an amorphousluminosilicate mineratomposed of
hollow spherical and not tubularnanostructure (Figure 5), despite thesimilar
composition of itavalls with imogolite,consising of inner silica and outer alumina layers
[57-61]. Wada in 1977 [59] and Parfitt in 19862] were able tocexplain the different
morphology by the presence sbéme defects and porescurringduring the geological

formation of allophane.

Figure 5: Scanning Electron MicroscopySEM) image of protoimogolite allophone6H].

The first synthesis of allophane ever reported was in 1988 by Wada amatkers [63].
Thermal analyses, XRD patterisTIR and MAS NMR measurements performed were

helpful to highlight also the differences between natural and synthetic allophanes.

-14-
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Furtherstudies suggestl thattheir peculiar surface properties [58}d high surface area
[57,60] make allophanes, besides imogolite, suitable candidates for ionic and gas
adsorptiondue totheir amphoteric ion exchangactivity [65-73]. A very recent ah
outstanding application wants the use of allophane for inject technology process [74].

1.2.3 Structure of natural halloysite

Imogolite and halloysite are naturally occurring aluminosilicate minerals with
different Al:Si ratio, 2:1 and 1:Irespectively(Figure 6) Despite this, their morphology
can be described apecular In fact, halloysitenanotubes consisif a gibbsite octahedral
sheet Al(OH)3, which is modified by siloxane groupst at the inner surface, as the case
of imogolite, but at the outer surface The resulting stoichiometry is:
Al,SOs(OH)4-nH0. It can grow into long multiwalletibes which are similar to some

extent to multiwalled carbonanotubs[75)].

DTN TR TR e
LRI 2
/AP fb‘ﬁ@&ﬁ\ R pad

Imogolite Halloysite

Figure 6: Structure of halloysite monolayer (upper image) and cross section views of
imogolite and halloysite nanotube. White atoms are H, red O, gray Al, and
yellow Si [76].

-15-
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However, it isalso possible to find layered halloysite structures, which occur mainly in
two different polymorphs, the hydrated fgrmith formula AbSiOs(OH)4-2H,0, and the
anhydrous fornhavingthe same chemical composition as kaoliniteSADs(OH)4. The

size of dehydrated halloysite particles varies fil@bito 1um in length and 15 to 100 nm

in inner diameter, depending on thebstrate [77,78]The average AD, S+O, and GH
bond lengthsalculatedfor the anhydrous form dfalloysite nanotub§76] are equal to
1.88, 1.68, and 0.96 ,AespectivelyThese valuesre in agreement witthosereported

for imogolite nanotubes (1.89 and 1.68 A for-@land SiO bond respectively)[79].
Although kaolinite is a planar shedtjs interesting to comparealloysite distances with
kaolinite reported Xray data (1.87 and 1.62 A for 4 and SiO bonds respectively)

[80]. Figure 7 shows a TEM image of halloysite nanotubes.

Figure 7: TEM image of halloysite nanotulsf81].

Even though much less studied than imogolite and carbon nanotubes, halloysite
nanotubes have been rediscovered as attractive materiatsmfamed bythe vast recent
literature about their applicatiorBriceet al [78,8284] and other authors$3p,89 studied
halloysite as potential material for drug deliveapd biomedical applications37].
Moreover, a supramolecular adduct of DMAapped halloysite nanotubes has been also
obtained for the first time. This result extends once more the analogy withvaligd
carbon manotube$88,89.

-16-
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Halloysite has also been tested as a support for immobilization of catalyst mol&€ules [
93], asadsorbent for gas9f,99 and pollutants 96,97, nonetheless for the controlled
release of anticorrosion agents, herlesidand fungicide§98-100. As inorganic
nandillers, they demonstrated to improve mechanical performance of cements and
polymers L01-107]. Particularly,the successful synthesi$ capric B1] and stearic [108]
acid/halloysite compositemakes thenpotential candidatetor thermal energy storage
Recently, they have also been used as additivdsdarass technologyip9.

1.2.4 Conclusions

Protoimogolite allophane, imogolite, and halloysite commonly coexist in volcanic
ash soils. Theidifferert properties are related to their structure and morphology.

Allophanesare composed of small hollow spherules veprecificsurface areas of
approximately 800 filg [62]. Samples with Al/Si molar ratios close to 2.0 hagghisite
AlI(OH)A1 outer surface, and their surface properties appear to be reldatexipresence

of defects

Imogolite has a tubular morphology amdreportedspecificsurface area between
250 (or lower) and 1500 7y [62]. The spread of values reported may depemdeveral
aspects, including theelative concentration of amorphous phasehich may affect the
surface area value, but also tbeperimental techniquesed e.g. BrunauerfEmmett
Teller (BET) method vsEthyleneGlycol Monoethyl Ether measurement (EGMIE}10].
Nevertheless he larger surface areadthe fewer defect sites on imogolitess compared

with allophanemay account for the different reactivity of these two mineral species.
Halloysites have surface properties which are relatedgsanorphology and the

number of edge siteJ.ubes havea Si-O-Si outer surfacg¢l111,112]that resulted to be
less reactivee.g.towards phosphate, than tAEOH)AI surface

-17-
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1.3. Synthetic imogolite nanotubes

Synthetic imogolite was obtained for the first time in 1972 by Crawelick [20]
and patented in 1984.13. Briefly, it is a solgel synthesis in acid environment in which
a silicon precursoy generally TEOS(tetraethoxysilaneis let react with areluminum
precursor, AlG-6H,0 [20,114], AI(NO3)3-9H,O [115] or Aluminum seeButoxide
(ASB) [116]. In order to take into account possible ways to scale up imogolite synthesis
for industrial applications, other aspects should be considered beyond the reproducibility
of the methods. For instance, reagents cost. Recently, interesting contributionsrim perfo
batch and flow systems reaction as well as high syntheses yield have been given by
Abidin et al.[117] and Levarckt al.[118]. The detailed synthesis procedures as well as
improvements and modifications that were introduced in this PhD work will bassied

in the next paragraphs.

i)

Figure 8: Molecular structures of tubular gibbsite after MD simulationsith
different number of gibbsite units (Nu)a) 12; (b) 16; (c)20; (d) 24
[119].

-18-
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Figure 9: Total energy of imogolite expr essed as @E, f ol

units, i.e.10, 12, 13, 14, 15, 16, 17, 20, and Z4élative to the minimum
energycorresponding tdNu = 16[119].

Generalevidence obtained for synthetic imogolite nanotub&és;ompared to
naturalsamples showed that theiporosity is comparableHowever,synthetic products
are not identical to natural materials, mainly becausé tthemeter resulted tde
significantly larger than that of natural imogolite. Moreover, synthesis conditions may
affect the structural composition, as theoretical calculations have demonsbHtethe
natural form of imogolite is likely to have 10 unitss Crawdicket al. suggested20].
However, he model with 12 gibbsiteinits around the perimeter is the most likely
structureaccording to a lot of authof39,119126]. Only few authors proposed instead
the presence of 146 units [119,125]. Figure 8 shows the molecular dynamics
simulationsresults for 12 to 24 gibbsite units, Figure 9 the correspondent energies.

Despite some variances, which Dovesial. explained could be due to different
geometries considered as well as different types of computational methods implemented
[127], it isgenerally accepted thdte reason for the expanded s&®uld be attributéo
the high temperaturel0 °C) used in the synthesisot achieved in natural occurring

processwhich serves to stretawverthe StO bond
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1.3.1 Hydrolysis of TEOS andAICl 3- 6H,0

According to the early synthesis procedipeoposed by Crawdick, Wada and- co
workers P0,114, tetraethoxysilane TEOY was added dropwise to 2.4 mmol/L
aluminum chloride (AIG:6H,0) aqueous solution to achieve 1.8 Al:Si rafibe pH of
the solution was first increased to %@ using 0.1 mol/L sodium hydroxide aqueous
solution to allow the hydrolysis of the precursokfierwards,the solution was acidified
by adding 1.0 mmol of hydrochloric acid and 2.0 mmol of acetic aciditeerof the
solution. The acidified solution was then refluxed at 100for 5 days. Recently, details
about the growth mechanism of nanotubes according to this procedure were reported
[128,129] Particularly, Nair and cwvorkers introduced little modifations in order to
better control the dimension and morphology of the resulting nanofiiBgs Moreover
they suggested scheme for nanotubeel-assemblyrather different from that proposed
for the firsttime by Bursill[131]. The originally kineticlly driven mechanism suggested
that the quantity of nanotubé&srmedgrows substantially with the reaction time, with all
the precursors being consumed day120 h of synthesis time. Thus, the formation of
Apr-ome@gol iteodo pr ecur s ohe seaction, cakd thede gpre@rsosar |y
provided nuclei to the growth and formation of nanotuhedng the polymerization step.

In contrast to thisapproach,a thermodynamically driven sedfissembly process
seems possible toperate. Irthis casenanotubes of specific dimensions are expected to
selfassemble as dictated by puesor solution properties amemperaturewhich are the
controlling parametersAdditionally, nanotube are formed at an early stage in the
reaction andheir structure both in terms oflength and diameteremains essentially
identical throughout the synthesias DLS (Dinamic Light Scatteringimeasurements

strongly indicates.

1.3.2 Hydrolysis of TEOS andAI(NO 3)3-9H,0

In 2011 [L32], TEM tednique was used to follow imogolite synthesiteps
comparing two methods: the first was the method described dlabeaded as ), the
second(S-11) was instead a modified method proposed for the first time by Farmer in
1983[11Y, in which aluminunthloride precursor is replaced by Al(N@9H,O.
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Particularly, a solution of TEOS was added &#© 5 mM aqueous solution of
Al(NO3)3-9H,0 to achieve an Al:Si ratio of 2:1. Then a 1}4® NaOH solution was
added at a rate of 0.5 whin until an Al:Si:OH raib of 2:1:4 was obtained, reaching a
pH valueof 5.0. The mixture waghenstirred vigorously for 60 min and heatex95 °C
for 10 days.Finally, a 0.1 M solution of NEHOH was added until the pH got to 8.0,
yielding a transparent gel which was separaaed washed with deionized water by
centrifuging.During both syntheses, samples were taken at 0, 24, 48, 72, 96,6820,
192 and 240 h before the end of the hydrolysis proddsscorresponding TEM images
are reported in Figure 10his studymade it pgsible to establish that the formation of
imogolite consists of two stepthe first oneis the formation of nanometric precursors of
imogolite, obtained by a se#issembly process achieved after aging times of 24 h-for S
and 48 h for 91, while the seond step is the formation arfdrther increase of the

concentration of imogolite nanotubes as a result of the aging process

Sl-I

SI-11

1

4 2 2 O
z X Sy { Nk {
[oan [N S A =

Figure 10: TEM images of imogolite samples obtained using thé &d S1l method.
(@ 0 h, (b) 24 h, (cy2 h, (d) 120 h, (e) 168 h, and (@40h [132].

-21-



PhD Thesis: Hybrid organic/inorganic nanotubes of imogolite type

As a whole, TEM analysis of 8 and SlI allowed establishingthe structures of the
intermediary products and their evolution during the aging process, identifying globular,
necklacetype, and nanotube structures which condense at longer aging times. The
formation of necklacéype structures, intermediate betweere timogolite globular
structures and nanotubes, coincides with a Bagamt increase of the IERsoelectric

Poin), of the order of two pH units.

1.3.3 Hydrolysis of TEOS and Aluminum s-Butoxide (ASB)

The guidelineproposeddy Farmeret al.in 1978[116] are quite similarat 20°C
TEOS (Tetraethoxysilane) and Al¢butoxide} were added to a 75 mM aqueous solution
of HCIO, in the molar ratios Si:AlLHCI®= 1.x:2:1. A slight excess of TEOS was used in
order to prevent the preferential formation dflggite during hydrolysis. The solution was
stirred for 18 h, diluted to 20 mMautoclaved at 100°C for 4 days, dialyzeddbleast4
days against deionized water and then drieDatC. Reaction conditions resulted to be
very strict, and unsuccessfglyntheses lead to amorphous protoimogolite allophane
which can be clearly distinguished by XRD aR@-IR measurements [36,1335] A
systematic study analogue to theported in the last paragraph [136h themechanism
of formation ofsinglewalled aluminosilicate nanotubes obtained with ASB precyrsor
was performedvia combined ESMS (Electron Spray lonization Mass Spectromentry)
and NMR characterization by Nair and-aorkers[137]. They showedhat nanotube
assembly ispreceded by the formation qdrecursors that already possess a similar
chemical coordination environment afiminumandsilicon atoms, as well as an inherent
tendency to form curved nanostructures. The condensation of thesenanotwmbe
precursors into larger nanoparticles upontinga(as observed by DLS measurements and
by the disappearance of these species inNESIspectra) provides a clear connection to
the subsequenformation of ordered nanotubes. The rearrangement into nanotubes is
accomplished by the conversion of tetordinated groups of the precursor species to a
fully octahedral configuratian

In this PhD work, was followed the latter procedure since it resulted to be the
most reproducible on lab scale, introducing little modifications that will be explained
below andiaking always into account that attention must be paid when grinding the dried

sample to collect fine grains.
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In fact, it is known that mechanical treatment can affect imogolite morphology and
structure [138]. In order to reduce synthesis time, dialgsashod was replaced by a
filtration step, using Whatman Anopofédters (0.02 pm),and soobtaining purified
imogolite sol in few hours instead of few days. Moreover, a further final step was
introduced to remove the highest amount of amorphous phése) can be formedhn
variable amountluring the reaction1[14]. Thereforethe dried powder was then washed,
collected after filtration against deionized water, for a night long. As can be seen from
XRD (Figure 11) andrT-IR (figure 12) resultsgristallinity and purity are improved.

XRD patterns of fresh and washed filtered imogolite present four main peaks at
3.77, 5.53(shoulder) 989 and 13.32d, respectively The first peak at 37 2d is the most
intense and it is assigned to the reflectidr{100) planes the dgg as calculated by the

Braggds L awand it sdiréctlyXdrrelatech with the angle of package of
nanotubes.

2000

2.34nm —— Fresh filtered imogolite

—— Washed filtered imogolite

1500

0.89 nm

Intensity (a.u.)

Figure 11: XRD patterns of fresh filtered imogolite (black line) and washed filtered
imogolite (blue line).

As a consequence, tehape of the peaksan be expected to Io®t completely symmetric
due tothe presence of other coinciding ban@®r example,little modifications in

position of this main (011) peak should occur with the variation of the packaging angle.
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This explainsthe shouldeat 553 2d (1.60 nm) assignedagainto (110) planesthatdoes
not always appeain imogolite XRD patterns. Interestingly, the washing treatment
enhanced its intensiti{.he peak at 9.92d (0.89 nm)is instead assigned to a repetition of
the structural unit alonghe tube, whereas that at 128 (0.67 nm)is causedoy the
reflection of (211) planes 70,13Q. The broad band at 230 2d is proper imogolite
reflections, assimulateddiffraction patterns confirm139. No agreement is achieved
about nanotubesarrangement. In fact, the majority of authors believe ihagagonal
[51,127,140]. Nevertheless, thmonoclinic displacementhas been also proposed
[130,14].

FT-IR specta of KBr supporting wafes of fresh filtered imogoliteand residual
water confirm that filtration method can be successfully used to olpare imogolite
tubes, as residual watepectrumdoes not showthe typical 990 and 944 chbands
assigned to SD and AlO stretching vibrationsl42).

Fresh filtered imogolite

— Residual water
0.25 a.u.
—— Washed filtered imogolite

3285 1100

Ao

Absorbance (a.u.)

/L
T7A

T T T T T T T T T T T T T T T T
4000 3600 3200 2800 1800 1600 1400 1200 1000 800
Wavenumbers (cm™)

Figure 12 FT-IR spectra ofKBr self supporting wafers of fresh filtered imogolite
(light blue line), washediltered imogolite (bludine) and residualwater

(red line).
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Moreover, he broadabsorption at high frequencies due to the stretching vibration of
the hydroxyl groups at the inner and outer surfacebich areinvolved in hydrogen
bonding with adsorbed water molecules, as detected by the band at 1640 cm
Additionally, external hydroxyl groups may alsimteract with hydroxyl groups of
neighboring nanotubes. The presence ofamorphous alumingilicate gecies are
identified by the paks at 11001400and 3285%m™. Filtration was able to remove a large
amount of amorphous phase, even if the final washing reduced almost totally also the
stretching band at 110, still present in the fresh filtered powder.

In conclusion, a purified imogolite sample can be obtained by combining simple
filtration/washing methods. Similarly, Levard andworkers were able to obtain purified
germaniurrcontaining imogolite tubes [B3. Particularly, they showed how dialysis
method is effective for final purification of nanotubes by means of MAS NMR technique
(Figure 13).
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Figure 13: ’Al MAS NMR spectra of (top) dialyzed samples and (bottor)
dialyzedsamples Proportion of monomeric Alis obtainedby line-
fitting after t = 0, 2, and 5daysof aging[143].
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As already discusseabove surface area values for imogolite are known to vary
from 250 ni/g (orlower) up to thousands of square meters per gdr.[ An imogolite
sample with total surface of3Z8 m?/g has beerobtainedfor the first time due to
particularly likely controlledoperativeconditions, confirming how the reprodibility of
this synthess is hard to achieveOn the contrary, statistically imogolite samples with
surface ota 300 m%g areobtained.

The adsorption/desorption isotherms of Wn two selected imogolite samples
outgassed at 300°C are shown in Figu#a. ICorresponding BEBpecific SurfaceArea
(SSA)in m?g (total, internal and externadnd porosity features are gathered in Table 1.
It turned out thathe outer gibbsitdike surface constituteabout 70% of the imogolite
surface arean agreement with the literature [53]he choice of this particular outgassing
temperature derives from a recent study of Boretlial. [135, in which dehydration
effects on BETspecificsurface area of imogolite were elucidated. Since adsorbed water
on imogolite nanotubes is completely @med only at 300C, thus the effecte surface
area should be estimatedly on pretreated samples at least at this temperdtufact,
the presence of water at temperature below “€®6as demonstrated to havenegative
effect on the total surface arealue Eachisotherms are of Type | typical of microporous
materials according to IUPAC(International Union of Pure and Applied Chemistry
classification [144].

Figure #b reports the corresponding Pores Size Distribution (P$bBgy were
calculatedby applying the Non LocdDensity Functional Theory (NDFT) method to
adsorption branches of isotherms

Calculatiors show the presence of micropores with ianer diameterranging
from of 0.87 to 0.95nm. This finding fits with the dimension of theanotubes inner
space.Pore dispersion from 1 to 1.5 nm is more evident in sample B, which has the
highest surface area valu€eometrical considerations about the expected theoretical
surface area of imogolite can be donepiposed byArai et al.[55]. Theyexpected that
the ratio of outer tube surface area to inner tube surface area should be equal to the ratio
of the radii,i.e. thegibbsite area isa 2.3 times greater than the silicate arEae average
total number of hydroxyl surface sitean be estintad by tritium exchange. dmalizing
to 1 g of imogoliteandassuming that edge sites make a negligible contribution to the total

sites

X +Y =0.013 mol/g = 7.61 10*'sites (Eq. 3)
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Table 1: Textural parameters tfvo samples oimogolite as derived from combined XRD
patternsand N adsorption isotherms at 77. K

BET SSA Internal  External Total Micropores Inner Outer
Sample (m?/g) SSA SSA pore vol. vol. diameter diameter
_ J (m7g)  (m¥g)  (cm%g) (cm*/g)* (nmy’ (nm)®
Imogolite 355 237 118 0.19 0.10 095 279
sample A
Imogolite 1378 920 458 0.69 0.38 0.87 2.68
sample B

@ As evaluated by applying thee method.
® As calculated by NEDFT method to the adsorption branch of the isotherm.

¢ As calculated by thedo)reflection pealof XRD patterns according to dmexagonal packing.
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Figure 14: (a) N, adsorption (square) and desorption (triangle) of imogolite sample A
(black) and sample Bblue); (b) Correspondent PSO®L-FDT method).
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where
X = gibbsite sites/gr X / 1.2 10’ sites (Eq. 4)
Y = silicate sites/g = Y / 7.910"%sites (Eq. 5)

Since the gibbsite area is 2.3 times greater than the silicate area, then:

X(7.9 - 10'sites) = 2.3Y(1.2 10°sites) (Eq. 6)

Combiningequationg3) and @) and solving,

X = 5.91510** gibbsite (outer tube) sites/g of imogolite

Y = 1.693 -10* silicate (inner tube) sitég of imogolite

This is equivalent to193 nf of gibbsite surface area and 214 of silicate specific
surface area, per gram of imogolite, and yields an estimated total sar&aef 707
m?/g, in reasonable agreement with the higtluesestimated by th&GME method
(1000 ni/g) [110]

Besices the standard synthetic procedures, in this work a systematic study to
assess the influence of acidity, in terms of HC#Oncentration, on the synthesis yield
and morphology of the resulting nanotubes, was also performed. Particularly, 10 batch
reactions were run simultaneously, in order to obtain comparable results, keeping
constant the Al:Si ratio (2:1) while varying thé" content, from 0.07 to 1.3. XRD
patterns (figure 15) and selected-BEM images (figure 15), showed that imogolite
nanotubes start forming at [H= 0.6 M, even if the main reflection peak, corresponding
to the (100) planes, is well defined only fromTH 1 M.

Particularly, if the solution is further diluted before the polymerization steps, more
disperse bundles of nanotubes may be obtained, as confirmed by electron microscopy. For
the same purpose, other authors proposed different post synthesis latampu e.g.
ultrasonication of dried powder [145], further acidification in HCI BL]146] or droplet
evaporation [147]. Moreover, it resulted clear that imogolite synthesis is not successful in

too poor acidic media, leading to the formation of amoughaggregates.
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As a whole despitewell knownreproducibility problemghat may occur mainly
to variation of temperature and pressure during the polymerization1s38(48] the
molar ratio used in standard proceduces be considered well definedn analogue
study wasperformed in 1994 149, assessingin this casethe influence of the
[ASBJ/[TEOS] molar ratio on the synthesis results, at constant acidit)(Similarly to
my results it turns out that fairly small deviations from tlgoichiometic value

[ASB]/[TES] = 2 markedly change the particle morphology and composition.
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Figure 15: XRD patterns of batch reactions to obtain imogolite nanotubes at differer
acidity content, Al:Si:H=2:1:x. The value close to each pattern indicates tl
correspondent value of x used. Particularly, the effect of dilution afTHL M
was also studied.
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Figure 16: Selected FESEM pictures of imogolite nanotubes at different synthesis
conditions[Al:Si:H "=2:1:x].
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1.3.4 Synthesis procedures suggested for industrial application

Besides the synthetic routes described above, other possible ways to obtain
imogolite nanotubes have been proposed, using diffei@un precursordrom TEOS
Abidin and ceworkers [L17] reviewed in detail these kind of methods, pointing out their
pro aad cons, eventually proposing a nesynthesis procedurevhich seem to be
promisingfor further developmenin industrial field by combinatiof batchand flow
systens. Imogolite nanotubesan be prepared by three different methods:

(a) TEOS hydrolysis using differemtuminum precursors (described abave)
(b) Hydrolysis of commercial sodium silicat&qQ.

(c) Hydrolysis of fused sodium silicaté%1].

It is reasonable to expect that for industrial application:
(a) TEOS reagent is relativexpensive

(b) Desalinization process has to be done to remove sodium excess by centrifugation
during the prparation of imogolite precursor, therefore increasing the number of

industrial units.

(c) High temperature is needed during preparation of fused sodioates

The newA b i d meathédswantsnsteadthe use of polysilicic acid as orthosilicic source.
It is generally accepted that colloidal polysilicic acid carptepared easily antis less
expensivethan TEOSand fused sodium silicateMoreover, dissolution process of
polysilicic acid seems applicabt®t only in batch apparatus, but alsdlaw systens.

In 2009 Levard and ceworkers [118] proposed insteah alternative route to
imogolite fibers starting from more concentrated (decimolar)tismiun mild conditions
(low temperature and ambient pressurg)simply allowing for slower growth kinetics
The first try to produce imogolite at 2& by Wada in 1987149] was not successful,
besides it pointed out an important aspe&, that too mgh concentrated solutions
prevent the formation of nanotubes, thus suggesting dilution before the polymerization at
around 100C.
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Levard found that e initial concentration of reagents is not a limiting factor for
iImogolite synthesis under mildonditions: with decimolar solutions, the first tubular
structures are formed at as little as 14 days of aging and evolve into long fibers, with a
remarkable yield. This result may stimulate a renewed interest in these structures, despite
the slow reactiokinetics, and open the road for large scale applications.

1.4. Properties and applications of imogolite

1.4.1 Chemical surface properties and adsorption applications

In 2001, Gustabson [68] proposedthe existence of a weak positivaharge
distributed on the outer surface of synthetic imogplitbereas thénner silanols group
may develop a negative charggepending on pH, according to the same reactions

proposed for natural imogolite surfaces [54],

AI(OH)AI + H" A Al(OH)*Al EXTERNAL ALUMINOL SURFACE (Eq. 1)
StV(OH) A SiY(O) + H INTERNAL SILOXANE SURFACE (Eq. 2)

Guimaiges and caworkers[79] estimateda chargedistribution in a line with that
of GustafssonThey alsofound that the SiOH bonds are maoaic than theAl( OH)AI
ones and suggested that the former shouldnfmre acidic than the latterThe
spectroscopic characterization of the acidity of synthetic imogoétently reported by
Bonelli et al [135, highlighted the surface properties of nanotubes by meaR3-¢R
spectroscopy, dosing NHind CO as probe molecules. First of all, it resulted that below
300°C, nanotubes are partially filled with water, and therefore, only feWlswis sites
at the auter surface may be accessed by proBesticularly, this conclusion is in fair
agreement witthe molecular dynamic simulation resuiistained by Cretoret al.[152,
who suggested that water density can be expected to be lmgite the tubes rathénan
outside Additionally, the shape of nanotuhewhich varies with the water density,
influences the electrostatic potential and, thus, determines the places where the adsorption
occurs. If the sample is outgassed a00 °C, water is definitely removedas FT-IR
spectra confirmand the innesurface, covered by silanols, becomes actually accessible to

probe molecules.
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In fact, nteraction with ammonia resulted to be strong, probably due to multiple
interactions with more than one silanol groumile CO dosagehowed the formation of
the expected band at 2157 tndue to theinteractionof the gaswith the inner silanols
[153], together with a minor band e 2190 cni* probably due to CO adsorbed on weak
Al®* Lewis sites at the outer surfadeurtherstudies performed in this PhD work on the
acidity of imogolite like materials will be reported@haptert.

Apart from the charge digbution in the imogolite layerjt is interesting to
analyze the electrostatic potential generated by the cl@sgéution inside and outside
the nanotubgbecause this potential and its spatial variation will drive the adsorption and
the dynamics of interaction of ions and molecules. Obviously, the potential depends on
both charges and positions of atoms andetoee it is also influenced by the geometry of
the tube. Figure I shows theElectrostaticPotential (EP) map of the imogolite model
evaluated by Creton and-weorkers [L57.
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Figure 17: ElectrostaticPotential (EP) map of imogolite modéh 2D [152]
The figurereveals that, while the potential has mostly negative values both inside

(blue color) and outside (blue/green color) the tube, localized regions of positive potential

appear in those places where the surface becomes flatter (yellow toagd col
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Accordingly, a more negative potential occurs in those places in the external void where
the tube surface is more curved. The mean value of the electric field inside the tube was
evaluated to be abo6t720° V/m, which is of the order of magnitudé fields measured

in the CaA and NaRbY zeolit¢$54,155].For the properties described above, imogolite
has been proposed as excellent candidate for water adsorbent and se)$68-[163],

ion retentiorcatalysis [$,66,135,136,145,149,164 2 and g& adsorptiond.g.CO, and

CH,) [53,161,173

1.4.2 Electronic properties and relative applications

The electronic properties of nanotubes material may depssentiallyon their
chirality and diameter. Bursitt al. [131] for the first time pointeaut that a relatively
wide band gap should be eeged for imogolite, ranging fror8.7-4.7 eV (Figure 18a and
18b) [120,122,174to 10 eV [79], thereforebehaving as an insulataraterial Electronic
properties of imogolite are reasonably analogue to thode -AliD; (8.75 eV,
experimental; 7.77 eV1[75) and gibbsite structurecé 10 eV [175,176). However, if
compared to other inorganic nanotubular structumesinstanceMoS, nanotubes177],
their band gap valudelongs to thesemiconductingange. Pdicularly, it is determined
by tube geometryagrmchair or zigzag and tends to vanish for very small diameters.

Particularly, Guimaraest al. [79] showed that all imogolite nanotubes have a
wide band gap of calO eV, independelyt on their chirality. This property makes
imogolite nanotubes interesting examples of layered heterophase nanotubular systems.
Further investigations of their stability could help in the fabrication of similar systems,
examplecomposed of few monolayeo$ different 11-V semiconductors.

Recently, a polypyrrole (ppy) coated imogolite was successfully obtaii [
Comparing with both pure imogolite and pppyogolite, conductivity of ppymogolite
were measured to ken times that of purémogolite in wide range of voltages, thus
suggesting that further studies should be useful to engineer new imagolifEosite

materials with different electronic properties.
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Figure 18: The energy bands of the singl@alled imogolite nanotube and the electron
density of states: (a) the energy bands near the Fermi level, showing the
direct and wide energy gap, (b) the total electron densitgtates [120].

1.43. Mechanical properties and applications in composites technology

Mechanical properties of nanotubes canolainedby computational methods
[25,27,179,180]0 r experimentally by esti mation of
Particularly, he Y modulus of imogolite nanotubebas been calculated 2p] by
performing a series of laxationcalculations for different values of the cell length in the
direction of the tube axis, and thus imposing either temsileompressive strain on the
nanotubelt is thenpossible to calculate the second derivative of the &ratgy with
respectio the axial strain, which enablestu® cal cul at e t heefiredungds n

by the following equation (Eq. 7)

W —0— (Eq.7)

where® is the equilibrium volums, the strain, and th& the total energy. The results

obtained for zigzag and armchair configurations show itmatyolite nanotubes have
Youngbés modul i whii83) GPaalh dompansontof2é], BC;f2il,ge 175
BN [27] and BGN [25] nanotubes,imogolite results to beless stiff Particularly,
imogoliteY o u n g 6 s is imthe same order of magnitude as for M¢& 230 GPa)

[177] and GaSdqa 270 GPa) [28hanotubes.
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Polymers reinforced with imogolite as inorganinanofiller form new
composite/hybrid matials with increased mechanical [1883] and also optical
properties [183,184, Figure 19], which opens new perspectives for interesting
technological applications.

Figure 19: Transparency of in situ hybrid (upper) and blend (lowemogolitd PVA
films. The thickness of films is ca 100 mrm§3. Imogolite shows to be
optically transparent in the multilayer film184].

1.44. Biomedical applications

Inorganicenzyme hybrids have attracted increasing attention for the development
of next generatioiosensor an@ctive biological coating[185196. Immobilization of
enzyme on a solid supposhould offer advantages for both industrial and analytical
purposes, foinstance, eliminating the risk of sample contamination, simplifying sample
handling, as well as betteeparation of enzyme from solution that contains substrate and
product [L89. As a naoscale supportanotubes of unique physicochemical properties
like imogolite,represent interestincandidatesor stableimmobilization of enzyme
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Carbonnanotubs have been already used to this purgmsesting thecovalent and non
covalent interaons on their surface$190-192. However,some drawbacks emerged.
The main expected problem was thaterinsolubility of carbon nanotubthat severely
limited their biotechnological applications, sireenost all enzymatic reactions in animal
cells occu in body fluid containing mostly waterl93,194. As a consequenc@nogolite
should be recommended asipport for enzyme immobilizationMoreover, the 3
dimensional network of imogolite hydrogel formed in aqueous soluti®f [can
significantlyincrease the loading for enzyme immobilization and provide a scaffold for a
much controlled enzymatic activitiedy the interaction opepsinvia phosphoric acid
groups interacting wh imogolite surface, ananofiberpepsin hybrid hydrogelwas
obtained by Inoue and ceworkers in 2006[196]. Figure 20 showsa shematic

representation and photograph of imogolite/pepsin hybrid hyd[bgé].

Imogolite/pepsin hybrid gel

¢

Figure 20: Schematic representation and photograph of imogolite/pepsin hybr
hydrogel [L97].

Particularly, mmobilization of enzymds achieved by forming a strong electrostatic
interaction between positively charged imogolite and negatively charged pepsin.
According to this methgda high loading of enzyme immobilizatiowas achieved
Similar behavior has been observed for enzgrnmemobilized at the inner surfaocaf
halloysite [119].A Complex gel of type | collagen and imogolite nanofibers was also
successfully prepared by addition of a fine dispersion of nanotubes to the collagen
solution atpH 4 [197]. In 2011,a comparative study between carbon and imogolite
nanotubeg 198 revealed that imogolitanaterial hasbetter andsuitable topography,
roughness, wettability as well as high protein adsorption capasitgompared to carbon
nanotubesi.e. properties that make imogolite an excell@andidate to be used as

scaffold for themineralization ofosteoblast¢Figure 21).
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Figure 21: Quantification of mineralizationby evaluation ofcalcium deposition irthe
human osteoblast cells typseeded onto different scaffold®articularly,
imogolite slurry was diluted by deionized water ¢oncentrations of 0.01
mg/mL and 0.1mg/mL. Then, imogolite slurry was poured into a cel
culture dish of 60mm diameter and let drying for seven and fourtekays at
room temperature. To preparearbon nanotubescaffolds,a dilute solution
of tubesin 99.5% ethanol (5¢g/mL) was dispersed byltrasonication and
then spotted onto a cell culture diskA cell culture dish without additives
was used as a carol (Cntl). The scaffolds withmogolite at 20, 200, anc
2000¢ g/dishare labeledm?20, Im200, Im200Qrespectivelyj199].

1.4.5 Antibacterial properties of clays

The development of materials with the ability to inhibit bacterial growth have
been of great interest in recent years due to their potential use in everyday products like
paints, coatings, hospital utensils et@0(. Natural clays are known for their
antibacterial properties, despite the mechanism by which they operate has rigt clea
been identified in each situatiomhe key advantages of inorganic antimicrobial agents
are improvedchemical stability, high ion exchange capacity, high surface #reanal
resistance, safety to the user and long lasting action pevtudh are laking in organic
antimicrobial agents201,202. A variety of physical and/or chemical processes can make
clays antibacterial. Physical bactericidffect can occur by surface attraction between

clay minerals and bacteridQ3].
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Among thesepasic oxideslike MgO, CaO and Zn{Oshowed to own these properties
[202. However, other type of clays, such as montmorillonite, allophane, imogolite and
halloysite, need to be make antibacterial by changing their structure tigtmal
treatment or mechanical grindifig], or by chemisorption of known bactericidal elements
like Ag [20520€], Cu [66,170,207, Co [208209.

Montmorillonite is a layered clay of the smectite famil210,21]. Smectites,
classified as 2:1 phyllosilicate clays, have a unit crystal lafticemed by one alumina
octahedral sheet intercalated between two silica tetrahedral sheets. As layered clays, the
introduction of structural alterations, for example by the mechanical and thermal
collapsing of the interlayers, showed a decreasing swellpgaty of the raw clay as
well as different distribution of the surface charges, thus improving their antibacterial
properties 204,212]. The same positive effect was shown by metalicer-exchanged
montmorillonite dispersed in water, able to posityveittract and adsorb negatively
chargedbacteria £13]. Modified montmorillonites are also good adsorbent for charged or
non-charged organic molecules like aflatoxins, salicylic acid, herbicides and fungicides
[212,214-217, confirming that the antibactedi performance is affected by the
availability of the ionic silver to be in contact with the bacteria.

Due to its morphology and high surface arelfgpphanes[218 are expected to
play a disinfectant role for specific bactericidal activities rather diffefieh other
inorganic carriers408. Bactericidal activities againg. Coli andS. Aureusin water of
two kinds of natural allophonic specimens, sil@adedand phosphorousilver loaded,
respectively, have been recently examined in comparison to those ofleiided zeolite
[209. The allophonic samples showed a remarkably high contribution towards
sterilization and greater effectiveness in comparisoretdite materials. This evidence
was explained by the presence of many impurities in natural allophane, like ferrhydrite
(Fe,0s), Uquartz, imogolite, halloysite and similar aluminosilicateRarticularly,
ferrhydrites have large specific surface area sino allophane, so they can cooperate to
adsorband fix various anions of phosphate. Hence, for sterilization purpose, sueh low
crystalline iron compounds conceivably play an important role. Moreover, in the case of
aluminiosilicate impurities, othestudies demonstrated thdte presence of Ahumus

complexes is related to the amount of taadieminumin Andosols horizons46,219,220
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However, in contrast to neallophanic Andosols, allophonic Andosoise(where
allophane, imogolite and allophatike materials are present) seldom shaivtoxicity,
even when they contain large amounts dflAdimus complexe2P1,222. Because most
allophanic Andosols are formed at a soil pH greater than 5, aluminum is relatively
insoluble and it is not releasedanthe soil solution. This indicates that the presence of
allophanic materials reduces aluminum toxicity, especially to plants.

So far, imogolite Cu(ll) adsorption capacity has been estimated in few studies
[66,170,207. It resulted that gantitativelyadsorption of Cu(ll) by imogolite was less
than that achieved by allophanes, presumably because fewer sites are available for
chemisorption on imogolite nanotubes. Moreover, Electron Spin Resonance (ESR)
measurements showed that?Cions adsorbed as a mmmer on two types of surface
sites: the preferred ones were likely adjacent@¥1 groups binding with copper by a
binuclear mechanism, while the weaker ones occurred at isolatedHAdr SiOH
groups p6]. The adsorption of three copper species, the hgdmitpric ion, bisglycine
Cu(ll) and a Cu(Ilhumic acid complex, was also investigated by Electron Paramagnetic
Resonance (EPR)R207. The EPR spectra of copper complexes adsorbed on natural
montmorillonite (reference material) and imogolite showed thatamount and type of
adsorption depends on the size and chemical nature of the ligands. Particularly, evidence
from the coppeglycine system indicate that probably at least two types of complex are
formed. Additionally, for montmorillonite it is suggedtehat they correspond tthe
adsorption ontanterlayers. FinallyEXAFS (Extended XRay Absorption Fine Structure
studies were also performed on nat@alll)-imogolite sample and its catalytic activity
has been tested towards the decompositioterdbutyl hydroperoxide and 1;dis(tert-
butyldioxy)cyclododecane, respectively7[J.

As compared to natural unloaded imogolite and €10, catalyst, in case dért-
butyl hydroperoxide cracking (Figu22a), Cu imogolite showed a higher activity with
respet to reference materials, while the unexpected rather high activity of the unloaded
imogolite was explained by the presence of iron impuritiéswever, in case of the
decomposition of 1;bis(tertbutyldioxy) cyclododecane (Figur@2b), activities of
unloaded imogolite and Cimogolite were comparableStable hydrosols of Agand
bimetallic nanoparticlesXu/Ag, Au/Pt, and Ag/Pt)mmobilized on imogolite fibers were
obtained for the first time in 199209. It turned out that colloidl stability is achieved

by adsorption of particles on nanotubes and no stabilizing patyanerequired.
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Figure 22: (a) Decomposition ofert-butyl hydroperoxide at 9€C.

[tert-butyl hydroperoxidé= 0.1M, catalyst: 0.1 g, solvent:
chlorobenzene (50 ml). Thenaount of Cu loaded is 2.59 wt. %;

(b) Decomposition of 1,bis(tert-butyldioxy)cyclododecane at 7G.

[1,1-bis(tert-butyldioxy)cyclododecarje= 0.05M, catalyst: 0.1 g,
solvent:chlorobenzene (50 ml).

Symbols (6) Cu-imogolite, (vritten) imogolite and g) Cui Si0,[170].

Particularly, bimetallic particles consist of layers of metals, rather than a mixture
at the atomidevel, except in the case of Au/Ag. Moreover, imogolite fibers do not absorb
or scatter light, thus their optical property makes them convenient for the estimation of
optical properties of adsorbed metallic particles.

As far as the applications @fu-loaded and Agoaded imogolite are concerned,
no studies were further performed, except for colloids otifgpgolite for which optical
properties were identified2D5. However, no antibacterial tests with modified imogolite

have been ever reported a®ll as the effective toxicology of imogolite nanotubes
themselves.
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2.1 Chemical functionalization of imogolite nanotubes

The main purpose of chemically modifying synthetic materials is the expected
increasedangeof technologicalapplications that can be achieved. Moreover, variables
such as purity, composition, reproducibility, and specifically desigaatures can be
often better controlled in synthetic procedures rather than usingal clay specimens,
which typically contain impurities and are often not easily availaPéeticularly, for
nanotubular structures it is critical to develop methodsisigtto control the functionality

of their internal and external surfaces.

Direct chemical modificationsf imogolite have been obtained so far by three

main routes:

1. In 2009 a new imogolite structurgvas patentedl,2], according to an
analogue procedure described in Chapter 1, replacing TEOS precursor with

TEMS, triethoxymethylsilane (Scheme 1).

H H AN
30\_0\ /O_/C ° Cl) CH3
/_O,SI\O_\ H3C\/O‘S|I‘O\/CH3
H5C CHs CHs

Scheme 1: TEOSred) and TEMS (black) structures.

Such imogolitetype nanotubegresent inner hydrophobic surface and
outer (still) hydrophilic surface. TEMS molecule has one of the valences
occupied by a nchydrolyzable SIC bond, where a functional group, i.e.
methyl group, CH is attached to the silicon atom.

The resulting new stoichiometric formula, describing the chemical
composition of the tubes from the outer to the inner surface, is the

following
(OH)3AI,03SICH 3
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2. Wadaet al. for the first time in 19823], and recently Naiet al. [4-6],

Levard et al. [7-12] and Ramirez cavorkers[13,14, reported detailed
studies on the formation of single and double walled aluminogermanate
imogolitetype nanotubesabeledas Gelmo, replacing TEOS precursor
with GeClorTEOG (etraethylorthogermanate).

Ookawaet al. in 2006 successfully collestl ironsilicate imogolitetype
nanotubes, by replacing Xlatoms with F& [15]. Afterwards, Alvarez
Ramirez [L4] performedinterestingtheoretical studies, which were useful
to better understand Heno structure. Electronic effects due to the

inclusionof ferric ionswere also estimated.

Postsynthesis chemical modification§ imogolite have beemnstead obtained according

to the following routes:

1.

3.

Nair and ceworkers in 201116] were able to modify the inner surface of
imogolite by replacing SOH groups with achyl and chloride groups,

using acetyl chloride, methyltrimethoxysilane and trichldao®.

Imo-ODPA (octadecyl phosphonic acid)as synthetized by Paet al in
2008 [L7]. More disperse and aligned nanotubes were collected with
improved affinity for polymer matrixes. Actually, phosphate gow@pe
expected to react with the outgibbsitelike surface of imogolite, as
another recent work confirmed§]. Aluminogermanate nanotubes were

also modified by the same proceduté][

Amination of the internakurface [20]and both internakéxternal surface
[21] of imogolite (Imo-NH,) was successfullyobtainedby Johnsoret al.
in 1990 by using 3APS (3-aminopropyltriethoxysilane)in aqueous

solutions.

-52-



PhD Thesis: Hybrid organic/inorganic nanotubes of imogolite type

2.2. Direct chemical modifications

2.2.1. Aluminogermanate imogolite nanotubes, Gémo

Nair and ceworkers successfullysynthetized Gémo nanotubes with AlGI
precursor according to an analogue procedure describ@daipter 1, except that silicon
source, TEOS, was substituted by Ge3] or TEOG []. As the case of silicen
containing imogolite, e synthesigprocedurefor Geiimogolite consists othree main
steps: base hydrolysis of a solution of aluminum and germanium monomers, stabilization
of the suspension and heating at 95 °C.

The main differencesf the resulting Geubesfrom imogolite nanotubes, which
appearedrom both synthesis procedures, are the considerably shorter lengthlofoGe
tubes ¢a 15 nmvs. ca 100 nm of imogolite) and their wider diameteca 8.3 nm vsca
2.2 nm). According to the authors, the XRD peak positions are in agreement with a
monocliric and not hexagonal arrangement, both for Imo andn@e As discussed in
Chapter 1this is still a debating topic. Additionally, nitrogen adsorption measurements at
77 K showed that the pore size distribution ofi@® is narrow. Computational studies
confirmed their resultsg].

Levard and ceworkers were able to obtain analogue aluminogermanate tubes
following a quite similar synthetic route [10]. Moreover in 2011 [11], they performed a
systematic study to sort out if the initial hydrolysis of aluminum and germanium
precursors inNaOH solution can affect the nanotubes formatidhey found that a
successful synthesis was sensitivehi® hydrolysis ratio used (Reina, corresponding
to the totalhoy added and not corrected for residual ac)diBarticularly, theyconcluded
tha a ratio of at least 1.5 is necessary to form tubular structures. Additionally, nanotubes
formed at R= 2 have asignificant proportion of defects in the external gibbsite layer,
while well crystallized Gemogolite is obtained at R 2 and R= 2.5. On tle contrary,
less ordered phases doemedif R is increasedeyond 2.5Interestingly, they were also
able to obtained, as the case of imogolite nanot[##slarge quantitiesgqa 60 mg) of
singlewalled Gelmo nanotubes §], optimizing synthesis conditions from initial
decimolar (and not millimolar) concentration of reageMsreover, for the first time
they evidenced the formation of double walled aluminogermanate nanot@phdsdiire
1), and proposed a kinetic growtlodel [12].
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Figure 1: SAXS (Small Angle XRay Scattering) curves of [Al] equal to 0.5 and.25
molar of Gelmo tubes. Experimental data (dots) and theoreticakults (full
line) of the represented structure a@otted[9].

AlvarezRamirez [L3] performed ab initio simulation on imogolite and -Ge
imogolite, estimating a bang gap range fori®e of 4.34.8 eV. Overall, botlsilicon

and germanium imogolitgype nanotubes, can be considered insulators.

2.2.2. Iron-containing imogolite nanotubes, Fe&Si-Imo and FeGe-Imo

The original work of Ookawa and agorkers in 2006 15 showed for the first
time the attempt to synthesize-Eentaining imogolite material using NaSid-eC} and
AICI; with atomic ratio, Fe/(Fe+Al), between 0.05 and 0.1. Ferric cations are
incorporated directly to an aqueous solutions ofSWa, and AlCk-6H,O. UV-vis and
XANES (X-Ray Absorption NearEdge Structure) spectra showed that the preferred
coordination of feric ions is octahedrical. However, the electronic effect of the
substitution of Al* by the F&" is not totallyunderstoodinterestingly,Fe-lmo resulted to
be able tocatalyze the oxidation of benzene to pheral.analogue synthetic procedure

was followeal by post impregnation of iron ions.

-54-



PhD Thesis: Hybrid organic/inorganic nanotubes of imogolite type

Recently, AlvarezRamirez 4] carried out theoretical studies &®Silmo and
FeGelmo nanotubesshowing new structural peculiarities as well as their electronic

properties (Figure).

Figure 2: Section ofimogolite nanotube, in which ferric ions can replace #sites [14].

As regards to iron ions localization, thegn be identifiedn three different sites. The first

iron position corresponds to the isomorphic substitution of aluminum ions by ferric ions,
as already noticed by Ookawet al. [15. The two remaining iron configurations
correspond instead to the case of iron adsorptionthe inner or outer surface of
imogolite, thus producing defect sites. As a consequence, electronic states areTdleered.
effects of the Fe concentration in trenge0.050.1 were analyzed?articularly, in case

of silicon containing imogolitea smdl concentration of ironshowed not toalter
significantly the shape of the valence band outside the band gap region. However, the
contribution of surface defects produces a shift of the Fermi level, generating a reduction
of the band gap value frosa 4.7to 2.01.4 eV, and fromt.2 t02.6-1.0 eVfor the Fe

silicon and Fegermanium imogolitdike nanotubes, respectively.
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2.3. Postsynthesis chemical modifications

2.3.1. Hydrophobization of imogolite inner surface

In 2011, Nair and cevorkers [L6] successfully synthetized hybrid imogolite
nanotubes by covalently immobilization of organic functional grompgle thetubes.
The functionalizing reagents were acetyl chloride, trimethylmethoxysilane and
trichlorosilane (Scheme 2)Detailed physiechemcal characterizationshowed that
chemical modification preserves nanotubes structure, and the variation in size and type of
organic reagents allows the control of the tubes pore volume. As an example of the

potential new applications, they showed how kiyerophobization can control surface
hydrophilicity as well as water uptake.
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| T
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Scheme2: Reactions at the imogolite inner surface lagetylchloride (NT-A),
trichlorosilane (NT-T) and methyltrimethoxysilang(NT-M) [16].
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Overall, they addressed once again the challenging problem of modifying
inorganic nanotubular materials by introducing appropriate functional groups, so
increasing the number afieir technological applicationg,.g.as more sizeand shape

selective catalysts, sensors and composite membranes for gas separation.

2.3.2. Phosphorilation of imogolite outer surface

Adding pure imogolite sample to an aqueous solution of octadecyl phosphonic
acid (ODPA) (1/3.5 weight ratio), Ime@ODPA nanotubes are obtainetl/[. Tetradecyl
phosphonic acid (TPDA) was also us#djsimo-TPDA tubes were collected. The main
evidence of the outer surface modification of imogolite, by reaction b®KI groups
with phosphonicacid, was the improved dispersion of fibers, which prevents their
aggregation. This can be explained by interconnections occurring between close side
chains. Particularly, octadecyl hydrocarbons showed to be more strongly interconnected
to each other ratihghanwith tetradecyl chains. However, If@DPA diameterca 5.1

nm, is similar to the diameter of the IFI®PA, ca 4.7 nm, even though octadecyl acid

has longer alkyl chains (Figu8.

4,7-5 Inm TDP& or ODPA

mogolite

o LY

memmg

Fn

Octadecyl Phosphonic acid

(b)

Figure 3: (a) Chemical structure of octadecyl phosphonic acitbdifiedimogolite
Imo-ODPA, and (b) dimension ofmo-ODPA and Imo-TDPA imogolite

on the solidsurface [L7].

These kinds of post functionalization are of paramount importance to build

polymeiinorganic nanotubes composites.
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As a recent studgonfirmed [L8], hydrophobization of the external surface of imogolite
can be achieved owing to its intrinsic reactivity towards phosphates. Particularly, a
poly(methyl methaglate) PMMA, grafted imogolite (PMMA/Mo) was obtained by
ARGET ATRP (ActivatorRegenerated by Electron Transfer for Atom Transfer Radical
Polymerization) technique. The designed ATRP initiator was the ammonium sa(g-of 8
bromo2-methylpropanoyloxy) octyl phosphate [BMPOR®H,),], which has both a-2
bromoisobutyrate group, necesgsdor ATRP initiator moiety, and a phosphate group,
which can interact with imogolite surface. After some manipulations, MMA polymer was
added and the final composite (ScheBhavas isolated by precipitation from methanol.
The concrete applications of shpolymergrafted are still under investigation. Dispersion
state of PMMA/Imo and Imo in water/chloroform phase is shown in Figure

1 ARGET ATRP of MMA

PMMA

{= O,PO(CH,);O0CC(CH,),B
[ Immobilized BMPOPO,]

Scheme3: Schematic representation for the preparation of PM¥MAo [1§].

Unmodified imogolite
After 3h
~ {
.

PMMA grafted |mogoI|te

Water

<«— Chloroform

After 3h

\/\
~<— Water
~N— (N ~<<—Chloroform
Figure 4: Dispersion state of PMMAmMo and unmodifiedimo in H,O/CCl, phase[23].
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3.1 Synthesis

At room temperature TEMS (triethoxymethylsilane)and Al(sbutoxide} are
added to a 75 mM aqueous solution of HCI®the molar ratios Si:Al:HCIQ= 1.x:2:1.
A slight excess of TEM$ used in order to prevent the preferential formation of gibbsite
during hydrolysis. The solutiois stirred for 18 h, diluted to 20 mM, autoclaved at G0
for 4 days, dialyzed for at least 4 days against deionized water and then, after drying at 50

°C, Me-Imo powder is collected (Schemg

@ =oH =0 O=A  @=Ssi

Schemel: Schematic representationf Me-Imo nanotubes structure.
Stoichiometric formula:(OH)3Al,03SICH ;.

3.2 FE-SEM and HR-TEM characterizations

FE-SEM and HRTEM images are shown in Figulleand Figure2, respectively.
Electron microscopy images show a material composed of interwoven bundles of
nanotubes, similar to those of Imo. However,-Mw® fibers have larger diametara(15-

20 nm) and longer lengtleg 200 nm) as compared to Imo nanatsli-ibers are therefore

more loosely bound and more free to assume a close packed configuration.
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100nm

Figure 2. HR-TEM micrographs of Melmo taken at two different magnifications
degrees. Insedf panel2B: SAED taken from a bundle of femanotubes

These features are comparable to-lBe nanotubes, which have wider diameter but
shorter length in contrast with Inid]. The dimension of tubes estimated by -fIRM
corresponds with the value obtained by-$FEM measurements. However, the observed
fibers appear to be rather longea 00 nm vs. 200 nm) than those visible by SEM
microscopy. SAED (Selected Area Electron Diffraction) pattern is indexed according to
repead units within the nanotubes (viewed perpendicular to the nanotubes axis, taken as
their caxis), with ¢ = 8. and a = b = 5.®, in compliance withthe nomenclature of
Bursill et al. [2]. The c repeat unit corresponds to three Al@ctahedra along thieube

axis, whereaa andb refer to an Al Al distance within the curved wall, perpendicular to

the tube axis.
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3.3. XRD and FT-IR characterizations

XRD patterns of Mdmo nanotubes (Figur8a) show a higher degree of leng
range order as compared oo (Figure 4). All peaks are more intense becausehaf
more ordered packing of nanotubes. Particularly, the peak due to the (100) reflection is at
3.62 2 dthe cell parameter a, corresponding to a cetieentre distance between two
aligned nanotubes alculated to be 2.4 nmassuming a hexagonal packing; withd,
the cell parameter is 2.3 nig. slightly smaller.

As can be seen froseveralXRD patters of MeImo tubes obtained in different
batch syntheses (dash blue lines), the position of this pgak can slightly vargdue to
temperaturend pressure variatiomksiring thepolymerization stepActually, ifit is run at
too high t e Q5% mpudtiesscan(bé forded, as detected by the peak
centered ata 18.52 dAccording to literatte [3,4], this can disclose the presence of a
aluminumoxide polymorph called nordstrandite, which shows a typical reflection at 18
19 2 dMorphology of synthetic nordstrandite is known to vary according to synthesis
conditions p], form roughly rectangular to either ovoidal single particleslasters of
acicular crystals. Figure 3b shows the dilteg morphology of nordstrandite phase
obtained in this study.

The peak at 8.83d (0.99 nn) is assigned to the repetition of the stured ¢ unit
along the tube (001), whereas the signal at 12d3is caused byhe reflectionof (211)
planes (0.72xm) [1,6]. Interestingly, all peaks of MEmo diffraction pattern are slightly
shifted to lower angles, as compared to those of imogdlite same slight variation has
been observed by Kondwet al.[7] in mixed oxide nanotubes, where silicate groups are
partially substituted by geranate groups. In case of @wogolite[8], thelongerdistance
between nanotubes was ascribedhir lower curvature due tothe greater length of the
Ge O bond with respect to thei® bond B]. For Melmo, two orders of factors are
thought to be involved. Firstly, a larger curvature could be caused by the presence of
methyl groups, for either sterfce. the methyl group is larger than the hydroxyl grpap

electronic effects.

-65-



PhD Thesis: Hybrid organic/inorganic nanotubes of imogolite type

12000

2.4 nm a

10000 + n

8000 —

Nordstrandite

6000

=
ss==z=

Intensity (a.u.)

4000

Figure 3. (a) XRD patterns of pure Mémo (black) and Melmo with nordstrandite
impurity (blue), which can be formed during batch syntheses if temperature
and pressure of the polymerization temperature is not completely controlle
(b) FE-SEM image of nordstrandite phase.

Indeed Sidorkinet al. [9] reported that the calculatedi® bond length in the
series of (HO3SIi X and (CHO)sSii X compounds is affected by the electronegativity of
the X substituent: the presence of metiwgdups in place of hydroxyl onesuld have the
same effect, inducing a relaxation of the structure and a shifteafnergy minimum
towards nanotubes with a higher number of units in the circumfergé@cédlternatively,
the larger cell parameter could éeplained by théncreased ditance between nanotubes,
caused B the absence of external charges, as discussed above.
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Figure 4. XRD patterns of pure Mdmo (black) and Imo (red).

Figure5 reports the=T-IR spectra of a sebupporting KBr wafer of Mémo in
the 40001200 cnl range. Imogolite spectrum is also shofar comparison. Both
samples present a prominent band at 1644, aine to the bending mode of adsorbed
water on nanotubes surfaces, and a broad and intense absorption in the OH stretch region
(38001 3000 cni), assigned to the presence of outer Al(OH)Algps. Particularly, water
in Imo is expected to be more concentrated inside the tuldswhile for Me-Imo is
adsorbed on the outer surface, due to the complete hydrophobization of the inner surface.

In fact, only Melmo sample presents the following peculiar signals

1. 1275 cni band due tothe bending mode ofi%Hs groups.

2. 2973 and 2919 cih bands assignedto the asymmetric and symmetric

stretching modes of ISTH; groups respectively

3. A sharpband at 777 cril due to the SC stretching vibratiorj12-14].
In the 9001000 cnt range, all bands characteristic for the imogolite structure

[2,15] are presentThe 910 crit band can be assigned to-@l stretching vibrations,

whereas the band at 954 timassigned to SD stretching vibrations.
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The modification of the structurdy introducing methyl groups at the inner surface
affects the SO and GAI bonds leading to a shift of their vibrational frequencies. In fact,
if compared to Imo, these two bands &rend at slightly lower wavenumbers. The same
result was obtained by Kondwet al.[7] on Gelmo: the band at 930 chshifts to 910
cm’® for wider dianeter nanotubes. Coherently, it is also obvious that the 99%ang

typical of StOH bending vibratiofil6], is not present in Mémo spectrum

1 a.u.

3
& {Me-Imo *
Lo} *
e A *
®
-8 _
2 *
Q -
<

Imo

//
' I ' I ' /A ' I ' I
4000 3500 3000 2000 1500 1000

Wavenumbers (cm™)

Figure 5: FT-IR spectra of KBr selsupporting wafer of Melmo (black) and Imo(red)
tubes Peculiar bands of Mdmo (asterisks) are found at: 2973919 cn,
assigned to thasy/sym v(CH) of SiCHs inner group, 1275 crit, due to the
corr espo nsand ¥¢SiQ) ald, identified by the 777cm™ band.
Coherently, the tygial SFOH bending vibrationmodeat 995 cni', is notseen
in Me-Imo spectrum.
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3.4. MAS NMR characterization

MAS NMR measurements were collected at ENSICAHEGole Nationale
Supérieure d'Ingénieurs of Caen (France), during my PhD foreign peraadaboration
with Pr o f . Fer nande Zgpsrimenealseeicemcéound ayeincagriement
with the results already discussed.

Quantitative *’Al MAS NMR signal (Figure 6) show that aluminum is in
octahedrical arrangement, esnfirmed by thepresence of a singfgeak for both samples

at ca4.9 ppm. In fact, according to literatur&r], Al"'

atoms show an intense peak at 5
ppm. Moreover, this value is reasonably close to that of aluminum atom in gildasite (

8.9 ppm,[18]).

* k * Me-Imo
— ™ e —————————
Imo
* \ -3 —
r T T T T T T T T T T T T T 1
-150 -100 -50 0 50 100 150 200
d(ppm)

Figure 6: 2’Al MAS NMR spectra ofresh Melmo (black) and Imo (red). Spinning
side bands are labeled with asterisks.

However,?°Si MAS NMR spectrum presentwo differentsharp peakat -43 and
-79 ppm for fresh Mémo and Imo, respectively (Figu®® . A chemi cal shi ft
43) is typicalfor tetrahedrakilicon atoms bonded to onearbonand threealuminum
atoms through oxygen bridges0,19], while the sharp signal a9 ppm corresponds to
isolated silicon tetrahedral sites sharing three oxygen atoms with octahkorethum
atoms P0-22]. No componentsit-79 ppm are present for Meno nanotubes, confirming

the total absence of silanols group as well aseaated silicon precursor.
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Si-CH s
- Me-Imo
Si-OH
Imo
I T T T Iv. T T T T T T T 1
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Figure 7: 2°Si MAS NMR spectra ofresh MeImo (black) and Imo (red) nanotubes.

An analogue result was obtained ®p {*H}-**Si measurements (Figu}. Additionally,
CP {*H}-1*C spectrum (Figur®), proper only of Mdmo, presents &C peak ata-1.6
ppm, a chemical shift value reasonably close to that’ef of the reference compound,
TMS (tetramethylsilane)hich isat O ppm.

Si-CH,

Me-Imo

Si-OH

f T T T T T T
-200 -150 -100

W e
0

-50 50 100
d(ppm)

Figure 8: CP {H}-*°Si MAS NMR spectra ofresh MeImo (black) and Imo (red).
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Si-CH,

Me-Imo

-100 -50 0 50 100
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Figure 9: CP {H}-**C MAS NMR spectra ofresh Me-lmo nanotubes.

3.5. Porosity characterization by N, adsorption/desorption
isotherms

The adsorption/desorption isotherms of & nominal 77K for several methyl
imogolite samples outgassed at 3WD and obtained from different successful batch
syntheses are reported in Figure 1@hjle the relative Pore Size Distributions (PSD
calculated applying the Non LoeBlensity Functional Theory (NDFT) method to
adsorption branches of isotherms, sinewn in Figure Db. Correspondent XRD patterns
are reported in Figure 10c. Tablegatheredthe correspondent textural parameter, as

derived from combined XRD patterns (Figure 10c) Baddsorption isotherms.

Table 1 Textural parametersf five Me-Imo samples outgassed at 300 and obtained from
several successful batch synthesesderived from combined XRD patterns andddsorption
isotherms at 77 K

BET SSA Internal External  Total Micropores Inner Outer
Sample (m2g) S§A S§A pore vol. vol. diameter diameter

9 (m7g)  (m7qg) (cm®(g) (cm®/g)? (nmy° (nmY°

#1 Melmo 1145 366 779 0.68 0.24 1.63 2.76
#2 Melmo 819 281 538 0.53 0.12 1.63 3.01
#3 Melmo 671 250 421 0.43 0.10 1.64 2.99
#4 Melmo 665 265 400 0.39 0.09 1.64 2.98
#5 Melmo 530 218 312 0.30 0.09 1.59 3.11

@ As evaluated by applying thee method.
® As calculated by NEDFT method to the adsorption branch of the isotherm.
¢ As calculated by theido) reflection peak of XRD patterns according to an hexagonal packing.
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Figure 10: (a) N, adsorption and desorptiorsothermsof several Melmo samples.
Numbers close to each curve indicate the corresponding BET SSA valu

Relative (b) PSDs (NMMEDT method) and (c) XRD patterns.
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Besides imogolite, BET SSA value of Mmo is negatively affected by the
presence of adsorbed water molecules or other impyntiegh limit N, accessibility
[23]. As a consequence, suitable pretreatment in vacuum is necessary to estimate the
real surface areaP?orosimetry analyses showed that meihybgolite nanotubes with
quite different textural parameters can be statistically obtained. All samples gheiv t
shape isotherms typical of microporous materials. vidng limited hysteresis loop can be
due to limited external mesopores, most probably derived from slit mesopores among
bundles.Moreover, they have a comparable inner diameter, while totahacwpores
volumes decrease as the BET SSA values decrease, till a minimum value of 0.30 and 0.09
cnt/g, respectively. This general trend could be evident also from the decreasing intensity
of the main XRD peak, even if cannot be considered a reliableréeat each case. In
fact, the main reflection of Mémo #3 (green) with surface area of 67¥grhas a higher
intensity as compared to Meno #2 (blue) and Mémo #4 (fuchsia), characterized by
surface areas of 819 and 66&gnrespectively.

As a whole Me-Imo #1 (black) is the sample withe highest surface arehl45
m?/g). Textural parameterare compared to those of the best common imogolite sample
obtainedin Table 2 Figure 11a and 11b present the corresponding adsorption/desorption
isotherms angbore size distributions, respectively. Surface area ofiteresulted to be
roughly more than twice as that of imogolitenér diameter length is also increagexdn
0.95 nm to 1.63 nm, thus confirming tivereased SSA value recorddd fact, larger
pores may form as cavities in the fibrous network of heterogeneous imogolite bundles.

Actually, it is necessary to highlight thamall deviations can occubetween
porosimetry and FESEMMHR-TEM results probably due tdhe applied methab for the
calculation of the PSD (zeolites kernel), which is not able to accurately desioeibe

structure of imogolite nanotubes.

Table 2: Textural parameters &fno and Melmo, outgassed at 30, as derived from combined
XRD patterns and Nadsorption isotherms at 77. K

BET SSA Internal External Total Micropores Inner _Outer
Sample (mg) S?A S?A poresvol. vc;l. . dlamet:[er dlamecter
(m7g) (m7g)  (cm7g) (cm’/g) (nm) (nm)
Me-Imo 1165 423 742 0.68 0.24 1.63 2.76
Imo 355 237 118 0.19 0.10 0.95 2.79

@ As evaluated by applying thee method.
® As calculated by NEDFT method to the adsorption branch of the isotherm.
¢ As calculated by thedo) reflection peak of XRD patterns according to an hexagonal packing.
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Figure 11: (a) N, adsorption (square) and desorption (triangle) kfe-Imo (black)
and Imo (red); (b) Correspondent PSDs (NEDT method).

3.6. CH4adsorption

The presence of laydrophobic inner surface along with an outer hydrophilic one

could be in principle exploited in adsorption processes aimed at gas sepagagion (

hydrocarbon recovery from wet gaseous streams) or storage: for this reason, adsorption of

methane was tested 30 °C orimo and Melmo, previously outgassed at 300 °C.
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For each sample, the first adsorption run was followed by a desorption step and a second

adsorption run was carried out afterawtgassingthe samples at 300 °C, to check

processreversibility and materials stabilityAs shown byFigure 2, both type of

nanotubesan reversibly adsorbed methane in the explored pressure range; furthermore,
second adsorption run values are not affected by the additional outgassing treatment,

confirming thermal stability of the adsorbent. Cuifite obtained by assuming
Langmuir model of adsorptioshow good agreement with experimental points: both the
maximum adsorbed volumes (76.81 and 2%6&/g for Me-Imo and Imo, respectively)
and equilibriumconstants (0.03 and 0.06 Baor Me-Imo and Imo, respectivelyvere

calculated.

40

30 1

204

10

Adsorbed CH, volume (cm® g™, STP)

Me-IMO

15

20

25

p (bar)

30

35 40

Figure 12: CH,4 adsorption isotherms at 30C in the 5 35 bar pressure rangmeasured
on Me-Imo and Imo previously outgassedat 300 T. Full circles: 1°
adsorption run; empty circles: desorption run; star2° adsorption run
performed after reoutgassing at 300C. Dotted lines: curvdits obtained by
assuming a Langmuirian adsorption mod§g23].

Alt hough the obtained average specific capacitiesatrstill comparable tthose

reported by other materiadggnerallyproposedasefficient methanedsorbent$24-26], it

results that Mé@mo adsorption capacity at 35 bar is 2.¥W#v, i.e. about 2.5 times larger
than that of Imo (1.4% wi/w), in agreementthwboth its larger pore volume and the

presence of a methylated surface.
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3.7. Conclusions

Overall, in this chapter a brief review about chemical modifications of imogolite
nanotubes, either by direct or post synthesis spwas presented. Particularynthesis
procedure and bare characterizasiohthe original hydrophobic imogolite structure, Me
Imo, were described in detail as well as itdgmtial application as methane adsorbent
Methyl-imogolite represents the starting mateiialthis PhD work br the subsequent
postsynthesis amination, which will be present in the next chapter.
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4.1. Introduction

Functionalization of a inorganic materiasurface by means of alkoxy derivatives
could bea complicated proce$&-5], especially when the amount of grafting substance is
large. The first attempt to carry out slylation reactions with hydrolyzed3-
aminopropyltriethoxysilane (APS) in aqueous media oimo was reported by Johnson
and Pinnavian 1990(6,7]. A selectivemodificationof the externalsurfacewas achived
if a little amount of 3APS is used6], while both surfaces arsilylated if the amine
precusoris present in excedd].

In this study for the first time the selective functionalization of the external surface
of Me-Imo is proposedthusobtaining a new material, labeled N@o-NH,. Amino-
ligands are kawn to offer reactive sites faeversible adsorption of G8], which will
be indeed studied by means of IR spectroscopy and volumetric measuremehtwo,Me
contrary to nearly all cases in surface chemistayy be consideregin altsurfae system,
of which the gross formula is simply (O#).0sSiCHs. The full functionalization with
3-APS of the external surfacef Me-Imo should lead in principle to a substenwith a
defined gross formuldyH,-(CH32)3-Si(O)3Al,03SiCHs.

This helps inchoosing the amount of 8PS to be used. The most evident choice
is a molar ratio 1:1 between (OJA),0sSiCH; and 3APS. Besides this composition, a
sample with a loading onlga one thirdof APS amount was considered and preferentially

used, for the follwing reasons:

o Due to the rigid structure of methihogolite, not all external AIQH)

groupscanpossibly react

o The bulky aminopropyl groups are likely to cover the surface even at

loadings lower than the theoretical one

o Aldi lutedo grafted phase is preferahb

spectroscopic studies, being better defined.
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4.2. Synthesis

Me-Imo was obtained as described @hapter 3 Few milligramsof the sample
were therdried at 150°C in vacuum for sours to remove moisture before the treatment
with 3-APS. To a stirred suspension of Mao in anhydrous toluenecé 60 ml), 3APS
was added in the molar ratios Mmo0:3-APS = 1:0.3 or 1:1. The resulting mixture was
then repuxed at 100°C for 12 h under a nitrogen atmosphere. The slurry was cooled to
room temperature and washed with toluene, the product then filtered and dried at room
temperaturePowder collected by introducing a 1:1 molar ratio will be labeled as Me
Imo-NH,-100, while for the 1:0.3 ratioMe-Imo-NH>-30. Finally, n order to remove
adsorbed water without altering the nature of the surfseples have been pretreated
usually at 150C in vacuum.

4.3. FE-SEM and XRD characterizations

FE-SEM micrographof Me-Imo-NH»-30 is shown in Figure la. Morphology
seems to be unaltered aftbe grafting procedure. Analogously to Inf] pfnd Melmo
[10], Me-Imo-NH2-30 results to be formed afterwoven fibers

Figure 1. FE-SEM image of Melmo-NH-30.
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Figure 2 compares the XRD patterns of Nieo (curve a), Me-Imo-NH2-30
(curve b) and Melmo-NH»-100 (curve c). It is noteworthy that all diffraction patterns
show basically the same reflections, although at different intenssttesuling out the
possibility that functionalization onlintroducesome disordering in the nanotube array,
making the distance between nanotubes to vary from point to point of the nanotube itself.
The packing array is probably either hexagonal or tetrag@oaffigurationcould indeed
depend on the water content, because nanotubes cross section may change from elliptic to
circular, on varying the amount of watetJ].

2500 + a

2000 +

1500

Intensity (a.u.)

1000

500

Figure 2: XRD patterns of Melmo (black, curve a), Mdmo-NH,-30 (blue, curve b)
and MeImo-NH>-100 (light blue, curve c).

For a moderate loading, reflections at relatively high angles are nearly untouched by the
presence of the grafted phaséoreover,the reflection ata 2g = 3.40°, tyical of the
ordering of nanotubes, @most at the sanfyg value However,its intensity haseverely
decreased by the presence of moderate amounts of grakie8.3

These evidence can be explained considering that the amination processot
alter in a systematic way the distance between nanotubes, contrary to what expected from
a naive point of view, buit just introduces disorder among the tubeActually, only

larger amounts of grafted material perturb bo¢laksposition and intensity.
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In fact, te reflectionof the main peakn curvec occursat a slightly higher value, so
suggesting that the presence of aminopropyl chains can make the nanotubes come closer.
According to the literature, the loss of order because of functionalizaiibn3-

APS hadeen already noted for mesoporous materigl2{14].

44. FT-IR and MAS NMR characterizations

Figure 3 reports theFT-IR spectra of Mdmo and Melmo-NH,-30 selt
supporting wafers outgassed at &) No molecular water is present, as shown by the

absence of the scissors mode band at 1630(downwardarrow).
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Me—lmo—NH;- 30
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Figure 3: FT-IR spectra of Melmo (black) and Melmo-NH3"-30 (green) outgassed
at 150 °C.
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The 2970, 2920 and 1273 €rbands ofMe-Imo-NH,-30 are the setching and bending
modes ofmethyl groups, respectively; bands at 2878 and 2823arminstead due tthe
stretching modes of CHjroups (squares). In thel® and NH bending region, the 1414
cm® band is related to GHyroups (square)nterestinglythe bands at 1608 and 1497 cm

! (asterisks) are not due to the primary amine functionality, but to deformation modes of
primary ammonium groups-RHs", as observed on aminated aluminosilicage$y].

The fact that protonated grafted species are foraeshite the synthesis is run in
anhydrous condition, could be explain considering the variety of mechanisms by which 3
APS is known to graft silica gl and alumina [Z] surfaces, respectively. Scheme la and
1b present the most probable arrangements dhatbe expected to be evidenced on
methytimogolite surface[6,7].

/_I \ O OH NHy Sis OH
)¢ O 1 OH

a

Scheme 1: Possible (a)Bpecies on alumina external surface; (bligomerization
of 3-APS precursor.

The assignment of protonated spedesonfirmed by the spectra in Figufie which
compares the N bending IR region of the sample as prepaaed the same after a mild
treatment with a 0.001 M NaOH solution, able to convert ammonium ions into substituted
amine species.

The absorptionmvelope in the upper curve is due to aluminol species ariite
the corresponding envelope in the lower spectrum of ieNHs"-30 (from now on)is
broader and more complex. An Evans window (Fermi resonance effect) is probably
present ata 3200 cni [18], a frequency close to overtones and combinatimales of

low-lying absorptions
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The more marked broadness of theHGstretching absorptionan be explained by -H
bonding interaction betweemnexchangedaluminol speciesstill present on the outer

surface, and grafted8PS.

IO.ZSa.u.

Me-lmo-NHZ- 30

1

Absorbance (a.u.)

Me-Imo-NH 3+- 30

T T T T T T T T T
1800 1700 1600 1500 1400 1301

Wavenumbers (cm™)

Figure 4: FT-IR spectra of Melmo-NH»-30 (blue) and Melmo-NH3"-30 (green).

MAS NMR investigations are in agreement wEf-IR results and confirm the
expected grafting mechanism proposed in Schemanthlb The aminated sample
analyzeds protonatedvie-Imo-NH3"-30. Despite it is generally assumemlbedifficult to
discriminate between protonated and unprotonated terminal amino grogjpsmfre
specific interpretations can be given if experimental and simulated NMR patterns are
compared. ParticularlyH and**C NMR simulated spectra of freshAS and 3APS

protonated are gathered in Appendix II.
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Figure % compares thé°Si MAS NMR spectra of Mdmo and Melmo-NHs"-
30 outgassed at room temperaturBhe former has a resonance @ -43 ppm
corresponding to SCH3 species on the inner surfacgé0]. The samepeakis also
present inMe-Imo-NH3"-30 with similar intensity, showing, asxpected, that the
inner surface remains unaffected because tA®3 grafting is likely taking place on

the outer surface of the Meno nanotubes (on thaluminumside).

Si-CH,

Me-IMO-NH,"- 30

Me-IMO

[ T T T T T T T T T T 1

0 10 20 30 -40  -50 60 70 80 90  -100

d (ppm)
= b
=
;ﬂ?
10 =20 30 -40

¥Si (ppm)

Figure 5: (a) °Si MAS NMR spectra of Mémo-NHs"-30 (green) and Mdmo (black)
outgassed at room temperature; (b) deconvolution’d8i MAS NMR spee

trum of Me-Imo-NH3"-30.
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Strong evidence for the-8PS grafting is given othe spectrum olMe-Imo-NHs"-30
by boththe absence of a resonance-46 ppm where ungrafted APS should appear
[19], andthe presencef a broad resonance in th€0-69) ppm range, which can be
assigned d one (ca -50 ppm) two (ca -54/-60 ppm)and thredegged (-69 ppm)
grafted species (Schemea,1Figure 5b [6,7,16,17,20-25]. The new peak ata -64
ppm may indicate silicon atoms being in different enivromest, involved in the
polimerization of 3APS (Scheme 1b)The ratio of the integrated areas of the broad
peak (3APS) and-43 ppmpeak (inner StCHj3) is approximately equal to 0.30, a
value coinciding with the synthesis molar ratie-Imo:3-APS = 1:0.3.This result is
the first evidence that the aminated precursor reacted quantitativeley.

Figure 6 shows the CP *H}-*C MAS NMR spectrum of Mdmo-NH3"-30
outgassedit room temperature antb0 °C. Traces of toulene are expectedly found in
fresh Melmo-NHs"-30 sample, as detected by the presence of two peaks at 128 and

124 ppm, respectivley.

Si-CH,
~ ~: A B C +
=Si-"CH,-"CH,-"CH_-NH,
CB
A
Me-Imo-NH *-30 150
c B
A .
L Me-Imo-NH"-30 RT
M .
I v 1 v 1 v 1 v 1 v 1 v 1 v 1
200 150 100 50 0 -50 -100 -150
d (ppm)

Figure 6: CP {H}-*C MAS NMR spectrum of Mdmo-NHs"-30 outgassed at roomr
temperature and 150 °C.
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Nevertheless, thermal treatment at 150°C is enough to completley removed the
solvent impurity. Moreover,he threecharacteristicesonanceat 98, 217 and44.4
ppm correspondhg to the threecarbon atoms in the hydrocarbon chain of the
aminopropyl group 16,20,26], are proper only of the aminated sample, while-th@
ppm peakis assigned to thearbonatom of the SICH; species,common to both
samplesNo other resonance can be observechan'tC spectrumconfirmingthat the
ethoxy groups are fully eliminated during the grafting procesgact, simulated®C
NMR pattern of pure APS (Appendix II) shows two peaks at 18 and 59 ppm,
respectively.

Figure 7 presents the comparison betw&h {*H}-*C MAS NMR of Me-
Imo-NH5"-30 and Melmo outgassed at 15C.

Si-CH
~—~: A B C + 3
—Si-"CH_-"CH,-"CH_-NH,
C B
A
Me-Imo-NH "-30 150
Me-Imo 150
I I ! I ! I ! I v' wl ! I ! 1
200 150 100 50 0 -50 -100 -150
d (ppm)

Figure 7: CP {H}-*C MAS NMR spectrum of Mémo-NH3"-30and Melmo
outgassed at 150°C.

'H-Echo spectrum of Memo-NHs"-30 outgassed at 15 is shownin Figure
8. Well resolved peakare presentcorresponding tdnydrogen atoms ofner methyl
groups bonded to silicon as well #isose of the aminopropylchain which thus

appears to be nedegraded during the reactio
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Particularly, the more shifted methylene group) (of the chain is that which is
directly bonded to the amino group) Evidence of the protonation of terminal NH
groups are the presence of resonances dtppm, which may indicate their particular
orientatiors on the surface. In fact, as compared to simulated pattdirEcho NMR
spectrum of unprotonated B8PS does not show peaks at higher chemical shift than 4

ppm.

—a A B c Dnppy * Si-CH
_—Si- CHZ- CHZ- CHZ- NH3 3
cBD A
NH3
I T T T T T T T T T T T 1
8 7 6 5 4 3 2 1 0 1 2 3 4
d (ppm)

Figure 8: *H- Echo MAS NMR spectra of Mémo-NH5"-30 outgassed at 150 °C.

Furthermore 2D HETCOR (Heteronuclear CorrelatiomH-*C experiment of
Me-Imo-NHs"-30 outgassed at 150 Y€igure9) confirms that nocorrelation between
outer chairs and inner methyl groups is presenthusit can beconcludel that they
belong todifferent domains.

Finally, on Al MAS NMR spectra of Melmo-NHs*-30 and Melmo
outgassed atoom temperature (Figure 10& similar resonance is observedcat5
ppm in both casesshowing that the coordination of theluminum atoms is not

affected by the functionalizatigprocess.
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Figure 9: 2D HETCOR *H-'C experiment ofMe-Imo-NH3"-30 outgassed at 150C.
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Figure 10: 2’Al MAS NMR spectra of Mdmo-NH3"-30 (green) and Mdmo (black)
outgassed at room temperature.
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Hence, from NMRadn FT-IR spectra it can beonfirmedthat 3APS wasselective
grafted on the external surface and aminopropyl chains remained inTdutse
observations lead to the proposition that extesiiadlon atoms are present in different
enivromentsj.e. involved in T* protonated species (x=1,2,3) apdrtially alsoin the

oligomerization of 3APS.

4.5. Porosity characterization by N, adsorption/desorption
isotherms

Figure 11a reportsN; isotherms a7 K of Me-Imo outgassed at 300°@nd Me-
Imo-NH3"-30 outgassedat 150°C and 300°C, respectively Relative Pore Size
Distributions (PSB) and XRD patternsare showrin Figure1lb and1lc. Both Melmo
andMe-Imo-NHs"-30 show a Type IV isotherm, with limited hysteresis loops. BET SSA
is 665 ni/g for Me-lmo, while that of Me-Imo-NHs"-30 outgassed at 15 is slightly
smaller (518 rfig). Correspondingly, a limited loss of total pores volume occurred,
basically due to a decrease in microporosity (TabldHtyever, if the aminated sample
is outgassed at 30T, total and external surface are drastically dectgdsem 518 to
303m?/g and from 499 to 188n*/g, respectively. In this case, Type Il isotherm seems to

be obtained.

Table 1: Textural parametersf Me-Imo-NHs" and the corresponding Meno source outgassed
at 150°C and 30C°C, respectivelyas derivedrom combined XRD patterns and; lddsorption
isotherms at 77 K

BET SSA Internal External  Total Micropores  Inner Outer
Sample (M) SSA SSA  pore vol. vol. diameter diameter
g (mg)  (m%g)  (cm’g)  (cm’/g)* (nmy (nmy’
Me-Imo-300 665 265 400 0.39 0.09 1.64 2.98

Me-Imo-NH;"-30
outgassed at 151

518 19 499 0.35 0.004 1.57 2.99

@ As evaluated by applying thee method.
® As calculated by NEDFT method to the adsorption branch of the isotherm.
¢ As calculated by the o) reflection peak of XRD patterns according to an hexagonal packing.
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As it will be explained in Chapter 5, when the stability of Imo,-lv® andMe-
Imo-NH, samples will be discussed in detail, 13C seems to be the limiting
pretreatment temperature that can guarantee the structural integrity of the aminated
sample. In fact, beyond this temperature, the aminated external group is completely lost,
as MAS NMR spectra at higher outgassing temperature in ultra high vacuum will
confirm. PSDs of Melmo and Me-Imo-NH3"-30 show indeed a decrease of the pores
population atca 2 nm, along with some formation of mesopores. A possible mechanism
for the decrease in microporosity is the blockage of pores mouth by grafied 3vhile
a grafting at the inner wall seeming unlikely.

Finally, it can be interestingly noticed thahe irtensity of the XRD (100)
reflection forMe-Imo-NH3"-30 outgassed at 30T, grows upon thermal treatmerithis
behavior can be explained by a more ordered packaging of nanotubes due to water
removal[11], in contrast with what usually observed with botfol[9] and Melmo [10].
Moreover,even if the external aminopropyl group is not present, nanotubes integrity is

preserved.
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Figure 11: (a) N, adsorption and desorptioisothermsof Me-Imo-300 (black),Me-Imo-
-NH3"-30 outgassed at 156C (green) andMe-Imo-NH3"-30 outgassed aB00
°C (pink). Numbers close to each curve indicate the corresponding BET SSA
value; (b) PSDs (NEFDT method) and (c) XRD patterns.
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4.6. XPS and TGA-Mass characterizatiors

XPS spectraof Me-Imo-NH3"-30 and Melmo are shownin Figure 12. As
expectedN;sline at 399.4eV is present only in the aminated samflg, line at 531.8 eV
is specifically assigned to atoms connectediticon atom(Skp at 101.8 eV [27]. As a
surface characterization technique, XPS results proof thi@basilanes are present at the
outer surface, as reported ithe literature for similar systems28,29. Chlorine
contamination from perchloric acid, used in the hydrolysis step of the synthesis, is
evidenced by the peak e& 200 eV.

35000

30000 -

25000

» 20000 ~

-

C

15000
10000 ~

N
5000 - A

{

4

4
>

T T T T T T T
600 500 400 300 200 100 0
Binding Energy (eV)

Figure 122 XPS spectra oMe-Imo-NHs"-30 (green) and Melmo (black). As expected,
Nisline is present only in the aminated sample.

Figure 13a reports both integral and differential thergmvimetric curves for
Me-Imo andMe-Imo-NH3"-30. Whereas withho, a prominent weight loss related to the
release of molecular water occurs below 250 °C, Wwitth Melmo and Me-Imo-NHs'-

30, the loss of molecular water is much more limited and occurs at lower temperatures,
due to the& higher hydrophobicityThe mass loss at about 325 with Me-Imo is related
to the dehydroxylation of the outer surfad€)][ i.e. the removalof Al-OH groups: such

process takes place at about the same temperaturesneifa]l
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With Me-Imo-NH3"-30, the mass loss at higher temperatures is due to the decomposition
of the organic moiety, because fragments likeOH CHs", NH*, CH;", NHy", NH3",
C.H," are release(Figure13b). Little variations from MAS NMR results concerninje-

Imo-NHs" stabilitycould be due to the different operaticonditions,i.e. level of vacuum

achieved.
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Figure 13: a) TGA analysis in flowing N of Imo (red), Me-Imo (black) and
Me-Imo-NH3"-30 (green); b) Mass data foMe-Imo-NH3"-30.
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4.7. Conclusions

Synthesis procedure structure and chemical properties of a neawminated
nanotube material of theethytimogolite type by a post synthesis reactitvave been
describedTechniques employed confied the selectivefunctionalization of the external
surface Reaction with 3APS does not concern only the external portion of the nanotube
bundles: it also brings about a limited loss in microporosity, probably because of grafting
at the mouthof nanotubesand an increased disorder in the alignment of nanotubes,
without a big loss of specific surface area and without a sizable change in the distance
between nanotubeBT-IR spectroscopy shows that terminal Ngtoups are protonated,
and that a mild treatment with a dilute NaOH solution can bring back the expettesl a

functionality.

As a general conclusion, it is worth of note that, in contrast with the more famous
carbon nanotubegmo-derived nanotubes may be functionalized under mild conditions
by means of direct or postynthesis procedurdn particular, poperties of both the inner
and the outer surface may be properly changed, and the hydrophilicity of the material
may be modulated as well as porosity and thermal stability. This may open the way to

new and promising applications.

4.8. CO, adsorption

48.1. FT-IR measurements

Figure ¥a shows the FTR spectra in the 240R000 cni region of Melmo-
NH,-30 sample unprotonated in weak basic solution, as commonly suggested in literature
[30,3] and outgassed at room temperature in interaction with (B@ssure range-60
mbar). In order to obtained reversible adsorption of carbon dioxide on the surface of
aminated adsorbents, at least two unprotonated aligawds should be available. In fact,
interaction between CGQnd primary amines(Scheme 2) irthe gas phase, leads to the

formationof alkylammoniumcarbamatepecies, according to the following reaction

2 RNH, + CO, --> R-NHCOO *HsN-R (Eq.1)
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Scheme2: Schematic representation alkylammonium carbamate species the outer
surface of Melmo-NH2-30.

The presence ofelative carbamic specias assigned to theoexistence ofl554, 1441

and 1330 cm bands[29]. With respect tditerature, which refers mainly to mesoporous
grafted adsorbents like SB25, the former band in case of imogoliike materials is
shifted from 1595 to 1554 ¢m Physisorbed gas (2339 &jnand carbonatéke species
[32,33 are also formed oMe-Imo-NH,-30 surface, by the interaction of the gas with
free aluminols on theurface, as the raising band at 1670'dsand present in bothle-
Imo-NH>-30 and Melmo samples (Figure4b), confirms. Particularly, the position of
this band at the surface of metal oxides refers to bidentate carborgjtesHe result
achieved is in agement with the previous MAS NMR a®d-IR results on the fresh
sample. In factthe entireaminated precursor reacted with the surface, leading to the
formation of different amino species (Scheme 1), leaving some free aluminol groups thus
being able toeact with carbon dioxidd=or comparisonteactivity of mogolite towards
CQO, is shown in Figure 4c. It is evident thathe gasmay interact with nanotubes in

different waysj.e.

1) Me-Imo-NH2-30, by forming quite reversibleearbamic specie@d554, 1441,1330
cm?), physisorbedC0, (2339 cnit) andbicarbonatespecies (1670 ci).

2) Me-Imo, by reversible physisorption as shown by the characteristicp€ék at
2341 cm™. Carbonatdike species are also formed, as the presence of the 1670,
1451 and 1325 cthbands confirm. Accordingly, the 1554 ¢nvand, typical of
carbamic species, is not present, as highlighted by the downward arrow in Figure
14b.
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3) Imo, by reversible Fbonding interaction with inner silanols gro@p342 cnt
band)and by the formation otarbonatdike speciest the outer surfagc&vhich is
known to beweakly basid9] (1652 and 1410 cthbands)
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Figure 14: CO, dosage in the 0 mbar pressure range on (a) Meno-NH,-30, (b)
Me-Imo and (c) Imo. All samples have been previously outgassed at rot
temperature.
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4.8.2. Volumetric measurements

Figure B reports theCO, adsorption isothermat 0°C of unprotonatedVe-Imo-
NH2-30 outgassed at50°C, as well asmo and Melmo pretreated at 308C, up to 0.03
atm. Despite comparable volumetric £aptakes (crilg) are found (Table 2)le-Imo-
NH2-30resulted to adsorb a higher amount with respeaintods well asa slightly lower
amountas comparedo Me-Imo. This result is reasonabfncenot all the outer surface
has been functionalized, &-IR evidence showednterestingly,the only Langmuir
model interpolation of data revealed to be not satisfactory. ®&mrahtrary,combining
Langmuir and Henry modebk (Table 3, curve fittings resulted to be acceptable.
Comparablevalues of the thermodynamic constant of interacgkr) arefound for Imo
and Melmo, while a greater value is obtained in case oflMe-NH>-30 (Figurel6).
These results areconsistent with the presence of two adsorpsesat the inner ad at

the outer surface of thebes respectively.

Table 2: Textural parameters ofrlo, Me-Imo and Me-Imo-NH»-30, as derivedfrom
CO, adsorption isotherms &t °C. Parameters estimatday combiningLangmuir(L) and
Henry(H) modek arealso reported.

Sample CO; uptake (cri¥g) Vi KL Kn Adj. R-square
Me-Imo-NH»-30 36.5 16 345 345 0.99932
Me-Imo 41.6 17 281 280 0.99950
Imo 32.7 21 282 282 0.99502
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Figure 15: Volumetric CQ adsorption isotherms at 0°C on Mieno-NH»-30
(stars), Melmo (triangles) and Imo (squares).
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Figure 16: Curvefits of volumetric CQ adsorption isotherms with Langmuir, Henry
and combined Langmuir/Henry models for (a) Meno-NH»-30, (b) Me
Imo and (c) Imo.
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Finally, Table 3 gathers volumetric GOptakes thathavebeen estimated by other

authors for common solid adsorbents, in the same operative conditions

Table 3 Recent review of CQuptake in the operative conditions of this study of
common solid adsorbents.

. CO; uptake
Adsorbent ércndrrf or B I(Er'rII'Z/S?A (cC/thasorbent STP) Reference
P 9 at 0.03 atm and O°C
Me-Imo-NH»-30 3-APS 518 36.5 This study
Me-Imo 665 41.6 This study
Imo 355 32.7 This study
Zeolite 13X 482 125 34
YO-MOF 20 35
MOF-5 --- 811 17 36
Microporous
Zn-MOE --- 41 4 37
Zn-Adeniate
MOE 20 38
MOF SNU77  DMA 3670 Comparable with 39
Me-Imo-NH>
Aminated 3 Apg 9 40
Silica gel

4.8.3. Conclusions

Interaction of imogolitdike materials with carbon dioxezhowedthe presence of
two adsorptiorsitesat the inner ad at the outer surface of the nanwes,respectively.
Besides the physisorbed gas, which is present in each samgdesei of Mé@mo and Imo,
only reversiblecarbonatedike speciesareformed while for Me-Imo-NH; quite reversible
carbame species aralsopresent confirming the successful functionalizatiovioreover,
comparablevolumetric adsorption measuremeris CO, are found, according to the

following sequence
Me-Imo > Me-Imo-NH2-30> Imo

This result is reasonablsince not all the outer surfacef Me-Imo has been
functionalized As a whole, with the exception of Zeolite 13X [34}hich is a well
known good adsorbent, imogolité&e materials evidence comparable uptake capacity

with common fresh and aminated MOF (Metal Organic Frameworks) materials.
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PhD Thesis: Hybrid organic/inorganic nanotubes of imogolite type

5.1 Introduction

Besides physicathemical properties, it is of paramount importance to study the
thermal stability of solid materialan terms of structural modifications and related
featuresdue to thermal treatments up to high temperatures

The collapsing mechanism of natural occurring imogolite and synthetic imogolite
has been proposed for the first time by Maazieet al. in 1989 [1]. MAS NMR
observations suggested that at least two fracture schemes may be encountered, leading to
different lamellar structures (Schemé& and B).

Al Al
Al cleavage
m r}\
Al Al
Al Al
A

Si i si Si
| : 1
Al S Al

{

Al Al Al i
si_ St
Al
AT Al
Al Al Al Si S Si S Si
Si Si Si A Al Al Al Al
Si Si Si Si Si Si Si Si
A Al
i N N Al Al Al

Scheme 1: Collapsing mechanisms (A or B) proposed for Imo sample by MacKer
etal. [1]

In general, elimination of the €H groups is expected to proceed by cleavage of
the nanotubes, which can have been started by dehydroxylation of some extedhal Al
groups2].
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Firstly, the loss of structure integritmay happen across nanotubes diameter, causing the
tubes to flatten with the formation of the following repeating sequene@®-3iO-Si-O-
Al (Scheme A). A second mechanism proposedants instead the vertical cleavage of
two adjacent nanotubes to happé&s. a consequence, they eventually condensate in a
different lamellar structure. In fact, in this second case hydroxyl elimination would occur
between silanols groups of one tube and aluminol groups of a second tube, resulting in the
following repeating ums: AI-O-SiO-Al-O-Si (Scheme B). Despite this, the latter
mechanism was considered less likely, both on the basis of theoretical calculations and
structural considerationsg. the presence of low concentration of@H groups in close
proximity, thusnot allowing thecondensatiotetween close tubgs].

Recently, new details about dehydration, dehydroxylation and partial re
hydroxylation of imogolite up to 408C have been proposed by Nair andvaarkers B].
They agree withthe first collapsing mecanism occurring forrho and mentioned by
MacKenzie. Moreover, they proposed in detail the structural changes referring to the
dehydroxylation of the external nanotubular gibbsite layer, on the ba$l&\loFAS-
NMR measurement®articularly, hree diffeent layer structure were identified in which
Al(V1), Al(IV) and also Al(V) atoms are present, the latter being NHitRisible for old
instruments.

Nevertheless, no information is available for the irreversible collapsing
mechanism ofrho and those ofhe new successfully synthetizekybrid imogolitelike

materials Me-Imo and Melmo-NH;"-30.

52. MAS NMR measurements

Figure 1A and 1B show tH8Si MAS NMR and?’Al MAS NMR spectra of ino
outgassed at (a) 150 °C, (b) 3060 and (c) 500°C, respectively. A recent papémas
demonstrated a quite reversible formation of silanols upon rehydration &€48D The
quantitative’®Si experiments reported here show instead that the irreversible collapsing of
nanotubular imogolite into an allophalike lamellar structure via silanol condensation,
Q%BAl) A Q*6Al), occurs at 500C, as clearly seen by the presence of a single broad
peak centered a®3 ppm [L]. Moreover, this is also confirmed by the total disappearance
of the-80 ppm peak, which isommonly assigned to the presence &6@8I) species in

the imogolite nanotube structure, up to 400[1,3.
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A
a
b
Cc
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Figure 1: (A) *°S MAS NMR and (B)?’Al MAS NMR spectra of Imo outgassed at
(a) 150°C, (b) 300°C and (c)500°C. Stars denote spinning sidebands.

Irreversible morphological changes are expected al$6AINMAS NMR spectra.
In fact, up to 150C, aluminum atoms are only VI coordinateal shown byhe presence
of the single peak 4.5 ppra 300°C, a partial contribution of Al(V) ata30 ppm B] and
Al(IV) at ca 60 ppm B] appears, while at 50T the octahedral Al sites are only a minor
part of a broad band in the 8040 ppm range, in whicthe threedifferent aluminum
environments can be still distinguished. XRD patterns angbHysisorption isotherms
reported inour recent papenave alreag foreseen these resuli).[ Overall, for imo the
unique and most probable collapsing mechanism proposed byKéviae which

corresponds to the cleavage across the tubes, can be confirmed
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Interesting and quite different results with respectno,lwere obtained for the
two hydrophobic imogolite samples. Both samplesed outo be stable, as well amb,
up to 150°C. Howe'er, at 300 °C a smathodification of the structure is evidemtill
the irreversible collapsing intorentubularstructure ab00°C.

Firstly, the effect othermaltreatment on the different samples was studietf®y
NMR. CP {*H}-*C MAS-NMR of Me-Imo (Figure 2A) andMe-Imo-NH3"-30 (Figure
2B) outgassed at (a) 150 °C, (b) 3Wand (c) 500C, respectively, as well d3C MAS-
NMR of the samples outgassed at 5@ (d), confirmed that below 15T the grafted
species stay nearly unaffected

Si-CH, A

. A B [}
~—Si-"CH,-°CH,-“CH - NH,

C B

75 I 60 I 45 I 30 15 I 0 I -15 I -30
d (ppm)
Figure 2: CP {H}-*C MAS-NMR (A) Me-Imo and (B) Me-Imo-NH3"-30 outgassed
at (a) 150°C, (b) 300°C and (c)500°C. Relative *C MAS-NMR spectra
are reported in curves d.
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With Me-Imo-150, a single peak due to inner -€H; group, at-1.2 ppmis
observedlt is indeed aeasonable chemical shift value for such spesiesg this type of
bond is the same present in TMt®tramethylsilang)i.e. the NMR reference used for
silicon atom. Howeverat 300°C the silicon environment of MBmo changesas can be
seen from the contribution of a second peak risingaat6 ppm. Carbon negative
chemical shift in MAS NMRspectraare not so commady found, as the lacking of
literature revealsHowever, they can be assigned to the presencgnafar dendritic
carbosilanes structure$][ At 500 °C, nanotubes completelgollapsed. Themethyl
species resonance shifb the-4.3to -8.6 ppm rangand the decreadeverall intensity
shows a signitant loss of the total amount of carbon atom& possible explanation
could be that part of methyl groups leave the structure at 5@0RC part remains but
with a different environmentas confirmed bythe chemical shift change. Finallg new
peak at 30ppm reveals the possibility that some of the methyl groups react with OH
species, which lead to the formation ofG3,-O-Al groups.

An analogue result was obtained for aminateimo-NH3"-30. In fact, only up
to 150°C the nanotube structure as wellesouter aminated surface is preservadact,
inner StCHz; and methylene signals are present,-h2, 9.5, 21.8 and 44.5 ppm,
respectively At higher temperaturestarting from 80 °C, the grafted chain on the outer
surface is almost lost, as the ajipearance of the propyl carbon chain peaks revealed.
Despite this, SCH; inner grous arestill present. At 500°C, both theCP {*H}-*°C
MAS-NMR (c) and direct*C (d) spectra shovinsteadthe formation othe new peaks at
30 ppm and negative chemiagakonances the 0 to-10 ppm rangerespectively, at the
same positions of thosvidencedor Me-Imo-500.1t is important to not that after 30C
both side of the nanotubes preserCSk; groups.

Overall, t is thus difficult to conclude on the actuakechanism of the collapsing
process, as the above results seem to be in contradiction with previous theory.

Figure 3 andrigure 4present thé°Si MAS NMR spectra of Mdmo and Me
Imo-NH5"-30 outgassed at (a) 150 °C, (b) 30C and (c) 500°C, respectively.
Coherently with the previous results, silicon environment of th€t% group starts
changing at 300C, when a new peak arisecat-90 ppm T species of Mdmo-NH5"-30
are almostost at 3M °C, even if tubes structure is maintain@dhile at 500°C the same

nontubular phasasMe-Imo-500 is obtained.
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Figure 3: °Si MAS-NMR of Me-Imo outgassed at (a}50°C, (b) 300°C and (c)500°C.

u /N c
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Figure 4: ?°SiMAS-NMR of Me-Imo-NH3*-30 outgassed at (a)50°C, (b) 300°C and
(c) 500°C.

The presence of a peak &0 ppm and the peak centered-80 ppm can be
explained if it is assumed that someG3iy species are actually included in the final
structurg as well as the formation of-&-Si linked. The first resonance is consistent with
the fact one part of the €iH; is present at the external surface of the laminar ftien
following the second mechanism proposed by MacKenzie. The second pieskes

only possible if the Ckare removed, and if new bounds between silicon are created (Si
O-Si).
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Moreover the twohybrid imogolitesamplesseem to react in the same wayen if some
modification on the surface decrease the accessibility40H\Qroupsand the possibility
to form SiCH,-O-Al. Nevertheless, it is important to note that for-Meo-NH3"-30 the
total amount of carbon is much lower than on-M®w and the species ®lH; and Si
CH,-O-Al can be present in minority.

As a general comment, is probable thatvith these two sample botltollapsing
mechanisra take place the first one when methyl groups are removed at high
temperature (higher than 30T); the second oneif methyl groupsof two closed
nanotubesre able tacreate SICH,-O-Al links. Thelatter mechanism seems to be less
probable. However, itan explairnwhy species at40 ppm orf°Si MAS NMR are present
with very low intensity.

Finally, the?’/Al MAS NMR spectra oMe-Imo (figure 5) and Me-Imo-NHs*-30
(figure 6) outgassed at (a) 150 °C, (b) 3UD and (c) 500C arereported Similar results
to Imo are obtained (Figure 1B). In fact, at 300 °C, aluminum environment starts
changing, accordingly t6°Si and**C MAS NMR evidenceHowever, it is remarkable
that > ’Al MAS NMR spectra of Mdmo and Me-Imo-NH3"-30 at 300°C present less
modification than at 150°Cascompared to same experiment anol This isa strong
evidence that the functionalized structure is less sensitive to the tempekédueever,
both structurs eventually show theamealuminumenvironment which is in agreement

with the fact that both samples collapsed in the same way.

* a
A
b
C
I T T T T T T T T T T T T T T T T T T T T T 1
140 120 100 80 60 40 20 0 -20 -40 -60 -80
d (ppm)

Figure 5: 2’Al MAS-NMR of Me-Imo outgassed at (a}50°C, (b) 300°C and (c)500°C.
-113-



PhD Thesis: Hybrid organic/inorganic nanotubes of imogolite type
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Figure 6: /Al MAS-NMR of Me-Imo-NH3"-30 outgassed at (a}50°C, (b) 300°C and
(c)500°C.

5.2.1 Cross polarization (CP) study on Me-Imo outgassed at 500C

Basics of CP technique are discussed in Appendixdnlithis section, cross
polarization study on Mémo outgassed at 500 °C is presented. Particularly, CP
dynamics of°Si nucleus provides information on the effective magnitude of*®ie'H
dipolar interaction experienced by the silicon nucleus. The gain in signal sensitivity is
caused by the transfer of magnetization frb to %S i d ur iccontadt tinee U
(Figure 7), which ideally gives an enhancement in intensity by a factor of 5j(= )

[6]. Moreover, this kind of sequence acts like eHSfilter, since only silicon species that
are dipolar couples tiH are detected by this rf pulse schevie

For this dynarangecorsidered iy Q3 mshFguré8 shows the
CP #Si'H MAS spectra collected: two main peaks seem to be affected by the
polarization, at-42 ppm and-90 ppm, respectivelyln order to estimate thé®Si
magnetization, M( dJ), an analytical expressiomust be derived. Eqg. 1a and 1b shows a

simplified theoretical equation
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Figure 7: The CP (Cross Polarizationpulse sequence. The effect of the sequersc®
transfer magnetization fronthe abundant'H spins to the X(= 2°Si) spin via
the agency of the dipolar coupling betwedr and ?°Si spins.
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Figure 8: CP {H}-*°Si MAS dynamic studyon Mé mo out gas s@d
contact time was varied from 0.5 ms to 80 ms.
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0 6 —X DJp Q % EpA

o % RpA

whereM"(0), is the'H magnetization after the 90*H pulse, T, | is the'H rotating

frame relaxation timeT ;' the °Si rotatingframe relaxation time antis is the *H-2°Si

CP time.Accordingly to literature concerning inorganic material§ e assume that

T, >> T, . The time constantslsiyand T, /', as well asM™(0), can be determined

from a threeparameter leastquares fit of Eq. 1 to the signal intensities observed in the
dynamic CP study. Figur@ and 10 present the experimental data fitting for pead2(

ppm) and peak-20p p m) , respect i ¢m@ntespolation equwatiansiade alsa g h
indicated. Table 1 gathethe estimated parameters.

Table 1: Tsyand T; |, and M'(0) parameters estimated tiyee
parameter leastquares fit of Eq. 1.

Parameter Peak (42 ppm) Peak (90 ppm)
4 4.4ms 1.7ms
4, 225 s 233 s
- T 18.8 a.u. 6.7 a.u.

The values reported in Table 1 for both resonance show that the polarization of the
species at42 ppm is mah sbwer than that of the species-80 ppm, in agreement with
the fact that the resonance-42 ppmis attributed to SCH;z at theinner surface. The
mobility of the protons of the GHgroups strongly reducetheir ability to polarize the
attached silicon.

In a previous study, McCucheet al.[8] found values of § = 1.53 ms and’; j*
= 157 ms. These values were obtained for an imogolite at room temperatigefor
silicon in the form &(6Al) with an OH groups corresponding to the peak8ftppm on
?%Si MAS NMR of Imo.
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Figure 9: Experimental data fitting of the evolution of peak42 ppm) intensity
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Figure 10: Experimental data fitting of the evolution of peak90 ppm) intensity

atdifferent W, value. Low, high and theoretical equatierof the 2°Si
magnetization aralisplayed.
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5.2.2 ’Al MQMAS of Me -Imo-NH3"-30 outgassed at 500C

Basics of bidimensional MQMAS technique are reported in Appendib Ithis
section, quantitative and more practical analysis of the MQMAS spectrum -ofbie
NH"-30 outgassed at 500 °C, is discussed in detail.

Generally, an MQMAS spectrum of a solid sample can be schematically

represented as shown in Figure[2Q]L

Figure 11 Representation of a general MQMAS spectrum with tledativemain
parameters CS, chemical shifexis, QIS, quadrupolar axis(dot line);
Po, second order quadrupolar effe@lefined in the text)

It shows resonance bands aligned to aax# of slope R, function of the coheremrand

parallel to F2axis{ , defined by the following equation (Eq. 2)

. o}
Yn no 5 (Eq.2)
The quadrupolar chemical shiitgs, is defined as follows (Eq. 3)
1T @& —H A8 —O3-100p on A7 p (Eq.3)
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wherel is the nucleus spin,, defined as the slope of the quadrupolar axis,- QIS
axis,] is the Larmor frequengy is the quadrupolar splitting and 1 is the zere
rank coefficient of the central transition. Particulaftyr ’Al (I = 3/2), R and values are
79 and-3,repectivel y. T h&, ard the sa¢ondaotder guadrupdlar effact
parameter, & (Eq. 4), are easily obtained by the projection of the gravity centers of
resonance corresponding to theadis and Ql&axis. Pqg is a function of the quadrupolar
couping, Co, and of the tensor representing the electric field gradignt,

b 0 0p — (Eq.4)

If the quadrupolar interaction is negligible, the resonance would appear as a
narrow peak of coordinate§d Ucs 3 Ucg), on the multiplequantum and monro
guantum direction, respectively. Thus, it is possible to define the chemical shift axis, CS
axis, passing from the origin (0,0) with slope pf

Figure 12 shows the MQMAS spectrum of #eo-NHs"-30 outgassed at 50C.

As already discussed above, analogously to imogolite [1,3,10], thermal treatment on
hydrophobic imogolitdike materials causes the collapsing of the nanotubular structure,
so forming new Al(IV) and Al(V) sites, besides the original Al(VI). This spectainly
shows that the three peak observed on“lé MAS spectra(Figure 6)are distinct
species and not the features of a single spegtas often happenwith quadrupolar

nuclei such as Al.

[+ ] | —— L PE— P S —" PR L
90 80 70 60 50 40 30 20 10 0 -10 -20 -30
F2 (ppm)

Figure 12: 2’Al MQMAS of Me-Imo-NH5"-30 outgassed at 500C.

-119-



PhD Thesis: Hybrid organic/inorganic nanotubes of imogolite type

5.3. TGA-Mass measurements

Figure Ba and Bb show the mass fragments leaving the surface odnive
NH5"-30 and Melmo, respectively.

.
Me-Imo-NH 3"-30 fragments a
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<
o
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Figure 13: Mass fragments leaving the surface of (a) Mi®o-NH3"-30 and (b) Melmo.

As already discussed in Chapter 4, mé&sgments released bgminated methyl
imogoliteareH,O", CHs", NH*, CH,;", NH,", NHs", C;H;" confirming the decomposition
of the outer organic layer and, consequently, the successful amination procedure of the

material. Unexpectedly, the main fragment leaving -Meo surface, @Hs", is not
detected for Médmo-NH;"-30.
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Since MAS NMR results clearly evidenced that the two methylated imogolite materials
collapse with the same mechanism, thus forming the same segregated phase, this result
could be explained considering that the et@yH;" fragment, which leaves Miano-

NHs"-30 surface, is not coming from the outer chain but from inner tubes.

54. XRD patterns

Figure 4 reports the comparisaamong theXRD patterns of fresh Imo, MbBno
and Me-Imo-NH3"-30, with the correspondingatternsof lamellar phases obtained by
heatingat 500°C under Ar flux The resulting single reflection at highzrMs coherent

with lamellar phase patterns of aluminosilicates [11].

‘‘‘‘‘‘‘

\_j\___w\ Imo

Intensity (a.u.)

Me-Imo

2q
Figure 14: XRD patterns offresh Imo (straight, red), Mdmo (straight, black) and
Me-Imo-NH3"-30 (straight, green) andhe corresponding patterns (dot
lines) of samples heated at 50GQ under Ar flux.
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55. Conclusions

XRD diffraction showed that nanotubes integrity of Imo,-M® and Melmo-
NH5"-30 is maintained up to 300 °C.

TGA-MS analysigevealed thagrafted amino groups of Meno-NH3"-30 start to
decompose above 15. Massfragmentsleaving the surface caminated methyl
imogoliteareH,O", CHs", NH", CH;", NH,", NHs", C;H," confirming the decomposition
of the outer organic layeand, consequently, the successful amination procedure of the
material.

Collapsing of the structure is evidenced instead by the formation of a lamellar
phase at 500 °GVith Imo, the mechanism proposed wants the cleavage of nanotubes to
happen across thaiiameter, causing thHermation of the following repeating sequence
Al-O-SiO-Si-O-Al. With hybrid imogolitelike sanplesthe mechanism is much more
complex. Two processes seem to act subsequently: the first one, when methyl groups are
removed at highemperature (higher than 30Q); the second onef methyl groups of

two closed nanotubes are able to creat€iHi-O-Al links.
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6.1 Introduction

Catalytic and adsorptive properties of solids depend on their surface chemistry.
Particularly, FFIR technique can provide direct information about the functional groups
and adsorbed species present on the surface, as well as their coordination arddadtrengt
interaction [1,2]. As a consequence, information about the acidity/basicity of the material
can be acquired. However, in order to discriminate between bulk and surface species, a
study of the interaction between solid adsorbents and probe molecidebemerformed
[1-5]. The alteration of the spectral features as a result of the adsorption can provide
information about the surface sites. An idE&lR measurement should meet these main
criteria [4,6]:

1 The extinction coefficients of the informatin'ands must be as high as possible.
Moreover, these bands should be in spectral regions in which the sample is

transparent.

1 Probe molecules should not cause any chemical modification of the surface and
they need to be small enough to avoid steric hindrasfcehe adsorption.
Additionally, they should have spectral parameters that are sensitive to the sites

states on which they are adsorbed.

Probe molecules may be classified according to their abilities to test surface acidic sites,
basic sites and oxygema&ancies.

There are two kind of surface acidity, Lewis and Brgnsted. Brgnsted acid sites are
surface hydroxyl groups that provid€ kpecies for protonation of bases, whereas Lewis
sites are cus cations. It follows that probe molecules for determindtgurface acidity
may be strong or weak bases [7,8]. The most frequently used strong lBasmadaia
[7,9-11]. NH3 can interact with acidic Brgnsted and Lewis sites through the lone pair of
the nitrogen atonParticularly, he interaction with acidic Brgted sites can lead to the
formation of ammonium ions. Monodentate, bidentate, tridentate species might be formed
depending on the number of sites interacting with pgletons of each ammonium ion
[12,13] Such structurebave different vibrationalactivities due to theidifferent local

group symmetry.
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At high dosing pressures, ammonia may interact also with silanols, forming very weak H
bonded species [12,14].

Surface basicity has instead to be estimated by dosing an appropriate probe
molecule, with must have an acidic part. Out of the possible pratsbon monoxide
is widely used. ltcan give a interaction of the acid/basgpe, as a consequence of a
polarizationof the 50 lone pair orbital, mainly localized on tlwarbonatom. As the &
lone pair orbital has a partial antibonding characted, &isorptioncausesan increase of
the 3(CO) stretching frequencyfree molecule3s(CO) value is 2143 cif), whose extent

measures the strength of the alb&ke interaction Hj.

6.2 Surface sites ofmogolite-type materials

A schematic representation of imogolited methyimogolitetube composition is
given in Scheme 1As confirmed by MAS NMR reported in Chapter 3, inner silicon
atoms are in tetrahedral coordination, while Al(OH)AI outer network is constituted by

six-coordinated aluminum atoms.

. 01\1 OH
o \J o
F N
—o_ ,0  OH
4 —OH  0—
x” ud o' sin—o—
\ i/
o’ /\ o -
s PAVANRN
X = OH, CH, OH OH

Scheme 1: Representatiasf imogoliteand methylimogolite bulky andsurface sites.

According to the minimum formulaf imogolite (OH)3Al,O3SiX, where X=OHor CHg,
aluminum atoms are connected to two different hydroxyl groups, bridgeteemahal
the former expected to be more acidic. In caseamfnated methyimogolite, more

complex surface sites are present (Scheme 2).
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: 71N\ o
/! \ O OH NH;* Si~OH
YO | O
O | OH

a b

Scheme2: Representatiorof aminated methyimogolite outer surface, (a) Tspecies
and (b) aminated groups deriving from the oligomerization cARS.

As already figured out in previous chaptéréyl MAS-NMR resuls showedthat
bulky and surface aluminols in Imo, Mo and Melmo-NH, samples are only six
coordinated Nevertheless, it is likelfor the surface aluminok® haveslightly perturbed
AlV! sites, since one coordination involves the”AD)SiY bond, leading to distortion of
the classical Al environment (Scheme 1). Codsiing instead the internal surface,
catalytic activity, if any, should be related only to inner silarmissent inlmo and
reasonably not to the-8iH; groups of Melmo and Melmo-NH..

With ammonia in case of imogolite materials an analogue interaatiechanism
occurring on zeolitic materials surface is expected. In fact, it is known from the literature
that gqaseous ammonia can interact wilbidic hydroxyl sites 4), according to the

following equilibrium

Z-OH + NHyqyZ Z-O + NH," (Eq.1)

in which case ammonium cations are forn@dheme 3) [12,13]. This behavior is also
proper of pure alumina samples [16] and free silanols groups interacting with ammonia
[12,14]. However once ammonium species are formed, new Nidleculescaninterad

by H-bond,

NH4Jr + NHg(g) Z N4HNH3 (Eq 2)
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showing the formation of a solvated ammonium catiogA (shorten notation for
NH;"-NHz). At this condition, only monosolvated ammonium species are formed. On the

contrary, if the equilibriunpressure of ammonia is further increaseesalvated species
generate

NH4+'NH3 + NHg(g)z N4H(NH3)2 (Eq 3)

. . H
; i : l E
o o .

[ N o e}
H H’l H' ,-NH3
Ham | -
r/ "

H

; '
; :
§l

‘NH\\ /H/ -NHy
‘/ \H ﬁ-——\-*"“ .-
[] L]
b N,

; i

b b

Scheme 3: Surface species that can be formed by the interaction of ammonia \
acidic hydroxyl groupsof NH4-ZSM-5 zeolites. Bl, B-2 and B3, repr
esent the bare bidentate ammonium, bidentate ammonium species t
bonded to an NHmolecule and ammonia molecules interacting with
NH," species, rgsectively. F1, T-2 and T-3 show the bare tridentate
NH," species, tridentate NJi species Hbonded to one ammonia mol
ecule and NH molecule H bonded to the Nl species already solva
ting theammonium species [13

With carbon monoxide the most important interactions expected are those
involving the bridge oxygen framework of A(0)Si{V and hydroxyl framework of

AI(OH)AI, respectively.For Imo, physically adsorbed gauld bealso present at lower
wavenumbers with respect of free gag|[1
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With 0.376 nm, the kinetic diameter of CO is far smaller ttreninner diameter
of the nanotubes, allowing its unhindered entrantethe nanotubes and the interaction
with silanols atthe innersurface. In the presence of free silanols, the characteristic 2156
cm® band is expected to appear as a consequence of the stretch radmofmonoxide
interacting with SIOH groups[18]. Accordingly, Eischent al. [19] published for the
first time in 1954 a study describing IR spectra of adsorbed species by the interaction of
carbon monoxideon silicasupported metals. Moreover, with metal oxideayalley
pointed out tha€CO [20,21] can react withighly basicsites present on their surface

As a whole, arbon monoxideinteraction at nominal 7K can be used to
characterize both the presence of acidic and basic sites on the séaedready
discussedimogolite nanotubes are known to form not isolated but in interwoven bundles,
in whichthree main types of porosity can be identified]{2) intratube pores (about 1
nm wide);ii) inter-tube poresi.e. the spacings between three aligned tubes in a regular
packing (0.80.4 nm wide) iii) slit mesopores among bundles. On the contrary| e
tubes resulted to be not exactly spherical but quite ellipsoidal with longer diameters. As
diffraction analysis revealed, a larger curvature can be explained by the presence of
methyl groups, for either steric or electronic effect8].[2As a consequee, since
experimental porosity values showed that tipopores of mo areca 3 times smaller with
respect to Mdmo (Scheme4), they are likely to be too narrow to allow any adsorption
phenomenon by probe molecules, such as ammonia and carbon monoxadleadyg
considered by other authoi22,24.

IMO Me-Imo

4

Schemed: Type B pores hindrance of Imo and Mieno, as evaluated from porosimetry
measurements.
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6.3. FT-IR spectra of imogolitetype materials outgassed at
high temperatures

Figure 1a, 1b and 1c show fresh Imo,-Meo and Melmo-NH3"-30 FTIR spectra
outgassed at 150 °C, 300 °C and 500 °C, respectively.

Features at 150°C have been already discussed in previous chapters. Nevertheless,
it is worth noting that onlymo-150 still presents adsorbed water, as the broad basal at
1640 cmi' confirms (asterisk). Signals in the-K stretching region are due to carbon
impurities of the sample holder.

Water is completely removed from all adsorbents at°8Manotubesnteqgrity is
also maintained, despite grafted aminogroups ofiie-NHs"-30 are totally lost, as the
absence of N stretching and bending modes reveals, in agreement with MAS NMR
results (Chapter 5). As a whole, Mf@o and Melmo-NH3"-30 show analogue spteal
features.

Lamellar imogolite is formed after adsorbents-pesating at 500 °CThis finding
has been confirmed by XRD and MAS NMR results (Chapter 5)lRFmeasurements
reported here are also in fair agreemeairticularly, with Ime500, new peak are seeat
3742 and 365%m*, assigned to hydrogen bondeflisolatedhydroxyl groupsAt lower
wavenumbersthe band atl595 cntt can beassigned tccarbonatdike species at the
outer surface, like those formed aluminum hydroxidg¢15]. With lamellarMe-Imo and
Me-Imo-NH3"-30, new broad bands are also arising in theéHGstretching region, due to
isolated hydroxyls groups involved in hydrogen bonding. Interestingly, #HestCetching
and bending modes are still present, confirming thebcealuminosilane lamellar
fragmentsformed for both hydrophobic and aminated imogelike materials(Chapter
5).
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Outgassing temperature: 150°C
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Figure 1: Fresh Imo, Melmo and Melmo-NH3"-30 FT-IR spectra outgassed at (a
150 °C, (b) 300 °C and (c) 500 °C, respectively.
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6.4. NH3 adsorption

Figure 2a, 2b and 2c show theFT-IR difference spectra collected following
ammonia adsorption in the pressure rang#) (mbar, for Img Me-Imo and Melmo-
NHs"-30 outgassed at 15%C, respectively.

The interaction of gaseous ammonia at high equilibrium pressures witii h®o
evidenced that in the OH stretching region the gas interacts, besides the silanols, also with
water molecules. In fact, the decrease of the 3745 lwand of SiOH hydroxyls groups
involved in NH," formation, is seen, while a new broad band shiftecad00 cm' (3200
- 3000 cni range) is formed due to-Bonding. Moreover, the second new band centered
at 2750 crit can be assigned to the stretching mode of thé @foupof the ammonium
species Fbonded to ammoniag. the monosolvated species;H¥" which are known to
form on protonic zeoliteslpP,13. This can be also confirmed by the presence of the 1450
cm* band, which shifts to 1460 ¢hrat higher ammonia pressureergrally assigned to
the formation oammonium species formed on Brgnsted acidic sites, like those occurring
upon ammonia adsorption on Brgnsted sites inside zeaoliig® cavities[12]. Finally,
the bands at 1625 and 1300 trbands are, respectivelgue to the asymmetric and
symmetric bending modes of gaseoussNhblecules coordinated to outer*AlLewis
sites [LO].

On the contrary, Mémo-150, which has no more adsorbed water if pretreated at
this temperature?3], showed a different interaction mechanism. In fact, we can assume
that in this case gaseous ammonia interacts with external Al(Obf)dgedgroups, as
the decrease of the 3732 tiband reveals, since the interaction with inne€Sl; group
is less prohble. As expected, in the-B stretching region we do not see the formation of
the broad band due to-bbnding, while we can assign the two bands at 3380 and 3280
cm’*, appearing at higher equilibrium pressure of ammonia, as the presence of ammonium
specis in interaction with externalbridged AI(OH)AI groups (asterisks) This
interpretationis also confirmed by thammoniumbending mode band present at 1447
cm’?, shifted to 1460 cihat higher coverage, as commonly observed in zeolites materials
[12,25]. Moreover, we are also able to distinguish the two contributions of(#£1eO)
modes (inset) assigned to the 1203 and 1281rmyative band@sterisks)respectively,

present between the two isosbestic points at 1229 and 1151 cm
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Figure 2: Difference FT-IR spectra obtained after dosing increasing Nidressure Qi 20

mbar) on (a) Imo, (b) Me-Imo and (c) Me-Imo-NH5"-30 outgassed at 150 °C.
-135-




PhD Thesis: Hybrid organic/inorganic nanotubes of imogolite type

As a consequence, a new broad band centered at 1180scformed. Interestingly,
ammonia interaction with the external surface of Imo is not detedtiablet not shown)
In fact, startingrom the mere geometrical considerations discussed above, it results to be
reasonableprobing thatB-type poresof Imo are evidently too narrow to be accessible.

Interaction of the gas with the surface of Meo-NH5"-30 is quite complexin
agreementvith MAS NMR results, the ADH bandat 3731 crit is slightly less intense
as compared to that of Meno-150, probing the functionalization of one third of the
surface accessible aluminol group.

Figure 3a, 3b and 3c report theFT-IR difference spectra detted following
ammonia adsorption in the pressure ranggd mbar, for Img Me-Imo and Melmo-
NH"-30 outgassed 8800 °C, respectively.

With Imo-300,the negative band of silanols interacting with ammonia is broader,
probably because afténe complete removal afater, all silanols aréhenaccessible to
NHs;. Spectral features at lower wavenumbers are comparable to those-d50mo

With Me-Imo-300, aluminol groups interacting with ammonia are detected by a
sharp band centered at 3718 trAdditionally, the two bands at 3373 and 3264 'cane
assigned to the stretching modes of molecular ammonia, whose bendings are found at
1625 and 1296 cih respectively.Besides these modethe formation of ammonium is
seen by the band at 1460 tnTheamount of ammonia adsorbég Me-Imo-300 seems
slightly higher tharthat atMe-Imo-150 surfaceThis could be due tthe heating process
thatinduces some mechanical changing in the structugecleavage of a minor part of
the bundles of nanotubes, @i®wn by Wilsoret al.[26] for the unmodified imogolite.

This breakdown of longer nanotubes could create higher number of the opening sites of
nanotubes, hence creating more acidic sites.

According to MAS NMR evidence, integrity dfle-lmo-NHs"-30 nanotubes
outgassed at 300°C is maintained, while aminopropyl groups grafted at the outer surface
are lost.FT-IR spectra shown in Figure 2c confirmed the presence of aluminol species
interacting with ammonia (3729 ¢hband vs. 3718 cthfor Me-Imo-300). Moreover,
the bands likely due to the stretching modes of molecular ammonia are found at 3254 and
3063 cn, respectively, and shift to 3018 and 3036cat high coverage of ammonia.

The bending region of NH(1629/1310 cil) and NH* (1448 cn1) modes is almost

unaltered
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Figure 3: Difference FT-IR spectra obtained after dosing increasing Nidressure Qi 20
mbar) on (&) Imo, (b) Me-Imo and (c) Me-Imo-NH5"-30 outgassed at 300 °C.
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Figure 4a, 4b and4c report theFT-IR difference spectra collecteidllowing
ammonia adsorption in the pressure rang#) (mbar, for Img Me-Imo and Melmo-
NH"-30 outgassed &00 °C, respectively.

With Imo-500, adsorption of Nkl reveals the presence of both Lewis and
Bronsted sites and a component at 3660 ¢mse) due to the presence of more acidic
OH species with respect to Mmo-500. In fact, Imo shows stronger interaction with
NHs, which leads to the formation of more ammonium speasdetected by the more
intense band of the bending and stretching vibrationades of NH bonds. This
interaction occurs through inner silanols, as seen by the negative band cented@ at 37
cm™.

Accordingly, his frequency is not detected with M®mo-500. The negative band
assigned tahydroxyl groups which undergoes interaction with ammopnigveals the
presence of several components formed after the cleavage of the nanotubes: a band at
3660 cni, assignable tdhe Si-CH,-O-Al fragmentsof the lamellar phase proposed in
Chapter 5, as well as the band at 3739 dmat could be due to terminal isolated silanols.
The 3718 cnf band is instead assigned to isolatedOM groups, analage to those
found on transition AD;3 [15,16.

With Me-Imo-NH3"-30 outgassed at 50€ a comparable result with Meno-500
is obtained, confirming that the two samples may collapse by the same mechanism and
into the same segregated pha&e.a whole, only after thermal treatment at 3@the
interaction results to be reversible, indicating the strong acidic straight of lamellar

imogolite-like materials.

-138-



PhD Thesis: Hybrid organic/inorganic nanotubes of imogolite type

Joiau.

JMe-Imo-NH "-500-NH,
7]:Q5au.
3 ]
& ]
<]
o o
c
e
2
o
Q]
Q
2
T T T T T T T T T T
4000 3500 3000 2500 2000 1500

Wavenumbers (cm™)

Figure 4: Difference FT-IR spectra obtained after dosing increasing Nidressure Qi 20
mbar) on (a) Imo, (b) Me-Imo and (c) Me-Imo-NH5"-30 outgassed at 500 °C.

-139-



