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Abstract 
 

As a prominent symbol of new and fast developing area of nanomaterials, nanotubes have attracted 

significant attention due to their remarkable physical and chemical properties, structure and porosity, high 

surface area, high aspect ratio, tunable dimensions and chemically modifiable interior and exterior surfaces 

(in some cases) which make them a suitable candidate to find a marked role in variety fields of science and 

industries. 

 

During the past decades, and after introducing the most famous carbon nanotubes, the main role in these 

fields has been playing by the single- and multi-wall carbon nanotubes which have received tremendous 

research interest due to their superior mechanical, chemical, electrical and thermal properties. However, 

several problems in carbon nanotube technology, such as high-temperature process with low yield product, 

imprecise control over nanotube dimensions and chirality, limitations of chemical composition, intrinsic 

color of nanotubes which limits their application as nanofiller in transparent hybrid materials, low 

compatibility of carbon nanotubes with human body in bio-applications and the most important, in recent 

years, effect of carbon nanotubes on human health and environment because of their potential toxic nature, 

encouraged the research for analogue structure among inorganic materials and the possibility of applying 

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

 

Inorganic nanotubes like MoS2 and WS2 were the first inorganic nanotubes that succeeded the discovery of 

carbon nanotubes and in the following years, other metal oxide/hydroxide nanotube structures have been 

reported. Among the inorganic nanotubes, which have been developed in recent years, imogolite (IMO, 

chemical formula (OH)3Al2O3Si(OH)), a natural alumino-silicate clay mineral, recently entered this 

nanotechnologic scenario. It was discovered for the first time 1962 in Japanese soils of volcanic origins but 

its structure was determined ten years later. Being an analogue material to carbon nanotubes, IMO type 

materials can represent an intriguing different source for new technological potential applications as 

anions/cations retention from water, catalysis, gas adsorption, separation and storage, scaffold for 

biomedical applications and inorganic nanofiller for polymer matrixes. 

  

The main features of imogolite is the crystalline organization of its walls, folded to create a nanotube with 

two distinct surfaces: an inner surface presenting free silanol groups and an outer surface characterized by 

hydroxyl groups bridged between two octahedral aluminum atoms. Since, variables such as purity, 

composition, reproducibility, and specifically designed features can be often better controlled in synthetic 

procedures rather than using natural clay specimens (which typically contain impurities and are often not 

easily available), synthetic single walled imogolite nanotunes with high monodispersity in diameter was 

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

 

According to unique structure and surface properties of imogolite, numerous applications have been 

reported in the past few decades by controlling chemical compositions, pore and size distributions and 

surface modification, such as gas adsorption and storage, building blocks for supramolecular assembly, 
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filler for organic/inorganic hybrid materials, ion retention and contaminant removal from water, water 

adsorbent and sensor, catalysis  including shape selective catalyst and humidity-controlling material. 

Moreover, novel applications of IMO materials are still under development, for example, high proton 

conductivity due to the AlOH2
+ external groups may make imogolite an excellent additive for proton 

exchange membranes that can even be used under very high temperatures. 

 

The main purpose of chemically modifying synthetic materials is the expected increased range of 

technological applications that can be achieved. Particularly, for nanotubular structures it is critical to 

develop methods suitable to control the functionality of their internal and external surfaces. Except of 

surface properties, control over the diameter and length of imogolite nanotubes is possible by applying 

different modification process to manipulate their properties, which depends on their dimensions in addition 

to their structure and composition.  

 

Present PhD project is going to describe the developments obtained in imogolite research field, concerning 

the synthesis and characterization of a new kind of modified imogolite nanotubes by iron inclution in 

nanotubes outer surface, either by direct or post-synthesis reactions, as compared to unmodified synthetic 

IMO. A series of samples of iron-doped IMO, with a range of iron content, were obtained. To investigate 

the role of Fe ions in nanotube formation and the effect of Fe structural position on nanotubes textural 

properties, they were characterized by means of low angles X-ray Diffraction (XRD); IR spectroscopy (FT-

IR); Transmission Electron Microscopy (HR-TEM); energy dispersive spectroscopy (EDS) and N2 sorption 

isotherms at -196 °C, indicating the limited level of Fe inclusion into nanotube structure, about up to 1 %wt 

Fe. The higher amount of Fe will hinder tube formation. The obtained modified samples by direct synthesis 

show more closely packing in bundles and presents slightly larger inner pores. Then, their physico-chemical 

properties were compared to those of proper IMO. Several experimental results are reported of nature and 

structural positions of Fe species in the samples obtained by direct (Fex-IMO) or post synthesis method 

(Fex-loaded-IMO) by Diffuse Reflectance (DR) UV-Vis pectroscopy, Raman spectroscopy, magnetic test 

and Electron Paramagnetic Resonance (EPR) spectroscopy which indicate the preferential isomorphic 

substitution of Fe for Al in the sample prepared by direct synthesis (Fex-IMO) and of the preferential 

formation of Fe2O3 clusters in that obtained by post-synthesis doping (Fex-loaded-IMO). 

 

Same as other nanoporous aluminosilicate materials, IMO nanotubes materials contain considerable amount 

of water in their pores in ambient condition that influences and governs their properties. Therefore, 

hydration/dehydration behavior of bare and Fe-modified nanotubes was of paramount importance in 

dictating the operating conditions for any application requiring a surface interaction like catalytic activity or 

ion adsorption. Accordingly, the behavior of hydrated Imogolite markedly depends on thermal pre-

treatments, which has been investigated by several complementary methods (XRD, IR spectroscopy, 

TG/DT analysis and N2 sorption isotherms at -196 °C). Obtained results show that, modification of 

imogolite nanotubes by iron either by direct or post synthesis, accelerate dehydroxylation and decrease their 

thermal stability, by likely forming some structural defects, able to catalyze silanols condensation. Such 

defects may be ascribed to those Fe ions substituting for Al ions that likely form also by post-synthesis 
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Fig. 9 a) TEM micrograph of imogolite nanotubes in the interior region of a deposit formed by droplet evaporation in air from 0.1 
mg/mL solution. b) SAED pattern of nanotubes. The numbers on the rings correspond to those in Table 1. The diffraction rings are due 
to the atomic periodicity within the nanotubes [36, 127].  

 

 

The Miller indexed peaks and corresponding d spacings of the five most prominent rings in the ED pattern 

are tabulated in Table 1. The SAED patterns mainly probe the structure within the individual nanotubes and 

are important for tracking the formation of the nanotubes. With the crystallographic c axis along the 

nanotube axis, the (006) and (004) reflections occurring at d spacings of 0.14 and 0.21 nm are sharp and 

intense [36], and arise from the periodic unit cell of approximately 0.85 nm in the c direction. The nanotube 

packing is better elucidated using XRD, as discussed later in next chapters. As a result of the cylindrical 

(C24h) symmetry of these nanotubes, the odd reflections along the c axis are absent. The (006) and (004) 

rings, thus, could be taken as characteristic signatures that differentiate the nanotubes from any amorphous 

materials 

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

Reflection 1 2 3 4 5 
d-spacing (nm) 0.14 0.21 0.22 0.32 0.43 

hkl 006 004 063 071 002 
 

a The (hkl) indices are in the cylindrical C24h space group. The (00l) reflections correspond to the periodic repeat unit along the 
nanotube axis. 
 

 

However, in 2007 Huixian Yang [135, 160] proposed a new method of sample preparation to get the 

individual dispersion of nanotubes. According to this method, when the droplet drying is performed in 

ethanol environment, probably dissolution of ethanol in water decreases the surface energy of imogolite 

nanotubes and helps individual dispersion of the tubes in droplet. Moreover, an enhanced surface tension 

effect (Marangoni effect) is produced by different evaporation rates between water and ethanol in the 

droplet. This effect reverses the outward capillary flow and induces the imogolite nanotubes to concentrate 

toward the top of the droplet, and thus no ordered structure is formed. Fig. 10 shows the nanotubes 

dispersed by this method. 
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Fig. 10 BF electron micrograph of individually dispersed nanotubes formed by droplet evaporation in ethanol environment from 0.01 
mg/mL solution [160].  
 

Except of characterizing the morphology of natural and synthetic imogolite [160-164], transmission 

electron microscopy (TEM) is often used to evaluate the tube formation and presence of non-tubular 

products (aluminium hydroxides and proto-imogolite allophane) [127, 165]. Although TEM and scanning 

electron microscopy (SEM) are useful tools to observe the surface morphology of mineral colloids, the 

high-vacuum condition under which the TEM and SEM are operated could result in the alteration of the 

surface morphology [51].  

 

Scanning probe microscopy (SPM), including scanning tunneling microscopy (STM) and atomic force 

microscopy (AFM), represents an ever-increasing class of microscopic techniques that provide three-

dimensional images of solid surfaces at high resolution. The distinctive advantage of STM and AFM 

compared with SEM and TEM is that the samples do not have to be coated and subjected to ultra-high 

vacuum condition Therefore, SPM work under conditions in air and at room temperature is appropriate for 

environmental studies. The tapping mode AFM is a powerful and reliable technique to investigate the 

morphological features of imogolite and its related surface chemistry in soil environments as reported by 

some groups [166, 167].  

 

1.2.2 Properties and features of imogolite nanotubes 
 
Imogolite materials like other NPs should be defined on the bases of metrics (size, specific surface area, 

particle number and etc.) and intrinsic properties of a given material (reactivity, surface charge, degree of 

hydrophilicity/hydrophobicity, surface distribution of reactive sites and etc.) [168]. Unique properties of 

imogolite are closely related to its structure [127]. Therefore, once synthetic imogolite was successfully 

obtained [112], its physical, chemical and electronic properties have been widely studied in the following 

years. In this part the main physical and chemical properties of imogolite nanotubes will be discussed. 
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Fig. 11 The energy bands of the single-walled imogolite nanotube and the electron density of states: (a) the energy bands near the 

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

Particularly, Guimarães et al. [27] showed that all imogolite nanotubes have a wide band gap of ca. 10 eV, 

independently on their chirality. This property makes imogolite nanotubes interesting examples of layered 

heterophase nanotubular systems. Alvarez-Ramirez [171] performed ab initio simulation on imogolite and 

Ge-imogolite, estimating a bang gap range for Ge-Imo of 4.3-4.8 eV. Overall, both silicon and germanium 

imogolite-type nanotubes, can be considered insulators. However, if compared to other inorganic 

nanotubular structures, for instance, MoS2 nanotubes [174], their band gap value belongs to the 

semiconducting range. Apart from the charge distribution in the imogolite layer, it is interesting to analyze 

the electrostatic potential generated by the charge distribution inside and outside the nanotubes because this 

potential and its spatial variation will drive the adsorption and the dynamics of interaction of ions and 

molecules. Obviously, the potential depends on both charges and positions of atoms and therefore it is also 

influenced by the geometry of the tubes. Fig. 12 shows the Electrostatic Potential (EP) map of the imogolite 

model evaluated by Creton and co-workers [143]. 

 

Fig 12 Electrostatic Potential (EP) map of imogolite model in 2D [143]. 
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surface, clay minerals can be used as building blocks for hydrogels [43, 240]. Several hydrogels formed by 

the hybridization of synthetic polymers with clay nanosheets have been reported [241-243].  

However, there are few reports on hydrogels produced by directly mixing clays with biomolecules. This is 

because most of the biomolecules are negatively charged, thus they are repulsive with commonly used 

clays. On the contrary, imogolite nanotubes are positively charged and are readily dispersed in water in 

acidic conditions, thus, they have a potential utility in the direct gel formation of various biomolecules. 

More interestingly, the biomolecules do not necessarily need to have a binder structure, because imogolite 

itself can gelate under certain conditions, such as at high concentrations or high pH. As a consequence, 

imogolite should be recommended to form hydrogel in aqueous solution [244] according to its charged 

surfaces, 3-dimensional network in aqueous solution [244] which can significantly increase the loading for 

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

As an example of this application, inorganic-enzyme hybrids as next generation of biosensor and active 

biological coatings are developing [244-246]. Immobilization of enzyme on a solid support should offer 

advantages for both industrial and analytical purposes, for instance, eliminating the risk of sample 

contamination, simplifying sample handling, as well as better separation of enzyme from solution that 

contains substrate and product [246]. In this respect, nanotubes of imogolite type represent interesting 

properties for stable immobilization of enzymes, by the interaction of pepsin via phosphoric acid groups 

with imogolite surface. According to this method, nanofiber/pepsin hybrid hydrogel was obtained by Inoue 

and co-workers for the first time in 2006 [203] presenting immobilizing an enzyme (pepsin) onto imogolite 

nanotubes. Pepsin is negatively charged in acidic conditions, and also has a phosphoric group, thus it can be 

adsorbed onto the imogolite surface by both electrostatic adhesion and the specific affinity between the Al-

OH groups of imogolite and the phosphonic groups of pepsin. Due to the extremely large surface areas of 

the imogolite nanotubes, the immobilization amount of pepsin was as high as 1.8 mg per 1 mg of imogolite. 

Fluorescence microscopy observations indicated that the pepsin was evenly dispersed in the gel. Compared 

with the free one, the pepsin immobilized in this hydrogel can be easily recovered from the reaction system, 

and can be used repeatedly. Fig. 13 shows a schematic representation and photograph of imogolite/pepsin 

hybrid hydrogel [202]. Similar behavior has been observed for enzymes immobilized at the inner surface of 

halloysite [247]. 

 

Fig. 13 Schematic representation and photograph of imogolite/pepsin hybrid hydrogel [202] 















Chapter 1 
Structure, Properties and Applications of Imogolite nanotubes 

 

 

26 | P a g e  
 

 

Fig. 15 Transparency of in situ hybrid (upper) and blend (lower) imogolite\PVA films. The thickness of films is ca 100 mm. Imogolite 

shows to be optically transparent in the multilayer film [286]. 
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assume that the differences observed for imogolite are due to Si chemistry and presumably Si 

polymerization / depolymerization rates, since Ge does not polymerize in similar conditions. 

 

2.2 Monodispersity of imogolite nanotubes and strain energy 

One of the prominent properties of imogolite nanotubes is their monodispersity in diameter which makes 

them a potential candidate for shape and size selective catalysis. In carbon nanotubes, the C nanostructures 

form in order to minimize the energy of the bonds dangling at the edges of graphite sheets. Generally C 

nanotubes possess a wide range of diameters and numbers of sheets in the walls compared with the 

relatively well defined diameter and single sheet nature of imogolite tubes. For carbon nanotubes, the strain 

energy required to roll up a graphene into a tube, decreases monotonically with the increase of tube 

diameter. Therefore, no suitable energy minimum is available to produce nanotubes with a desired diameter 

[12]. The tubular structure of imogolite, as mentioned in chapter 1, was attributed to a shortening of Al-O 

distances of vacant octahedral sites that arise from size misfit caused by bonding of orthosilicate anion with 

gibbsite sheet. Electron diffraction measurements [9] and computer models [30] showed that the most likely 

structures for natural and synthetic imogolite are nanotubes with 10 and 12 gibbsite units in the cross-

section, respectively. Wider diameter tubes are unlikely since bond angle strain may be introduced [31]. 

These structural findings are in agreement with the recent molecular dynamics simulations, showing that in 

synthetic imogolite the strain energy has a minimum for nanotubes with 24 Al atoms in the cross-section 

(corresponding to 12 gibbsite units) [32-35]. Fig. 1 shows the different strain energy of Si-O and Al-O 

bonds and total energy according to the different numbers of Al atoms in circumference of tube obtained 

via a harmonic force-constant model and molecular dynamics simulations [35]. 

 

 
Fig. 1 a) Bond strain energies of Al-O and Si-O vs the number of aluminum atoms in the circumference. b) Total energy per atom at 

298 K of the nanotube vs the number of aluminum atoms in the circumference. Inset: Nanotube radius and distance dAl-Al vs the 

number of aluminums in the circumference [135]. 

 

Synthetic imogolite nanotubes were determined to have a circumference composed of 12 gibbsite units or in 

another words 24 Al atoms around the circumference (NAl=24). The energy minima of imogolite nanotubes 

arise from the competition between the energy decrease resulting from the shortening of the Al-O and Si-O 
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bonds in the inner wall and the energy increase caused by stretching of the Al-O bonds in the outer wall due 

to the curvature effect of the tubes [35-37]. 

 

Moreover, synthesis conditions may affect the structural composition, as theoretical calculations have 

demonstrated [30]. The natural form of imogolite is likely to have 10 units, as Crawdick et al. suggested [9]. 

However, the model with 12 gibbsite units around the perimeter is the most likely structure according to a 

lot of authors [35-42]. Only few authors proposed instead the presence of 14-16 units [38, 43]. According to 

the reported literature, natural and synthetic imogolite nanotubes are polydisperse in length which has been 

proposed based on mathematical analysis of small angle X-ray scattering (SAXS), light scattering data, and 

TEM images [44, 45]. In this case just Nair et al. [46] reported a monodisperse nanotube length of 100 nm 

in solution for synthetic imogolite, determined by dynamic light scattering.  
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According to their hypothesis, the addition of weak acids such as citric acid inhibits imogolite formation 

since they provide protons, thereby reducing the number of anions in solution which would be involved in 

cyclization reactions [27, 50]. It is also significant that in the same way other anions cause inhibition 

including chloride and perchlorate ion [47]. This suggests ion pairing is important and that it is necessary 

for a tight ion pair to be absent so that intramolecular reaction can occur. 

 

However since we now know that protoimogolite has a Q33Al structure like imogolite and not like proposed 

structure in Fig. 2 , this reaction is incorrect but could be important in protoimogolite formation or after 

dissolution of protoimogolite.  

 

These results are in agreement with Nicolás Arancibia-Miranda et al. [51] founding. They proposed that 

there is a linear relationship between the IEP and the pH at different aging steps, which may be used to 

follow the process of synthesis by simply measuring the pH, becoming an alternative to more complex 

methods. This application considers that electrokinetic measurements are sensitive to superficial active site 

composition, so any alteration that occurs during an aging process will be reflected in the value of the IEP. 

During the aging process, pH decreases due to the condensation of the precursors, a process that releases 

H3O+ into the solution. These linear relationships (valid only in the pH range considered) can be used as a 

first approach to estimate the end point of the aging procedure, prior to a more time-demanding 

measurement as TEM. This fact was reconfirmed in current project during the synthesis of bare and Fe-

containing imogolite samples as will be reported in next chapters. 

To have a closer look at formation of imogolite nanotubes, we can conclude that in aqueous solution, for 

aluminum, at lowest pH only Al(H2O)6
3+ and its various dissociated ions such as Al(H2O)5(OH)2+ are 

present, but when acidity is decreased, at the high pH but prior to precipitation, the dimer Al2(OH)2(H2O)8
4+ 

or trimer and eventually Al13O4(OH)24(H2O)12
7+ is formed [48]. This latter species consists of one internal 

tetrahedral aluminium surrounded by twelve octahedral aluminum. The concentration of 

Al13O4(OH)24(H2O)12
7+ varies with aging as larger polymeric forms are synthesized [52]. Therefore, partial 

acidification of the precursors down to pH 4.5, proposed to prevent the appearance of amorphous material 

that starts forming at pH close to 5.0; absence of this step leads to a greater presence of amorphous material 

that would delay or inhibit the formation of the basic structures for the assembly of the imogolite [53-55]. 

On the other side the silicon atoms could be provided from the different sources. Tetraethoxysilane appears 

to be the preferred method of generating SiO4
4- tetrahedral for imogolite formation. Raman studies [27, 56] 

showed that on hydrolysis di, tri and tetra silanes are present on hydrolysis of ethoxy group. As confirmed 

by 29Si NMR in the solution of silicon precursor which contains Q0, Q2
1, Q3

2 silicon atom in proportions 

depending on pH [57-59]. Thus there are isolated tetrahedral, dimer and a cyclic trimer with small amounts 

of other species. These species may also polymerize. Nevertheless all ethoxy groups are not hydrolyzed at 

once. For imogolite formation this is probably important. After hydrolysis of one ethoxy group, attack by 

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

In 2011 Nicolás Arancibia-Miranda et al. [51], reported the mechanism of tube formation in a 

comprehensive study by TEM and FT-IR techniques. This study made it possible to establish that the 
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formation of new nanotubes and the growth of shorter tubes, which leads to continuous increase in the 

number and total mass of the imogolite nanotubes. The length distribution remains narrow with the 

polydispersity. Moreover, the nanotubes synthesized can continue to grow much longer in a fresh precursor 

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

 

In contrast to this kinetically driven mechanism, a thermodynamically driven self-assembly process could 

also operate. Fig. 3 shows a schematic of the main events that are likely to occur in the each of the two 

possible mechanisms. 

 

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

 

2.3.2 Thermodinamicaly deriven mechanism 
 
In this approach, nanotubes of specific dimensions are expected to self-assemble as dictated by precursor 

solution properties and temperature, which are the controlling parameters. Additionally, nanotubes are 

formed at an early stage in the reaction and their structure, both in terms of length and diameter remains 

essentially identical throughout the synthesis, as some references indicated this by DLS (Dinamic Light 

Scattering) measurements [46]. In a kinetically driven growth, the nanotube length would increase 

substantially with synthesis time as growth units are added to the end of the nanotube, whereas in a 

thermodynamically controlled self-assembly process, nanotubes of specific dimensions are expected to self-

assemble.  

In 2005 Sanjoy Mukherjee et al. [46] reported a detailed phenomenological study of the growth and 

structural properties of single-walled aluminosilicate and aluminogermanate nanotubes. They claimed for 

several findings: (1) nanotube materials are formed at a very early stage in the reaction; (2) the structure of 
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the nanotubes remains essentially identical throughout the synthesis though their concentration increases 

with synthesis time and (3) their dimensions (both diameter and length) appear monodisperse.  

They concluded that, essentially constant size and structure of the nanotubes over their entire synthesis 

time, the increasing nanotube concentration over the synthesis time, and the absence of significant 

polydispersity strongly suggest that these nanotubular inorganic macromolecules are assembled through a 

thermodynamically controlled self-assembly process rather than a kinetically controlled growth 

/polymerization process [46]. 

 

The same group in 2007 [53] showed that large numbers of nanotubes form continuously in the synthesis 

solution by a self assembly process, but that their subsequent growth is relatively much slower, thereby 

leading to an almost constant average length of the nanotubes as a function of synthesis time.  

Nevertheless, the growth processes somewhat broaden the length distribution of the nanotubes and may 

occur by one or more proposed mechanisms, such as end-to-end aggregation of short nanotubes and 

precursor addition to the nanotube ends [54]. It has also been suggested that the length distribution of the 

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