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ABSTRACT 

Nanotubes have numerous potential applications in areas such as biotechnology, 

electronics, photonics, catalysis and separations Despite its extraordinary physical and 

chemical characteristics such as shape, size and easy functionalization, there are several 

challenges that must be overcome to realize their full potential nanotechnology, such as: (1) 

Establish the optimum conditions for the synthesis allow controlling the morphology of the 

nanotubes (diameter and length), (2) a quantitative understanding of the mechanisms of 

formation and growth of nanotubes for the development of new functional materials, (3) 

ability to design nanoparticles by simple modifications for multiple purposes. 

Our investigation focuses on a class of metal oxide (aluminosilicate) nanotubes, 

imogolite, which we propose as attractive nanotube materials for a number of reasons. They 

are single walled nanotubes with monodisperse inner and outer diameters, which can be 

synthesized in the laboratory by a low temperature (95ºC) process from mildly acidic 

aqueous solutions of aluminate and silicate precursors. The nanotubes can be obtained in 

pure form.  Furthermore, the formation of the nanotubes from their precursors occurs on a 

time scale of hours, which makes it convenient as a model system to study the mechanisms 

of nanotube formation, and thus obtain new insights that address the nanotube science and 

engineering challenges enumerated above.   

Imogolite is a nanoparticle present in andisols and spodosols, characterized by its 

low degree of crystallinity, large surface area, and pH-dependent surface charge, qualities 
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that give it high chemical reactivity, mainly in its interaction with anions and cations, over 

a wide pH range. Its structure corresponds to a nanotubular aluminosilicate whose 

stoichiometry is (OH)3Al2O3SiOH and whose average size reaches 100 nm in length, its 

outer surface corresponds to a sheet of gibbsite in which the predominant active surface 

sites are of the aluminol type (≡Al-OH and ≡Al2-OH), while the inner surface is dominated 

by silanol groups (≡Si-OH). These groups functionalize imogolite in a natural way and are 

excellent for nanotechnological applications. This has promoted the development of 

different synthetic processes, and structural and superficial modifications boost their uses in 

the manufacture of electric and optical devices, in the transport and administration of drugs, 

the removal of pollutants, and the storage of energy. 
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RESUMEN 

Los nanotubos tienen multiples aplicaciones en diversas áreas de la ciencia 

(biotecnología, electrónica, la fotónica, catálisis, medicina y medioambiente). A pesar de 

sus extraordinarias características físico-químicas tales como su forma, tamaño y fácil 

funcionalización, son varios los desafíos que deben ser superados con el fin de desarrollar 

todo su potencial nanotecnológico, tales como: (1) Establecer las condiciones óptimas de 

síntesis las permitan controlar la morfología de los nanotubos (diámetro y longitud), (2) la 

comprensión cuantitativa de los mecanismos de formación y crecimiento de los nanotubos 
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para el desarrollo de nuevos materiales funcionales, (3) capacidad para diseñar mediante 

modificaciones simples nanopartículas para múltiples propósitos. 

Nuestra investigación se centró en una clase de óxidos metálicos nanotubulares 

denominados imogolita, los cuales están constituidos por una pared única con diámetros, la 

cual puede ser sintetizadas en condiciones de baja temperatura (95 ºC), mediante la 

coprecipitación de soluciones soluciones acuosas ligeramente ácidas de aluminato y 

precursores de silicato, obteniéndose nanotubos de alta pureza. Por otra parte, la formación 

de los nanotubos de sus precursores se produce en una escala de tiempo de horas, lo que 

hace que sea conveniente como un sistema modelo para estudiar los mecanismos de 

formación de nanotubos, y por lo tanto obtener nuevos conocimientos que se ocupan de la 

ciencia y la ingeniería de nanotubos desafíos enumerados anteriormente. 

La imogolita, es una nanopartícula presente en Andisoles y Spodsols  que se 

caracteriza por su bajo grado de cristalinidad, gran área superficial y carga superficial 

dependiente del pH, cualidades que le confieren una alta reactividad química, 

principalmente en su interacción con aniones y cationes, en un amplio rango de pH. La 

fórmula empírica de la imogolita es (OH)3Al2O3SiOH con dimensiones de; 2,5 nm de 

diámetro externo y un largo variable que se encuentra entre los 100 nm hasta varias micras.  

 Una de la característica más interesante de la imogolita es su capacidad de adsorber 

de manera selectiva y simultánea aniones y cationes, como consecuencia de los sitios 

activos que conforman sus superficies; silanoles (≡Si-OH) constituyentes de la superficie 

interna y aluminoles (≡Al-OH y ≡Al2-OH) predominantes en la superficie externa. Estos 

grupos funcionalizan de manera natural a la imogolita, siendo excelente para aplicaciones 

nanotecnológicas. Esto ha impulsado el desarrollo de diferentes procesos de síntesis y 
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modificaciones estructurales y superficiales, para potenciar sus usos en la fabricación de 

dispositivos eléctricos y ópticos, en el transporte y administración de fármacos, la remoción 

de contaminantes y el almacenamiento de energía. 

 

 

 

 

 

 

 

 

 

 

 

 

 

OUTLINE DE LA TESIS 

La investigación reportada en esta tesis fue realizada en 4 centros de investigación: 

en el Grupo de Geoquímica y Mineralogía Ambiental (GeoMA) e Instituto de Química-

Física Rocasolano pertenecientes al Consejo Superior de Investigaciones Científicas 

(CSIC), Madrid, España, Institut Laue-Langevin, Grenoble, Francia (Capítulos I-III), 

Laboratorio de Fisicoquímica de Suelos de la Facultad de Química y Biología, Universidad 

de Santiago de Chile (Capítulos I al IV).  

El capítulo I de esta tesis proporciona una visión general del estudio de la imogolita 

en diversas áreas de la ciencia y como las investigaciones de esta nanopartícula han 
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derivado desde los estudios pedogenéticos a las aplicaciones nanotecnológicas.  

La caracterización de la imogolita se resumen en el capítulo II, de estos resultados 

fueron publicados en Journal of Non-Crystalline Solid (Use of isoelectric point and pH to 

evaluate the synthesis of a nanotubular aluminosilicate), mientras que la cinética de 

formación de esta nanopartícula fue enviado a Crystal Growth and Desing (Kinetic and 

surface study of  imogolite and its precursors). 

El capítulo III muestra el comportamiento superficial de la imogolita (texto en 

español). Se estableció la afinidad de los iones que conforman la solución de electrolito 

soporte y su impacto en el punto isoeléctrico y la adsorción en función del tiempo de Cu 

(II) y Cd (II). 

El capítulo IV describe el proceso de síntesis y caracterización de imogolita con 

propiedades magnéticas y sus potenciales aplicaciones en la remediación de aguas 

contaminadas con elementos trazas. 

 

 

GENERAL INTRODUCTION 

The soil sciences in recent years have been strongly influenced by nanotechnology, 

science area has improved the interpretation of the various phenomena occurring in the soil. 

Thus the study of different types of nanoparticles that are in this matrix (clay minerals, 

metal (hydr)oxides, and humic substances) have been possible to solve problems that exist 

in other areas of science, for example, in the environment, materials chemistry, biology, 

energy and physics among other.  

In this context, imogolite, a nanotubular aluminosilicate discovered in Japan in 
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1962, is a good example of how the study evolved from soil science to nanotechnology 

applications. 

The first research on the imogolite, indicated that this is mainly aluminosilicate 

volcanic soils, commonly Andisol and Spodosols, which is characterized as a metastable 

state of kaolinite. Its stoichiometry (OH)3Al2O3SiOH, was determined by a detailed study 

of X-ray diffraction, ten years after its discovery. It has been established through the years 

that this type of aluminosilicate favors the stabilization of organic matter in soils, high 

retention of anions, mainly chloride, perchlorate, phosphate and arsenate, while the cation 

has a lower affinity, as result of the positive surface charge has a wide range of pH. 

However, the main advances in the study of the nanoparticle were when Farmer et 

al., in 1977 developed the first method of synthesis of imogolite, the first inorganic 

nanotube to be synthesized. Obtaining an impurity-free material has so today imogolite use 

and study in various areas of study, highlighting its use as catalyst support and conductive 

polymers, as well as adsorbent of pollutants. No obtante physicochemical properties of 

imogolite, suggest that the nanoparticle can be considered as an object of study in diverse 

areas of science, as in the design of drug carrier, the production of aerogels and nanowires. 

Based on this background arises docotoral planteamineto of this work, which aims 

to give the imogolite magnetic properties through the development of a magnetic process 

and evaluate the capabilities of this nanohybrid adsorption in the adsorption of trace 

elements. 

HYPOTHESIS 

The imogolite aluminosilicate is a tubular structure capable of selectively adsorb and retain 

organic compounds and heavy metals. The modification of their surface structure 

conferring ferromagnetic properties allows responses to a magnetic field, while the 
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substitution of functional groups allows their use as carrier, enhances its selectivity in the 

adsorption, transport and removal of trace elements in the soil, water and other complex 

matriz. 

GENERAL OBJECTIVE 

Determine the optimum physical and chemical parameters of the synthetic imogolite with 

or without structural changes in their ability to transport and remove trace elements of 

environmental importance, in the soil, water and other complex matriz. 

SPECIFIC OBJETIVES 

1. Determine the optimal synthesis conditions for imogolite. 

2. Modifying internal or external surfaces of the imogolite, through the addition of iron 

oxides.  

3. Structural, superficial and magnetic characterization of the synthetic imogolite and 

magnetic imogolite.  

4. Study the phenomena of adsorption of trace elements (Cu (II), Cd (II) and As (V)) 

of imogolite and imogolite magnetic 

 

 

Chapter 1 

 

Nanotubulares aluminosilicates: A case study for science 

and industry† 

Nicolás Arancibia-Mirandaa, b, Mauricio Escudeyb, c 
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Abstract: 

The structural similarities between imogolite and carbon nanotubes (CNTs) have led 

to a new search of the potential of imogolite in the field of nanoscience. The applications of 

imogolite started being studied at the beginning of the 1970s, but the lack of technological 

development prevented a detailed study of this aluminosilicate. Furthermore, the strong 

incursion CNTs, which show exceptional structural characteristics and physical properties 

left imogolite as the subject of secondary studies and applications in nanotechnology. 
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Recent work, however, shows that some of its chemical and physical properties are better in 

some areas than those of many other more developed nanoparticles, and even than CNTs 

themselves, mainly its electric properties and adsorption capacity, due to its low cost and 

possible surface modifications. 

Keywords: Imogolite, carbon nanotubes, nanoparticles, physicochemical properties, 

synthesis, applications.  

Introducción. 

The soil consists by fractions of inorganic and organic origin, which differ mainly in their 

time of formation and chemical reactivity. In the soil there is a strong heterogeneity of 

dimensions ranging from millimeters to nanometers (Dahlgren et al., 2004; Wilson et al., 

2008; Theng and Yuan, 2008), these solids being responsible for transport, degradation and 

stabilization substances in the soil aqueous phase. 

The broad variety of soils, originating from volcanic ash soils are characterized by a 

highly reactive mineral fraction, low crystalline order, high specific surface area and pH 

dependent variable charge, where the main components of this fraction are allophane, and 

ferrihydrite in Andisols and kaolinite, halloysite and iron oxides in Ultisols (Besoain, 1985; 

Escudey et al., 2007). These nanoparticles (allophane, ferrihydrite, halloysite and iron 

oxides) play important roles in this type of soil, being responsible for the high retention 

capacity of agricultural chemicals and environmental importance, mineral nutrients, trace 

elements, pesticides (Escudey et al., 2007; Babel and Opiso, 2007; Cáceres-Jensen et al., 

2009), which has allowed the development of new lines of research in soil science, 

generating innovative solutions and alternatives to current problems of society, possession 
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to the soil as one of the most important sources natural nanoparticles (Babel and Opiso, 

2007; Wilson et al., 2008; Theng and Yuan, 2008).  

In the context of nanotechnology, the imogolite, a tubular aluminosilicate present in 

soils Andisols and Podzols (Alberto and Jaritz, 1966; Besoaín, 1969; Ross 1980; Aomine, 

and Miyauchi, 1965; Aomine et al., 1972), is projected as a nanoparticle with an enormous 

industrial potential due to their structural characteristics and physico-chemical properties 

unique. Its main applications have focused on its application as catalyst support, ion 

exchange and adsorbent gases. Its complex soil extraction and development of other 

nanostructures with similar functions, easier to obtain, discouraged the study of imogolite. 

However, new synthetic processes have interest in this floated nanostructures and their 

applications in areas such as nanotechnology (Yuan, 2004; Guilment et al., 2002; Imamura 

et al., 1993; Qi et al., 2008, Bonelli et al., 2010).  

Imogolite: Discovery and its soil formation. 

The imogolite, is a typical clay soils of volcanic origin, was discovered by 

Yoshinaga and Aomine in 1962, in soils derived from vitreous volcanic ash. Ten years later 

stoichiometry was determined as (OH)3Al2O3SiOH (Cradwick et al., 1972). It is 

characterized by nanotubular structure with an internal diameter of 2.5 nm a variable length 

ranging from 100 nm to several microns (Farmer et al., 1983; Besoain, 1985; Abidin and 

Henmi, 2008; Levard et al., 2009) (Fig. 1).  

The formation of imogolite in the soil, involves complex reactions that begin with 

the total decomposition of of primary silicate unit cells or dissolved ions. This 

decomposition is achieved through intense weathering (hydration, dissolution and 

hydrolysis), which form an ion-colloidal system, where coexist hydroxides of Al, Fe and Si 
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of variable composition (Besoain, 1985). These systems are oligopolímeros and crosslinked 

polymers, which in the presence of low organic matter content of imogolite form, so that 

the increased presence of the aluminosilicate in the soil is deeper horizons (Aomine and 

Mizota, 1972; Inoue and Huang, 1984) (Fig. 2). 

 

Fig. 1.Imogolite mineral (Fig. 1a) (Gustafsson, 2001). The Figs. 1b, 1c and 1d illustrate 

different structural models of the imogolite (Bonelli et al., 2009).  

The imogolite formation in natural systems occurs in areas of greater soil depth, 

where the Al / Si ratio, pH and lower concentration of organic matter favor the synthesis of 

imogolite (Ugolini and Dahlgren 1986). 
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Fig. 2.Schematic representation of the formation of imogolite in soils (Ugolini and 

Dahlgren adapted from 1986). 

A detailed route imogolite formation was proposed independently by Wada and 

Henmi (1976) and Farmer et al., 1978, his research suggests that the natural synthesis of 

imogolite must be conducted in closed environmental systems, where the presence of high 

concentration of Si and higher pH close to 5.5 produces allophane, but an alteration of 

allophane as a result of desilication and a decrease in pH promotes the formation of 

imogolite (Henmi and Wada, 1976; Farmer et al., 1978). Other formation processes involve 

precipitation from solutions containing Si and Al, in the form of complex silicate of Al-

hydroxylated, producing proto-imogolite, which drift in time imogolite. This precursor has 

been detected in Andosols pyroclastic material from Italy (Farmer et al., 1978; Farmer et 

al., 1980; Farmer, 1999; Farmer and Lumsdon, 2001; Ugolini and Dahlgren, 1991). 

 

Role of imogolite in the soil: Stabilization of organic matter and adsorption of 

different compounds. 
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Structural and surface features of imogolite which highlights its spatial distribution, 

which has three types of pores (Fig. 3), the intra-unit (A), inter-unit (B) and inter-fibrillar 

(C). Also has two types of surfaces, an outer surface dominated by aluminoles groups (≡ Al 

2-OH, ≡ Al-OH) (Fig. 3 b), which are positively charged over a wide pH range (3.0-10.5) 

(Arancibia-Miranda et al., 2011) and an inner surface formed by silanol groups (≡ Si-OH) 

which is preferably negatively charged (Gustafsson, 2001; Karube et al., 1992). 

 

Fig. 3.Conceptual diagram of imogolite (Fig. 3).Schematic view of the structure of the 

imogolite (Fig. 3 b). 

The surface charge characteristics confer to this high reactivity nanoparticle in soils, 

mainly in the reactions of organic matter stabilization and retention of ions (Wada and 

Henmi, 1972; Boudot, 1992) (Fig. 3). 

It has been suggested that imogolite has a role of importance in the stabilization of 

organic matter (OM) in soil, mainly in the dissolved organic matter (DOM), due to its large 
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surface area, water content and high capacity adsorption (Sigfusson et al., 2005), which 

favors the formation of clay-organic complexes. The predominant formation mechanism of 

these complexes is through an exchange of ligands, where a hydroxyl group is replaced by 

an MO hydroxyl group of imogolite (Huygens et al., 2005). This association, coupled with 

the tortuosity, pore size and water content of such clays, hindering oxygen diffusion which 

slows the oxidation process of organic matter, and thus its mineralization, making the soil 

high content of imogolite in sinks OM (Rasmussen et al., 2005; Chevallier et al., 2008). 

To pH conditions similar to that in acid soils, in imogolite the adsorption of cations 

is lower than that of anions, this was observed whereas Cu2+, Co2+, UO2
2+, Cl-, Cr2O7

2- and 

PO4
3-(Clark and McBride, 1984; Arai et al., 2006; Su et al., 1992; Babel and Opiso, 2007; 

Parfitt et al., 1974).The high adsorption of anions is explained by the positive surface 

charge has the outer surface of imogolite, which favors the retention of anionic species in a 

wide pH range. The inner surface, which is negatively charged at the usual pH, limited their 

participation in the adsorption of cations, electrostatic restriction imposed by the external 

surface and the limited diffusion of these through the pores of imogolite (Adams, 1980; 

Ackerman et al., 1993).  

Imogolite: The first synthetic inorganic nanotube. 

The first synthesis of imogolite procedure was performed by Farmer et al., 1977, 

which allowed to obtain a material free of impurities in the soil and the first reported 

inorganic nanotubes, inorganic nanotubes being the first to be synthesized (Tenne 2006). In 

general synthesis of imogolite consists of a first stage that occurs the acid hydrolysis of the 

precursors of Si and Al and subsequent polymerization performed at 95 ° C for 
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approximately 5 days, during which a the tubular structure, made changes in the 

temperature of synthesis, for a similar to product in the soil (Wada, 1987). 

A detailed study by Mukherjee et al., Established that the synthesis of imogolite is 

developed in 5 basic steps (Mukherjee et al., 2005, Mukherjee 2007, Mukherjee et al., 

2007) (Fig. 4): 

Step I:Hydrolysis of the precursors, which are found in milli molar concentrations. 

Step II: Precursors basification to pH 5 by addition of NaOH. 

Step III:Partial re-acidification of the solution to pH 4.5. 

Step IV:Equilibrium. 

Step V:Polymerization or aging. 

The temperature is one of the most important factors in the kinetics of formation of 

synthetic imogolite. It has been established that the kinetics of growth reaches its maximum 

on 90 °C, where training time is 5 days, however when the aging temperature is 60 °C 

fibers imogolite form after 20 days at 25 °C as made after 7 years (Mukherjee, 2007; 

Farmer and Fraser, 1979; British Patent 1574954 and US Patent 4252779; Wada, 1987;  

Suzuki, et al 2005).  
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Fig. 4: Steps in the formation of synthetic imogolite, where the formation of the first 

precursors is the only reversible step (Mukherjee et al., 2007) 

In general an increase in the ratio Al / Si above 2.0, favors the tendency to form 

boehmite, whereas a high rate of addition of NaOH, alkali nuclei generated in which the 

developing bayerite (Barrett et al., 1991).   

Properties of the imogolite 

From the perspective of nanotechnology, its structure, physical and chemical 

properties and high flexibility to achieve surface modifications, position the imogolite as an 

excellent candidate for nanotechnology applications (Farmer et al., 1983; Bursill et al., 

2000; Álvarz-Ramírez, 2007; Kuc and Heine, 2009; Yah et al., 2010).  

Physical Properties 

The electronic and optical properties in nanotubes strongly depend on the chirality, 

symmetry and diameter held. According to the classification of symmetry applied to the 

Equilibrium of 
monomers and oligomers 

Step III Step IV Step V 
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CNT, the imogolite nanotube has two structural conformations, zig-zag (12.0) and armchair 

(8,8) (Hamada et al., 1992; Konduri et al., 2006). 

Using density functional theory (DFT) estimated that the band gap of these 

aluminosilicates can vary between 3.67 to 10ev, depending on the calculation method used, 

which suggests that imogolite has insulating properties a semiconductor (Abidin et al., 

2007; Guimaraes et al., 2007). In a recent research Kuc and Heine (2009), raised the idea of 

a coaxial nanowire carbon nanotube (CNT) coated with an insulating sheath made of 

imogolite, which would broaden the scope of nanomaterials to performing various 

nanoelectronic devices (Fig. 5). 

 

Fig. 5: Schematic representation of a nanowire formed by CNT@imogolite (Kuc and 

Heine, 2009). 

  The optical properties of the aluminosilicate are interesting from a physical 

standpoint, because it has a refractive index similar to many common polymers (Miyauchi 

and Aomine 1966, Yamamoto et al., 2005). Other optical properties of imogolite studied is 
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the effect of texture and structure (anisotropy) on the control of polarization and electric 

birefringence phenomena relevant to the application of these nanostructures in 

electromagnetic and optical sensors (Bursill et al., 2000, Matsumoto et al., 2007). 

Chemical and biology Properties 

Characteristics such as its large area and surface charge in addition to the types of 

functional groups that constitute it, have allowed to study the adsorption capacity of 

imogolite not only trace elements but also as a composite of an organic nature, n-butane, n -

pentane, cyclohexane, benzene and perfluorotributylamine, finding that the aluminosilicate 

has a high affinity for benzene, which can be retained in the pores mainly type C (Adams, 

1980) (Fig. 3a). Ackerman et al., found a strong affinity for CO2 over CH4in two samples 

of synthetic imogolite, projecting its use as a sensor of this type of gases. 

The imogolite has been used for the immobilization of biological components such 

as adenine, adenosine, adenosine monophosphate and pepsin (Hashizume and Theng, 

2004). Immobilization of pepsin in this clay have shown that increased enzyme activity 

(Inoue et al., 2005; Yamamoto et al. 2007), being detected by IR spectroscopy and 

quantified by a differential thermal analysis (TGA), concluding that 71% of the imogolite 

surface was covered by pepsin. These results open interesting projections of the nanoclay in 

the field of biotechnology (Matthew et al., 2007)  

Studies carried out by culture in vitro to determine the compatibility of the 

imogolite in biological systems, suggests that this nanoparticle does not cause toxicity in 

cells that constitute the immune system also has been found to be able to form a complex 

with yeast RNA, attenuating tumor cells (Farmer et al., 1983, Maekawa and Momii, 1972). 

Ishikawa et al., 2010 reported that the presence of imogolite in cultured bone cells increases 
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osteoblastic activity, which opens potential uses of this nanoparticle as a generator of this 

type of tissue damaged by fractures. But an investigation by Candy et al., 1986 suggests 

that the presence of aluminosilicates in the body can induce Alzheimer's disease. The 

application of this type of nanoparticles and especially of imogolite, requires specific 

studies of the real human consequences.  

Imogolite and its potential in nanotechnology 

Changes in its structure and its surface properties, magnetism and electricity are 

some of the types of changes made in imogolite. The process of synthesis of imogolite 

transformations allows both surface and structural properties transferred to this new 

nanotubular aluminosilicate. One of the first modifications was proposed by Wada and 

Wada (1982), which consisted of the partial substitution of Si by Ge, forming 

aluminogermanates, which have a diameter of 3.3 nm, 50% higher than that determined for 

imogolite, while its length is 15 nm, 7 times lower than that obtained for imogolite (Pohl et 

al., 2006, Mukherjee et al., 2005; Levard et al., 2010). 

Further research on these aluminogermanates indicate that this type of nanotube 

formation processes are faster and their packing is monoclinic and hexagonal as imogolite 

(Mukherjee et al., 2005). Its applications have focused on the possibility of developing 

biodevices capable of detecting biomolecules such as DNA, functioning as nanowires. 

Other potential applications of nanotubulares aluminogermanates would nanoconductor use 

as a direct consequence of the band gap of Ge, which is lower than that of Si can improve 

the conductive properties in the infrared (Álvarez-Ramírez, 2007; Prokhorov et al., 2007; 

Ruddell et al., 2007; Pantel et al., 2006). 
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The addition of Fe (III) replacing structurally Al3+, is another of the changes that 

have taken place in the synthesis of imogolite (Farmer and Fraser, 1979, British Patent 

1,574,954 and U.S. Patent 4,252,779; MacBride et al. 1984). This change to the imogolite 

functionalized, allowing it to catalyze different reactions, mainly in the oxidation of organic 

compounds such as cyclohexane, toluene, benzaldehyde and chlorobenzenes, generating 

epoxy derivatives, ketones and alcohols, highlighting the conversion of benzene to phenol. 

(Ookawa et al., 2006; Ookawa, et al., 2007). 

Other alternative surface-level processing in these nanoparticles, is the substitution 

of a functional group. The imogolite exchanged one or more hydroxyl groups belonging 

≡Al-OH group, for molecules derived from alkyl phosphonic acids, which are 

nanocomposites by radical reactions, which have different optical and electrical properties 

of the starting materials (Yamamoto et al., 2001, 2005a, 2005b, 2007, Kuroda and Kuroda, 

2008, Qi et al., 2008; Jiravanichanun et al., 2009). 

 

Fig. 6.Photograph of imogolite-PVA. The incorporation of this nanoparticle improves the 

mechanical and optical properties of PVA (Yamamoto et al., 2001, 2005a, 2005b, 2007). 
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  The use of imogolite as a support in the nanohybrids, has been an important 

development in the field of physics, because it strengthens the conductive properties of 

light and electricity, and mechanical and optical properties of organic polymers as a 

consequence of birefringence, which generates two indices of refraction, very important 

phenomenon in the use of optical fibers (Fig. 6) (Matsumoto et al., 2007, Yamamoto et al., 

2007). 

Imogolita versuscarbon nanotubes  

The carbon nanotubes (CNT), one of the most studied nanoparticles by science, 

have some similarities with the imogolite, especially in its large capacity and modification 

structural and morphological characteristics (Table 1). 

 

 

Table 1: Physical characteristics of imogolite and carbon nanotubes. 

Characteristics Imogolite Carbon Nanotubes  

SuperficialArea 

(m2/g) 
900 – 1100 300-1000 

Inner Diameter (nm) 1.0-2.2* 1.2-1.4 

External Diameter (nm) 2.5-3.3* ---- 

Length (nm) < 100 nm > 500 nm 

Density (g/cm3) 2.7 2.6 

Hardness (Mohs) 2.5-3.5 9.5 

Young Modulus (Gpa) 150 1054 

 *Ge-Imogolite (Aluminogermanate). 
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At the structural level and the CNT imogolite can be classified by symmetry, chiral 

and non-chiral also for its conductive properties, which the index Hamada, can be classified 

into three types: armchair, zig-zag and chiral (Hamada et al., 1992, Guimaraes et al., 2007). 

The behavior of the CNT surface is different from the imogolite, because the high 

charge density arising as a result of the CNT π systems, suggests that the adsorption of ions 

is strongly influenced by electrostatic attractions charge transfer type, systems either π 

conjugated organic compounds or unoccupied orbitals of some metals. In these reactions 

the pH plays a minor role in the behavior of the CNT surface, if not, what happens to the 

imogolite where the functional groups that comprise it are sensitive to changes in pH 

The surface modifications of the CNT, usually involve the use of oxidizing agents 

to form carboxylic groups (-COOH) (Wu et al., 2007), these changes drastically reduce the 

elastic properties and mechanical properties of CNT, for their part, these changes do not 

affect the structure of the imogolite, because any change is made by means of adsorption of 

the target molecule or by synthesis in situ. 

  The electrical properties of these nanostructures have substantial differences, while 

CNTs are considered superconducting nanowires, the behavior of imogolite semiconductor 

is an insulator, these qualities allow the main fields of development and study are physics 

and electronics (Vijayakrishnan et al ., 1992; Tans et al., 1997, Guimarães et al., 2007; Kuc 

and Heine, 2009). 

  The optical properties of CNTs limited due to the conjugation π system, which 

results in characteristic black color of these, preventing its use in this application area 

(Yamamoto et al., 2005, 2001). Research in this field with imogolite show significant 
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differences with the CNT, because this nanoparticle is clear, this being an advantage in its 

application as an additive to polymers (Yamamoto et al. 2005). 

  Both nanoparticles have been used in the adsorption of radioactive elements such as 

thorium and uranium (Chen et al., 2007; Arai et al., 2006), finding promising results, which 

suggest the use in areas contaminated with wastes radioactive. 

Conclusions 

  The surface behavior of imogolite, their nanoscale dimensions, high surface area 

and its synthesis greatly developed, allow this project to aluminosilicate, such as a 

nanoparticle that meets several requirements for use in the field of nanotechnology, which 

has had interesting results , mainly due to: 

• The high flexibility of structural and surface modifications is possible to make the 

imogolite, by substitution of different elements and compounds, mainly Fe, Ge or alkyl 

phosphonic acids, enhance the qualities of this aluminosilicate multiplying its functions, 

such as oxidation of organic compounds, improving the electrical, optical, mechanical 

and magnetic, which opens up huge potential for application in priority areas of science 

such as biotechnology and nanotechnology. 

• The similarities between the CNT and imogolite are limited only to the type of structure 

and conductive properties, while in the other characteristics and properties there are 

obvious differences, based primarily on their origin and mechanisms involved 

composition and reactivity. 

The broader nanotechnology field and the lack of information on studies of imogolite in 

many areas, boundary work allows for a low infrastructure requirements and unlimited 
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projections, positioning this nanoparticle in a future, advanced stalls in nanoscience and 

nanotechnology. 
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The isoelectric point and the reaction pH are proposed to follow the synthesis of 

imogolite, a nanotubular aluminosilicate. Two synthetic procedures were used (S-I and S-

II), both involving a co-precipitation followed by an aging treatment where the 

aluminosilicate evolves from proto-imogolite (detected 72 h after the co-precipitation step), 

to imogolite; its formation is reached after 120 h (S-I) or 168 h (S-II) of aging, depending 

on the co-precipitation method used. In S-I the isoelectric point increases from 7.1 to 10.5, 

while in S-II it increases from 6.6 to 9.2 during the aging treatment. Additionally, a linear 

relationship between the isoelectric point and the aging pH at different aging steps was 

found. That relationship may be used to follow the aging process by simply measuring the 

pH, becoming an alternative to more complex methods. 

Keywords: Imogolite, isoelectric point, nanoparticles, clays minerals, eletrophoretic 

migration. 

1. Introduction 

Electrophoretic migration (EM) measurements allow the determination of the 

isoelectric point of a sample, which corresponds to the pH at which the particles do not 

present electrophoretic mobility and consequently the charge of all the components in the 

plane of shear is zero. The isoelectric point is closely related to the particle's superficial 

composition and to its structure (Gil-Llambías and Escudey-Castro, 1982; Escudey and 

Galindo, 1982). Charge measurements by EM have been widely used to characterize 

different kinds of surfaces (Breiner et al., 2006). However, the use of the IEP as a follow-up 

tool of synthetic processes has not been reported. 

This application considers that electrokinetic measurements of charge 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. 
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Imogolite is a nanotubular aluminosilicate (NTA) present in soils of volcanic origin, 

such as the andisols (Yoshinaga and Aomine, 1962; Huang and Violante, 1986; Parfitt, 

2009). Its stoichiometry is (OH)3AI2O3SiOH and it has at least two kinds of active surface 

sites, an internal one dominated by silanol groups (≡Si-OH) and an external one dominated 

by aluminol groups (≡Al-OH) (Cradwick et al.,1972; Farmer et al., 1983; Wilson et al., 

2002), both with pH-dependent surface charge. Because of the unique physicochemical 

characteristics of this NTA, various synthetic processes have been developed (Farmer et al., 

1983; Wada and Wada, 1979; Wada and Wada, 1981; Denaix, et al., 1999; Nakanishi, et 

al., 2007; Levard, et al., 2009), reinforcing its industrial applications. It is used mainly as an 

adsorbent and catalytic support, with projected nanotechnological applications that increase 

its range of use at the industrial level (Guilment et al., 2002; Imamura et al., 1993; Qi et al., 

2008; Maillet, et al 2010). The synthesis of imogolite involves a first step in which basic 

hydrolysis of the precursors of Si and Al takes place, followed by polymerization at 95 ºC 

for a period of approximately five days during which the tubular structure is formed and the 

superficial active sites are modified (Arai et al., 2006; Denaix, et al., 1999). These 

modifications that occur on the surface during the aging process necessarily alter the 

surface charge of the imogolite.  

The objective of the paper is to show that by determining the superficial charge by 

electrophoretic migration (EM) and using the isoelectric point (IEP) parameter and the 

aging pH (pHa) it is possible to follow the process of formation of imogolite and evaluate 

the product obtained, providing a simple method to determine the formation of imogolite 

and alternative to the use of traditional spectroscopic techniques (IR and XRD) and 

transmission electron microscopy (TEM). 

2. Experimental procedure 
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  The synthesis of imogolite was carried out in duplicate by the methods described by 

Mukherjee et al., 2007 (designed as S-I) and Farmer et al., 1983 (designed as S-II), in both 

procedures the reaction time was extended to a period of 10 days, to establish if 

morphological changes occur.  

2.1 Synthesis of imogolite 

Method I (S-I): Tetraethyl orthosilicate (TEOS) was added dropwise to a stirred 

solution of 5 mM AlCl3 solution until the Al:Si ratio was 1.8, and it was allowed to stand 

for 45 min under vigorous stirring. Then a 0.1 N NaOH solution was added at the rate of 

0.3 mL/min until the pH of the solution reached 5.0. The pH was brought down 

immediately to 4.5 by dropwise addition of a 0.1 M HCl and 0.2 M acetic acid solution. 

The resulting clear solution was stirred for 3 h and then reacted at 95 °C under reflux 

conditions. The remaining sample was transferred into a vessel under vigorous stirring. The 

0.1 N ammonia solution was added carefully until the pH reached 8.0. The solids were 

concentrated by centrifugation at 3000 rpm during 20 min and washed with deionized water 

until the specific conductivity was reduced to less than 0.78 dS/m.  

Method II (S-II): To an aqueous solution of 5 mM Al(NO3)3•9H2O was added a 

solution of TEOS to achieve an Al:Si ratio of 2:1. Then a 1x10-2 M of NaOH solution was 

added at a rate of 0.5 mL min-1 until an Al:Si:OH ratio of 2:1:4 was obtained, reaching a pH 

of 5.0, and the mixture was stirred vigorously for 60 min and then heated at 95 ºC for 10 

days. To finish the synthesis a 0.1 M solution of NH4OH was added until the pH got to 8.0, 

yielding a transparent gel which was separated by centrifuging at 3000 rpm during 20 min 

and washed with deionized water until the specific conductivity was reduced to less than 

0.78 dS/m.    
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During both syntheses, samples were taken at 0, 24, 48, 72, 96, 120, 168, 192 and 

240 h before the end of the hydrolysis process, applying in each case the described end of 

the synthesis (addition of NH4OH and centrifugation).  

2.2 FTIR spectroscopy. 

FTIR spectra were obtained on a Tensor 27 Brucker spectrometer for both 

aluminosilicate compounds by pressing a 3-mg dry sample into a spectral grade KBr 

matrix. The resolution of each spectrum was 2 cm−1 and it was scanned 32 times. 

2.3 X-ray diffraction (XRD) 

The samples were scanned from 3º to 70º 2θ using a step size of 0.02º 2θ and 

scanning for 1.0 s at each step. The X-ray patterns were collected using CuKα radiation 

from a Philips XPert diffractometer generator and a Theta/Theta goniometer equipped with 

a 1.5º divergence slit, a 0.2º receiving slit, a graphite diffracted-beam monochromator, and 

a scintillation counter. 

2.4 Electrophoretic measurements and Isoelectric point (IEP). 

The surface charge was determined by EM on a Zeta-Meter Inc. ZM-77 instrument. 

A suspension of about 0.03 g of dry base sample in 200 mL of 1x10-3 M KCl (S-I) or 1x10-

3 M KNO3 (S-II) was used. The pH was adjusted with HCl (S-I) or HNO3(S-II) and KOH 

(10-2 M). The IEP was obtained from the electrophoretic mobility versus pH graph. 

2.5 Transmission electron microscopy (TEM). 

The transmission electronic microscopy sample preparation was carried out by 

dipping Lacey Carbon Formvar coated Copper grids (300Square, Pelco) in dilute 

suspensions and drying them in air before observation. Specimens were examined in a LEO 

910 transmission electron microscope operating at 120 kV. 

2.6 Surface complexation. 
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The study of the solids-solution interface has led to the description of various 

models that allow the phenomena that take place there to be explained. The constant 

capacitance model (CCM) has been used to describe the surface charge curves of synthetic 

non-crystalline aluminosilicates with variable charge (Jara et al., 2005). The surface charge 

dissociation reactions are described by the CCM (Goldberg, 1995) by:   

 

 

                                                                                                                 [1] 

      

    

    [2] 

 

In equations 1 and 2 a relation between surface charge and pH can be sseen, so a 

relation between the IEP and pH can be expected. The CCM has been used to describe the 

superficial behavior of different substrates such as soil, fractions extracted from the soil, 

and synthetic aluminosilicates with variable charge (Goldberg y Sposito, 1984; Escudey y 

Galindo, 1993; Jara et al., 2005; Molina, et al., 2007). 

2.7 Data Analysis. 

A variance analysis was made to compare the IEP and pHa values at the different 

synthesis times and between the two synthetic procedures. The average values were 

compared using the Tukey test (p<0.01).  

The pHa of each sample was measured directly, and they were also characterized by 

FT-IR spectroscopy, XRD, TEM ,and surface charge. 

3. Results and discussion  
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Fig. 1 shows the IR spectra of the products obtained at different preparation times 

by S-I and S-II. Once the mixing process of the precursors of both syntheses is ended, the 

IR spectra indicate the presence of three broad peaks at 1080, 968 and 590 cm-1, consistent 

with the structure of proto-imogolite (Wilson, et al., 2001; Hu, et al., 2004). As the 

synthesis evolves in time, the characteristic signals of imogolite at 487, 537 and 723 cm-1 

appear in the IR spectra, and they remain unchanged during the time of the study, but the 

presence of these bands is detected at different aging times depending on the synthesis 

method: 24 h for S-I and 48 h for S-II.  

 

Fig. 1. FTIR spectra of products at different preparation times, (a) S-I and (b) S-II. 

These results show coherence with what was determined by XRD (Fig. 2), where it 

is seen that once the mixing process of the precursors is ended (0 h), both for S-I and S-II 

the product does not present diffraction lines. This behavior is maintained until 24 h for S-I 

and until 48 h for S-II, where, from XRD measurements, the aging process starts taking 

place. At longer reaction times both methods show an increase in the degree of crystallinity, 

with broad diffraction patterns, characteristic of a paracrystalline mineral, at 0.21, 1.20, 

0.34 and 0.22 nm, characteristic of imogolite, which remain unchanged during the time of 

the study (Wilson, et al., 2001; Hu, et al., 2004; Levard, et al., 2009).   
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Fig. 2. XRD traces of S-I (a) and S-II (b). 

The results obtained by TEM for S-I show that once the mixing process of the 

precursors is ended (0 h) the morphology of the product is not distinguishable (Fig. 3a); 

after 24 h of aging the predominant structures are amorphous (Fig. 3b) (Montarges-

Pelletier, et al., 2005; Hu, et al., 2004). As the synthesis evolves, globular aggregates are 

formed that show a necklace-type arrangement (Fig. 3c). This arrangement derives into the 

tubular structure characteristic of imogolite, which is clearly predominant after 120 h of 

reaction (Fig. 3d and 3e) and extends up to 240 h after the beginning of the aging process, 

when the nanotubular structures are highly condensed (Fig. 3f), a phenomenon that was 

reported by Yang, et al., 2008. In spite of showing a similar behavior for S-II (Fig. 3), this 

synthesis showed differences in the times for the formation of imogolite, and the 

predominance of imogolite was achieved after 168 h of reaction (Fig. 3). 
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Fig. 3. TEM images of imogolite samples obtained using the S-I (up) and S-II (bottom) 

method. (a) 0 h, (b) 24 h, (c) 72 h, (d) 120 h, (e) 168 h, (f) 240 h. 

These differences can be attributed to the stages involved in obtaining the imogolite: 

S-I considers partial acidification of the precursors down to pH 4.5, which prevents the 

appearance of amorphous material that starts forming at pH close to 5.0; on the other hand, 

S-II does not consider this step, leading to a greater presence of amorphous material that 

would delay or inhibit the formation of the basic structures for the assembly of the 

imogolite (Barret,et al., 1991; Ackerman, et al., 1993; Mukherjee, et al., 2007).  



56 
 

Fig. 4 shows the electrophoretic mobility vs. pH curves corresponding to the 

different products formed during the synthesis of imogolite for S-I and S-II. It is clearly 

seen that as the syntheses evolve in time, the superficial behavior of the intermediate 

products of imogolite is different.  

 

Fig. 4. Electrophoretic curves of products at different preparation times, S-I (a) and S-II (b). 

This behavior can be explained by the type of structures and the Al:Si surface ratio 

of the products formed during the synthesis. In the early stages of the synthesis the main 

characteristic of the products is their amorphous structure, in which active surface sites of 

the ≡Si-OH and ≡Al-OH type coexist in comparable magnitudes, considering that at 0 h of 

aging IEP values of 7.1 and 6.6 are found for S-I and S-II, respectively (Table 1). 

According to the EM data, the critical point in the formation of imogolite is produced at 72 

h of reaction for both methods, due to a significant increase of the IEP values (Table 1). 

These data are directly related with the TEM observations, which show necklace-type 

structures formed by a self-assembly process (Mukherjee, et al., 2005).  
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Table 1. Isoelectric point (IEP) and pH (pHa) as a function of synthesis time for S-I and S-

II. 

Time (h) S-I S-II 
 pHa IEP pHa IEP 

0 4.49a 7.1a 4.26a 6.6a 
24 3.85b 7.8b 3.70b 7.7b 
72 2.78c 10.0c 3.45c 8.7c 

120 2.70d 10.5d 3.40cd 8.9c 
168 2.61e 10.7d 3.34d 9.2d 
192 2.51ef 10.8d 3.27de 9,5de 
240 2.47f 10.9d 3.17e 9.7e 

 

Within columns, values followed by the same letter are not significantly different according to Tukey’s test (p 

< 0.01). 

These precursors have a high surface Al:Si ratio, mainly because in their 

restructuring a larger number of ≡Al-OH groups which have high IEP (Table 1) become 

exposed on the outer surface. As time goes by the surface Al:Si ratio increases, explaining 

why the IEP in both syntheses is displaced to higher pH, until it reaches values close to that 

reported for gibbsite, the constituent of the outer surface of imogolite (Alex, et al., 2008; 

Huittinen, et al., 2009).  

The end of the process of synthesis established by TEM was determined considering 

the predominance of non-condensed nanotubular structures, where the IEP was 10.5±0.1 

for S-I at 120 h and 9.2±0.1for S-II at 168 h, values which agree with those reported in the 

literature (Harsh et al., 1992; Gustafsson, 2001).  
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Fig. 5. Variation of IEP and pHa as a function of synthesis time. The marked points 

represent the experimental values determined by TEM as the aging procedure end points 

for S-I and S-II. 

Significant differences were found between the IEPs of S-I and S-II over the whole 

range of time measured (statistical analysis not shown), with S-I having the highest IEP 

values (Table 1).  

The pHa measured at 0, 24, 72, 120, 168, and 240 h shows that this parameter 

decreases as the reaction proceeds (Fig. 5) (Yang, et al., 2008). During the synthesis of 

imogolite that relationship cannot be easily described for a simple complexation model as 

CCM, because more than one type of active surface site is present and the active surface 

sites change during the aging treatment. But as expected from the CCM description of 

surface ionization, a relationship between IEP and pHa was observed. 

The IEP presents a highly significant linear relation with the pHa; thus, for S-I IEP 

= -1.97 pHa + 15.69 and for S-II IEP = -2.87 pHa + 18.69 (p<0.005, Fig.7). These linear 

relationships can be used as a first approach to estimate the end point of the aging 

procedure, previous to a more time-demanding measurement as TEM. 
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Fig. 6. Relation between isoelectric point (IEP) and aging pH (pHa) as a function of 

synthesis time. 

The significant IEP variations and the relation found between this parameter and 

pHa for S-I and S-II are attributed specifically to the methods of synthesis, where the 

absence of partial re-acidification during the S-II process causes a greater presence of 

amorphous material than in S-I, with a higher proportion of ≡Si-OH sites, decreasing the 

IEP of S-II compared to that of S-I, discarding a possible effect of the anions coming from 

the precursors of Al, Cl– for S-I and NO3
– for S-II.  

Table 2. Isoelectric point (IEP) and pH for imogolite syntheses S- I and S-II carried out at 

80 ºC and 95 ºC. 

 S-I S-II 

pHa95 2.70a 3.34a 
pHa80 2.69a 3.36a 
IEP95 10.5b 9.2b 
IEP80 10.4b 9.3b 

 

Within a column, values followed by the same letter are not significantly different according to Tukey’s test (p 

< 0.01). 
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The pHa and IEP values as parameters to establish the end point of the syntheses 

were evaluated from quintuplicate data obtained from independent syntheses carried out 

until 120 and 168 h of aging at 95 ºC, or 288 h and 360 h at 80 ºC, for S-I and S-II, 

respectively.  

The lower the aging temperature the longer the aging time required to reach 

imogolite formation. For both synthetic procedures (S-I and S-II), regardless of the aging 

temperature (80 or 95ºC), the IEP and pHa values reached when imogolite is formed are not 

significantly different (Table 2).  

4.   Conclusions 

In the present work two methods for the synthesis of imogolite were monitored 

using FT-IR, XRD, TEM and EM. This follow-up made it possible to establish that the 

formation of imogolite consists of two steps after the coprecipitation process; the first step 

is the formation of the nanometric precursors of imogolite, obtained by a self-assembly 

process that was achieved after aging times of 24 h for S-I and 72 h for S-II, while the 

second step is the formation and increase of the concentration of imogolite nanotubes as a 

result of the aging process. Of the techniques used to follow the formation of imogolite, 

neither FT-IR nor XRD allow distinguishing between imogolite and the nanometric 

precursors. On the other hand, the microscopic analysis of S-I and S-II allowed establishing 

the structures of the intermediary products and their evolution during the aging process, 

identifying globular, necklace-type, and nanotube structures which condense at longer 

aging times. 

These structural changes alter the surface Al:Si ratio of the products formed during 

the synthesis of imogolite. The formation of necklace-type structures, intermediate between 

the imogolite globular structures and nanotubes, coincides with a significant increase of the 
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IEP (of the order of two pH units). The IEP values were characteristic for each synthesis 

process as a result of the different methodologies studied. A linear relation was found 

between pHa and IEP. The parameters involved in this relation can be used as simple 

follow-up methods of the synthesis of imogolite. The results of this research must be 

considered as indicative of and pointing to a clear trend, but in view of the sensitivity of the 

IEP measurements and the multiple variables considered in the synthesis of imogolite, the 

methodology must be specific for each synthesis that considers the aging process as part of 

the method. 

The lower the temperature the longer the aging time, showing an effect on 

formation kinetics but, within experimental errors, the same pHa and IEP is obtained when 

imogolite formation is reached, regardless if the temperature considered is 80 or 95 ºC, and 

consequently it can be used to indicate the end point of the aging process.  
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Abstract 

The structural and superficial changes undergone by the different precursors that are 

produced during the synthesis of imogolite are reported. The structural characterization is 

made of the products obtained at different aging times by means of transmission electron 

microscopy (TEM), X-ray diffraction (XRD), and infrared spectroscopy (FTIR), finding in 

the first hours of synthesis subnanometric precursors with slight crystalline arrangement 

that evolve into nanotubular structures. The superficial changes that occur during the 

synthesis of imogolite were determined by electrophoretic migration (EM) measurements, 

through which it was possible to identify at what time the precursors that are critical for the 

formation of these nanoparticles are generated. A critical parameter for understanding the 

evolution of these precursors is the isoelectric point (IEP), whose variation revealed that 

during the formation of imogolite the precursors modify the number of active ≡Al-OH and 

≡Si-OH sites, and it was also found that the IEP is displaced to higher pH as a consequence 

of the superficial differentiation that occurs during the synthesis. At the same time it was 

established that the pH of the reaction (pHrx) decreases with the evolution and condensation 

of the precursors during aging. Integration of all the results allows an overall understanding 

of the different processes that occur and the products that are formed during the synthesis 

of imogolite. 

Keyword: Aluminosilicate Nanotube Synthesis, Imogolite, Growth Kinetics, 

Electrophoretic Characterization. 

1. Introduction  

Two low range ordered aluminosilicates can be found in volcanic ash-derived soils, 

one of which consists of nanotubular aluminosilicate or metal oxide nanotubes named 

imogolite [1]. Its stoichiometry is (OH)3AI2O3SiOH and it is characterized by a hollow 
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cylindrical structure with an average outer diameter of 2.5 nm and variable length from 100 

nm to several micrometers [2, 3]. The simplicity of its synthesis and its high chemical 

flexibility [4-6], due to the superficial groups that constitute and functionalize the imogolite 

in a natural way (silanols, ≡Si-OH, on the inner surface and aluminols, ≡Al-OH, on the 

outer surface) have projected it as an excellent substrate for various nanotechnological 

applications [7-9]. 

The main limitation of the different synthetic methods is their low yield [5, 6, 10, 

11]. The research done to understand the mechanism of formation of imogolite establishes 

that the subnanometric precursors are formed in the coprecipitation stage and are the key 

for inducing a self-assembly process during aging [12-15]. 

Studies on the mechanism of formation of imogolite proposed in the literature agree 

that the curved structure is due to a series of substitutions of superficial –OH groups, 

belonging to the ≡Al-OH groups of the gibbsite plate, by tetrahedral O3SiOH. The 

substitutions result in a curved structure because of the different lengths of the Al-O and Si-

O bonds (0.19 nm and 0.16 nm, respectively) [2, 3, 16, 17]. A direct consequence of these 

substitutions is the differentiation of the superficial active sites in the precursors, one rich in 

≡Al-OH groups and the other in ≡Si-OH groups. 

The synthesis of imogolite in natural systems or under controlled laboratory 

conditions is affected by two key factors: concentration of the reagents in solution at the 

beginning of the synthesis (which must have an Al/Si ratio of 2 and must be in the order of 

mM) [18, 19], and temperature (which determines the formation kinetics of the 

nanoparticles) [20]. These factors play an important role in the growth, dissolution, 

aggregation and aging of imogolite. 
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The formation and characterization of imogolite has been studied by techniques 

such as FTIR spectroscopy, X-ray diffraction (XRD), transmission electron microscopy 

(TEM), X-ray absorption spectroscopy (XAS), nuclear magnetic resonance (NMR), 

electrospray ionization mass spectrometry (ESI-MS), and small-angle X-ray scattering 

(SAXS) [12, 21, 22]. However, the experimental conditions of the synthesis and the 

particular limitations of each characterization technique have hindered the determination of 

an adequate growth mechanism for this aluminosilicate. Research on structures analogous 

to imogolite, such as aluminogermanates ((OH)3Al2O3GeOH), have led to significant 

progress on a proposal for a general mechanism that explains the formation of imogolite 

[12, 21]. 

An important fact that should be stressed, which is independent of the specific 

mechanism through which imogolite is obtained [21, 22] is the magnitude of the structural 

changes and the marked differences in the chemical reactivity of the groups that are formed 

during the aging process (≡Al2-OH, ≡Al-OH and ≡Si-OH), which allows the use of surface 

characterization techniques like electrophoretic migration (EM) due to the high sensitivity 

of this technique to small superficial changes [23-25], such as those that take place during 

the process of imogolite synthesis, allowing the evolution of the precursors and their later 

assembly and growth to be followed. 

EM is a surface characterization technique that has been widely used to study the 

surface of catalysts, ore flotation, and pedology, because it allows a good description of the 

phenomena that occur on a surface [26-31]. EM determination allows getting the isoelectric 

point (IEP) of a sample, which corresponds to the pH at which the net charge of the diffuse 

layer (σD) is equal to zero [31]. The IEP is a descriptive parameter of the superficial 

changes that affect a sample, such as superficial enrichment, coating, and hydration [23-



71 
 

25]. Although in an aluminosilicate the ≡Al-OH/≡Si-OH activ sites ratio is important, its 

surface distribution is even more significant for defining its IEP. 

Several reports have described that the point of zero charge (PZC) varies with the 

size of a nanoparticle as a consequence of the changes in compositen that occur during 

growth [32, 33]. Within this framework, the objective of this research is to evaluate the 

structural changes that occur during the aging of imogolite, from the monomeric precursors 

to the formation of the nanotubes, based on the changes in the superficial ≡Al-OH/≡Si-OH 

ratio, reflected in the evolution of the IEP of each precursor, and on the changes in pH that 

take place during the synthesis. 

2. Materials and methods 

Synthesis of imogolite. Tetraethyl orthosilicate (TEOS) was added dropwise to a stirred 5 

mM solution of AlCl3 solution until the Al:Si ratio was 1.8, and it was allowed to stand for 

45 min under vigorous stirring. Then a 0.1 N NaOH solution was added at the rate of 0.3 

mL/min until the pH of the solution got to 5.0. The pH was brought down immediately to 

4.5 by dropwise addition of a 0.1 M HCl and 0.2 M CH3COOH solution. The resulting 

clear solution was stirred for 3 h and then reacted at 95 °C under reflux. The remaining 

sample was transferred to a vessel under vigorous stirring. A 0.1 N ammonia solution was 

added carefully until the pH reached 8.0. The solids were concentrated and washed with 

deionized water by centrifuging at 9000 rpm during 30 min, until the specific conductivity 

was reduced to less than 0.78 dS/m [14, 15]. 

Electrophoretic measurements and isoelectric point (IEP). The samples were suspended in 

200 mL of 10-3 M KCl. The pH was adjusted with HCl or KOH (10-2 M), and 

electrophoretic mobility measurements were performed on a Zetameter  apparatus. The IEP 

was obtained from the electrophoretic mobility vs. pH plot. 
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Point of zero salt effect (PZSE).The surface charge characteristics of the aluminosilicate 

samples were measured by potentiometric titration. Aluminosilicate suspensions were 

prepared by mixing 300 mg of solid samples with 100 mL of KCl at different ionic 

strengths (10−1, 10−2 or 10−3 M). The titrations were ran in an N2 atmosphere at a constant 

temperature of 25 °C. The titration was initiated at the original pH and 0.2 mL of 0.1 M 

KOH or HCl was added every 20 min. The pH response of the electrode was calibrated 

with buffer solutions at pH 4.00, 7.00 and 10.00. The PZSE was determined by locating the 

common intersection point of the potentiometric titration curves at different ionic strengths. 

Transmission electron microscopy (TEM). The samples were observed under a Zeiss EM 

910 transmission electron microscope using an 80 kV acceleration potential, on carbon 

substrates prepared as follows: A drop of the sample suspended in water was transferred to 

the face of a freshly cleaved sheet of mica and the solvent was allowed to evaporate. A thin 

layer of carbon was deposited on the surface by vacuum evaporation. The carbon/product 

film was separated from the mica sheet by flotation on distilled water and subsequently 

transferred to a perforated Cu support grid, and it was examined in a LEO 910 transmission 

electron microscope operating at 120 kV. 

 X-ray diffraction (XRD). XRD analyses were carried out on a Philips X'Pert diffractometer 

with graphite-monochromated CuKαradiation, using oriented aggregates preparations 

obtained by drying water suspensions of the samples on glass slides. 

Fourier Transform Infrared Spectroscopy (FTIR). FTIR spectra were obtained on a Tensor 

27 Bruker spectrometer for both aluminosilicate compounds by pressing a 3-mg dry sample 

in a spectral grade KBr matrix. The spectra were scanned 32 times at a resolution of 2 cm−1. 
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Data Analysis.A variance analysis was made to compare the IEP and pHa values at the 

different synthesis times and between the two synthetic procedures. The average values 

were compared using the Tukey test (p<0.01).  

3. Results and Discussion 

3.1 Structural Characterization 

The morphological changes of imogolite during the aging process were analyzed by 

FTIR spectroscopy, XRD and TEM.The FTIR spectra at different preparation times showed 

the presence of three wide peaks at 1080, 968 and 590 cm-1, corresponding to the stretching 

of the Si-O and Si-O-Al bonds, which are consistent with the structure of proto-imogolite. 

After 72 h of aging, bands appear at 990 and 939 cm-1, belonging to the Si-O stretching 

vibrations, which are specific of tubular structures, and they remain almost invariable 

throughout the aging time (Fig. 1) [6, 34-36]. 

 

Fig.1. FTIR and XRD spectra of the synthetic products at different aging time; (a) 0 h, (b) 

12 h, (c) 24 h, (d) 48 h, (e) 72 h, (f) 96 h, (g) 120 h. 

The evolution of the diffraction patterns of samples obtained at different aging times 
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are summarized in Fig. 1. The XRD data show that the precursor formed once the 

coprecipitation process has ended corresponds to an amorphous aluminosilicate [37]. That 

condition remains during the first 24 h of aging. An increase of the degree of crystallinity 

of the precursors formed is seen as the aging progresses, producing wide diffraction 

patterns at 72 h of aging, corresponding to 0.21, 1.20, 0.34 and 0.22. These bands, 

characteristic of a paracrystalline structure like that of imogolite, remain almost invariable 

until the end of the aging process [15, 37, 38]. 

The TEM observations made in the first hours of synthesis show that the precursors 

formed have an ill-defined and short-range structure under XR, and they reached a size of 

approximately 5 nm (Fig. 2a). 

(c)

(a) (b)

(d)

20 nm 50 nm

10 nm 0.5 μm

 

Fig. 2. TEM images of products at different aging times: (a) 0 h, (b)12 h, (c) 72 h, (d) 120h. 
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As a consequence of aging and the increased sustitution of the –OH groups of the 

≡Al-OH groups by O3SiOH, the precursors start growing, forming complex oligomers with 

sizes smaller than 15 nm (Fig. 2b). By TEM it was seen that the maximum structuring of 

the precursors was achieved between 48 and 72 h after the beginning of the aging process, 

showing the condensation of nanotube pieces about 20 to 30 nm in size (Fig. 2c), which 

derive into the structure characteristic of imogolite (Fig. 2d). 

3.2 Surface characterization  

The IEP is a parameter that indicates the level of enrichment in ≡Si-OH and ≡Al-

OH groups of the new surfaces resulting from the aging process, and its value changes until 

it reaches the characteristic IEP of imogolite (Fig. 3) [38, 39]. 
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Fig. 3. Electrophoretic curves of products at different preparation times. 

The variation of the IEP as a function of time is summarized in Table 1. The IEP 

obtained for the precursor formed once the coprecipitation of the starting products has 

ended suggests that the number of ≡Si-OH, ≡Al-OH and ≡Al2-OH groups is similar and 
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that their distribution on the surface is heterogeneous (Table 1) (tI→tII, Fig.s 3, 4). As the 

self-assembly of the precursors takes place, they evolve into more complex structures, 

shifting their IEPs to more basic pH (Table 1). This is accounted for by the increased 

substitution of –OH groups from ≡Al-OH by O3SiOH during the aging (self-assembly), 

causing the ≡Al-OH, ≡Al2-OH and ≡Si-OH groups to become localized on separate 

surfaces and the ≡Al-OH, ≡Al2-OH groups to become exposed as outer active sites 

(tII→tIII→tIV, Fig. 4) [39]. 

Table 1.Isoelectric point (IEP), reaction pH (pHrx), differential IEP, and differential ∆pHrx 

as a function of synthesis time. 

Time (h) IEP ∆IEP/∆t pHrx ∆pHrx/∆t 

0 6.6a 0 4.49ª 0 

12 7.1b 4.2 4.26b 1.90 

24 7.8c 5.8 3.85c 3.40 

48 8.5d 2.9 3.61d 1.80 

72 10.0e 6.3 2.78e 3.50 

96 10.3ef 1.3 2.72f 0.03 

120 10.6fg 1.3 2.70fg 0.01 

Within columns, values followed by the same letter are not significantly different 

according to Tukey’s test (p < 0.01). The ∆IEP/∆t and ∆pHrx/∆tvalues are amplified by 

afactor of 10. 
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Fig.4. Structural evolution of the precursors formed during the synthesis of imogolite. 

IEP 

tI< tII < tIII < tIV < tV ≤ tVI 

pHrx 

tI> tII> tIII > tIV > tV ≥ tVI 

Substitution (Si-OH) 

tI< tII < tIII < tIV ≤ tV ≤ tVI 

Al/Si 

tI< tII < tIII < tIV < tV ≤ tVI 
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Between 48 and 72 h of aging the substitutions are maximum, causing some of the 

precursors formed to be completely closed (ring structure). The superficial characteristics 

of these kinds of precursors would account for the increase of the IEP by 1.5 pH units, 

because the outer surface has a clear predominance of ≡Al-OH and ≡Al2-OH groups (tV, 

Fig. 4) [3, 39, 40]. 

Once the ring structure is formed, the IEP variation is minimal, because the ≡Si-OH 

groups are found preferentially on the inner surface of the precursor, thereby decreasing 

their contribution to the surface charge of the imogolite (tV, Fig. 4) observed by 

electrophoretic migration.Toward the end of the synthesis (96 - 120 h) the IEP values 

obtained are close to those reported for gibbsite, a main constituent of the outer surface of 

imogolite (tVI, Fig. 4) [38-41].  

To understand the IEP values and variations observed in the precursors and in 

imogolite, it is important to consider that in pure silicon and aluminum oxides this 

parameter has values of approximately 2 and 9, respectively [42], and that in binary 

compounds like allophane, a short-range ordered aluminosilicate, an IEP lower than that of 

imogolite has been determined, in spite of having a similar Al/Si ratio [38], explained by 

the close relation between the structural and superficial arrangement of the ≡Si-OH and 

≡Al-OH groups and the IEP value. 

The contribution of ≡Si-OH groups to EM measurements decreases as the imogolite 

grows, because the exposed surface has mostly ≡Al2-OH and ≡Al-OH sites, preventing the 

contribution of the ≡Si-OH groups at the charge level to be known. Through the 

comparison of the IEP (determined by electrokinetic measurements) and the PZSE 

(determined by potentiometric measurements), it is possible to determine whether silanol 
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groups participate in ion exchange reactions after the formation of imogolite nanotubes 

(Fig. 5). The IEP and PZSE pH values agree only when the active surface sites participating 

in charge generation are the same [31]. 
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Fig. 5.Point of zero salt effect for imogolite at three different KCl concentrations. 

An IEP =10.5 was determined for imogolite, showing the influence of ≡Al2-OH and 

≡Al-OH groups which dominate the outer surface compositen of the nanotubes [3, 37, 39, 

40], while the PZSE = 6.8 is the result of proton exchange reactions that take place on both 

internal ≡Si-OH and external ≡Al-OH active sites [31, 37]. 

These analyses indicate that the surface changes drastically, showing that the outer 

superficial Al/Si ratio increases under the effect of the aging process. This phenomenon 

conditions the arrangement of the imogolite reactive groups, and explains the differences in 

the IEP and PZSE values found, attributable to the presence of two different types of 

functional groups. 
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These results confirm that the outer superficial compositen of imogolite is different 

from its mass compositen, and the ≡Si-OH groups located on the inner surface of the 

imogolite nanotube are also part of the reactive groups during the potentiometric titration 

(Fig. 5) [5, 31, 40].  

During aging, other parameters of synthesis, as the pH of reaction (pHrx) decreases, 

due to condensation of the precursors which occurs through a oxolation mechanism (Fig. 

6), a process that releases H3O+ to the solution [13, 19, 34, 39]. 
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Fig. 6: Schematic representation of the sustitution of –OH groups of the Al precusors by 

the orthosilicate anion 

This parameter varies significantly in the same time interval as the IEP, showing 

that both parameters are dependent on the structural changes to which the precursors are 

subjected during aging.A more significant way of observing the effect of structural changes 

on pHrx is to represent the variation of this parameter as a function of aging time (Table 1 

and Fig. 7a). 

This graph shows clearly that the most significant structural changes result in the 

most important changes in pHrx. It is seen that three important variations occur: the first is 

that from the monomeric and oligomeric precursors (tI) to the raft type structure (tIII); the 

second corresponds to the path from the raft type structures to rings (tIII→tV); and the third 
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accounts for the one-dimensional growth of the ring-type structure until it forms the 

imogolite nanotube (tV→tVI). A similar association can be made when the change in the IEP 

as a function of aging time is represented (Fig. 7b). 
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Fig.  7. (a) ∆pHrx vs. Δt and (b) ∆IEP vs. Δt. 

3.3 Superficial evidence of the formation of imogolite. 

The combined use of different analytical techniques (FTIR, XRD, TEM and EM) 

allows the identification of two key stages that occur during aging in the synthesis of 

imogolite, which are described by the mechanisms of formation of imogolite proposed by 

Maillet et al., 2010 and Yucelen et al., 2011 [21, 22]. The first stage is the formation of 

precursors that will evolve into imogolite, and according to Maiellet et al. they correspond 

to short-range amorphus subnanometric species, while according to Yucelen et al. the 

precursors formed are of the Keggin ion type, and both precursors have their origin in the 

hydrolysis of the starting reagents [21, 22]. 

(a) (b) 
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The growth and development of these precursors into more complex structures (raft 

and ring) occurs through a self-assembly mechanism that originates during Ostwald 

ripening [43-47], a process associated with reactions that involve thermal aging, such as the 

case of imogolite synthesis [12, 15, 19, 22]. These processes are those that produce the 

most significant changes in the precursors, at the structural and superficial level, as shown 

by the IEP and pHrx values (Fig. 6). 

However, it is in the growth of the imogolite tubes (second stage) where both 

mechanistic models differ on the route that converts the annular precursors into nanotubes. 

According to Maillet et al., the formation of imogolite occurs as a consequence of 

successive collisions of the nanotube fragments (tip-tip collisions) [21], but if the growth 

process of imogolite takes place along this route, the electrokinetic behavior of the 

precursors, reflected in the IEP values, should be similar starting from 48 h of aging until 

the end of the aging process, because the precursors formed in that time have a surface 

compositen similar to that of the imogolite nanotubes, which is not what is determined from 

the electrophoretic measurements (Fig. 3, Table 1).  

Our experimental evidence of the superficial behavior of the different precursors 

obtained during the synthesis of imogolite suggests that its growth is governed by 

dissolution and condensation processes of those precursors that are in thermodynamicaly 

less stable states, rearranging themselves until the nanotubes are produced, as proposed by 

Yucelen et al., 2011 [22], accounting for the variations in the values of the IEP and pHrx 

found in this study (Fig.s 3, 4, 7; Table 1). 

The surface differentiation observed in the precursors due to the effect of the substitution 

of the –OH groups belonging to ≡Al-OH by O3SiOH and the one-dimensional growth of 

the imogolite nanotube are staages that are greatly unfavored from the standpoint of 
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entropy, but the energy released in both processes, and mainly in the condensation of the 

precursors (oxolation mechanism), contribute the enthlpy factor that explains the favorable 

formation of imogolite [19, 48, 49], as strongly evidenced by the changes in the superficial 

compositen of the precusors. 

4. Conclusion 

Micrographs taken at different stages of preparation showed the various structures 

formed during the aging process, which evolve from amorphous structures until they form 

the imogolite nanotubes. 

The FTIR spectra confirmed the presence of protoimogolite in the first hours of 

synthesis and the formation of a ring type structure at 72 h of aging, after which no 

important changes in the bands were seen at longer aging times, indicating that this 

technique loses sensitivity once the ring type precursor is formed. 

On the other hand, the superficial and structural changes such as the formation, 

evolution and growth of the precursors until the final structure of imogolite is obtained can 

be followed through the variations of the IEP obtained by EM, allowing the interpretation 

of the surface phenomena that occur during the aging of imogolite (self-assembly and 

Ostwald ripening). It is established that during the process of formation of imogolite the 

precursors present in the solution evolve into different types of structures (raft, ring and 

nanotube) as a result of the substitutions of -OH belonging to the ≡Al-OH groups by 

O3SiOH. The increase in the IEP values is the consequence of structural and superficial 

changes that occur in the aging stage to obtain imogolite, due to the observed phenomenon 

of superficial differentiation, where the outer and inner surfaces have different 

electrophoretic behaviors. The PZSE of imogolite indicated that ≡Al-OH and ≡Si-OH 
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groups are located on clearly separate surfaces in view of the difference seen between the 

IEP and PZSE. The condensation of the precursors caused a decrease of pHrx, which was 

significant between 48 and 72 h of aging, a time at which the predominant structure is the 

ring type. 

  From the results it is possible to state that the crucial stage in the synthesis of 

imogolite corresponds to the formation of a ring type structure, which from the 

thermodynamic standpoint tries to form a globular structure, possibly allophane, but the 

conditions of the synthesis (high dilution, Al/Si ratio, and an extended aging period) hinder 

this transformation, causing the terminal functional groups, constituents of the tip of the 

annular structure (≡Al-OH and ≡Si-OH), to constantly consume precursors attempting to 

achieve a globular structure, observing only one-dimensional growth of the precursors, 

which derive into imogolite. 
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Abstract 

The variation of the isoelectric point (IEP) is studied as a function of ionic strength 

(IS) and types of cations and anions that are present in the background electrolyte solution 

in synthetic imogolite samples by means of electrophoretic mobility (EM), to determine the 

impact of these components on the adsorption kinetics of trace elements (Cd and Cu). It 

was found that the IEP values obtained for these nanoparticles in the case of the 

monovalent cations (K+, Na+ and NH4
+) were sensitive to the increase in IS, with an 

increase of the IEP value of imogolite, where the affinity of the different cations for the 

superficial active sites follows the sequence K+≤Na+<NH4
+. In the case of the anions (NO3

-, 

ClO4
- and Cl-.) the effect of IS on the IEP of imogolite was not as marked as with the 

monovalent cations, following the sequence NO3
-≤Cl-<ClO4

-. In the presence of divalent 

cations (Ca2+ or Mg2+) imogolite shows no IEP because the generation of a positive charge 

by the formation of complexes between imogolite and the cations is greater than the 

creation of a negative charge by the effect of pH, since these sites are transformed into 

positively charged sites by the adsorption of these divalent cations. 

To determine the impact of these cations on the adsorption process of these metals 

different kinetic models were applied, such as the pseudo-first order and pseudo-second 

order, the Elovich, and the intraparticle diffusion models. The parameters obtained from 

each model showed that the adsorption of Cd and Cu in the presence of Na+ or Ca2+ is 

described adequately only by a pseudo-first order kinetic model, while in those solutions in 

which there is K+ the adsorption of both metals on imogolite fits the pseudo-second order 

models, the Elovich kinetic model, and intraparticle diffusion. This behavior suggests that 
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both Na+ and Ca2+ compete for adsorption sites on imogolite and that their specific 

adsorption modifies the surface of the nanoparticles, affecting the adsorption of Cd and Cu. 

Keywords:Imogolite, isoelectric point, specific adsorption, adsorption kinetics. 

1. Introduction 

Imogolite is a nanoparticle present in andisols and spodosols (Theng et al., 1982; 

Arai et al., 2006; Parfitt, 2009), characterized by its low degree of crystallinity, large 

surface area, and pH-dependent surface charge, qualities that give it high chemical 

reactivity, mainly in its interaction with anions and cations, over a wide pH range (Arai et 

al., 2006; Theng et al., 1982; Clark and McBride, 1984; Denaix et al., 1999). Its structure 

corresponds to a nanotubular aluminosilicate whose stoichiometry is (OH)3Al2O3SiOH and 

whose average size reaches 100 nm in length (Cradwick et al, 1972; Farmer and Fraser, 

1978), while its outer and inner diameters reach 2.0 and 1.0 nm, respectively, so it is 

considered a one-dimensional nanoparticle that has three types of pores: intra-tube, inter-

tube, and inter-thread (Adams, 1980; Ackerman et al., 1993; Abidin et al., 2007). Its outer 

surface corresponds to a sheet of gibbsite in which the predominant active surface sites are 

of the aluminol type (≡Al-OH and ≡Al2-OH), while the inner surface is dominated by 

silanol groups (≡Si-OH) (Cradwick et al., 1972; Farmer and Fraser, 1978; Levard et al., 

2009a; Arancibia-Miranda et al., 2011). 

When imogolite is in contact with an aqueous solution, depending on the pH of the 

solution the sites that constitute both surfaces can present differences in both the sign and 

the magnitude of the surface charge. In the case of imogolite the hydroxyls that are doubly 

coordinated by aluminium atoms are more acidic than the terminal hydroxyls, due to the 
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strong polarization to which the oxygen atom is subjected under the effect of the aluminium 

ions (Sposito, 1995; Bickmore et al., 2004).  

The ionization reactions of these groups can be described as follows: 

 

 

 The high value of pKa1,2 of these surface groups has as a consequence a positive 

surface charge over a wide pH range, giving imogolite excellent conditions for the 

adsorption of anions (Theng et al., 1982; Harsh et al., 1992; Gustafsson, 2001; Bottero et 

al., 2011)    

In the case of the inner surface of imogolite, the arrangement of the ≡Si-OH groups 

occurs at acidic pH values which favor the adsorption of cations (Bickmore et al., 2004; 

Levard et al., 2009 b). 

 

 

Because of the chemical characteristics of these groups and their spatial 

arrangement, various studies have been carried out on imogolite to determine the 

superficial behavior of this nanoparticle through the description of the different points of 

zero charge (PZC) (Sposito, 1981), which are summarized in Table 1. 

The data obtained from potentiometric titrations through the measurement of the 

point of zero net proton charge (PZNPC), the point of zero salt effect (PZSE), and the point 

of zero net charge (PZNC) show that imogolite has positive and negative charges attributed 

to the active sites that constitute its surfaces (Harsh et al., 1992; Theng et al., 1982; Karube 
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et al., 1992;1998, Tsuchida et al., 2005). However, the electrophoretic mobility 

determinations show that imogolite has a positive outer surface charge over a wide pH 

range in view of the high IEP values reported for this clay (Su and Harsh, 1993; Tsuchida et 

al., 2005; Arancibia-Miranda et al, 2011).  

Table 1. Values of the different points of zero charge (PZC) measured in imogolite. 

 

From these studies it is possible to assume a significant influence of imogolite on 

the macroscopic behavior of soils of volcanic origin in which it is found, mainly in its 

relation with their adsorption capacity and their behavior with respect to differents ions that 

can modify their surface properties in natural systems as well as under controlled laboratory 

conditions (Arai et al., 2006; Farmer and Lumsdon, 2001; Harsh, et al, 1992; Parfitt et al., 

1974; Su et al., 1992; Clark and McBride, 1984a; Clark and McBride, 1984b; Denaix et al., 

PZC Value Reference 

Point of zero net proton 
charge  

(PZNPC) 
6.4 Ishida and Makino, 1999 

Point of zero salt effect      
(PZSE) 6.5a, b-6.4c-6.0d 

(a) Harsh et al., 1992;  Arancibia-
Miranda, et al, 2011 (b) Ishida and 
Makino, 1999 (e) Tsuchida et al., 

2005 

Point zero net charge 

    (PZNC) 
8.4 Su et al., 1992 

Isoelectric point 

(IEP) 
9.5a-10a,b-11c 

(a) Arancibia-Miranda et al., 2011,  

(b) Harsh et al., 1992; (c) Tsuchida et 
al., 2005. 
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1999).  

In this context the effect of the existing ions and the ionic strength of the medium 

that constitutes the electrolyte support solution on the adsorption of trace elements on 

imogolite has not been reported. The objective of this work is to determine the effect of 

ionic strength and the impact of the cations and anions usually present in the soils on the 

IEP of imogolite. The work is also aimed at establishing how the changes in the IEP 

obtained by electrophoretic mobility allow the prediction of adsorption over time among 

the background electrolyte cations and different trace elements (Cu and Cd). 

2. Materials and Methods 

2.1 Synthesis of imogolite 

The imogolite used in this study was synthesized by the procedure described by 

Arancibia-Miranda et al., 2011. A tetraethyl orthosilicate (TEOS) solution was added to an 

aqueous solution of 5 mM Al(NO3)3•9H2O until an Al:Si ratio of 2:1 was achieved. Then a 

0.1 M NaOH solution was added at a rate of 1.0 mL/min until an Al:Si:OH ratio of 2:1:4 

was obtained. The resultant solution was stirred for 60 min and was then heated at 95 ºC for 

5 days. Once the aging process had ended, the mixture was allowed to cool to ambient 

temperature. 

A 0.1 M NH4OH solution was added to the resultant suspension until a pH close to 

8.0 was reached. The resultant solid was concentrated by centrifuging at 9000 rpm during 

30 min, and washed with deionized water until an electric conductivity below 0.78 dS/m 

was reached. 
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2.2 Measurement of electrophoretic mobility (EM) and determination of the isoelectric 

point (IEP). 

The isoelectric point (IEP) was measured by electrophoretic mobility (EM) with a 

Zetameter ZM-77 apparatus. Approximately 30 mg of sample were suspended in 200 mL of 

solutions with an ionic strength of 1.0 or 5.0 mM, and electrophoretic mobility was 

determined as a function of pH. From an EM vs. pH plot the value of IEP was obtained as 

the pH value at which EM = 0. The effect of the cations that in the electrolyte support (ES) 

solution was determined using KCl, NH4Cl, NaCl, MgCl2 and CaCl2 to set the ionic 

strength. KCl, KNO3 and KClO4 solutions were used to establish the effect of the anion. 

2.3 Effect of the support electrolyte on the adsorption kinetics of trace elements (Cu and 

Cd). 

To determine the effect of the ES on the adsorption kinetics, 50.0 mg of imogolite 

were weighed in 50 mL centrifuge tubes, 15 mL of a support solution (KNO3, NaNO3 or 

Ca(NO3)2·4H2O, 1.0 mM) were added, and the mixture was stirred for 24 h in a constant 

temperature bath at 25 °C. Then aliquots of a Cu or Cd standard were added to get a final 

volume (vf) = 20 mL and a final metal concentration (cf) of 50 mg·L-1. The pH of each 

suspension was adjusted by addition of HNO3 or KOH (10-1 or 10-2 mol·L-1). The 

suspension was stirred at 200 rpm at a constant temperature of 25 °C, and an ISE meter 

(sensION™4) was used to detect the Cu and Cd concentrations in real time. 

The concentration of Cu and Cd was monitored at successive intervals during 6 h. A 

blank without imogolite was used as control to determine the effect of the experimental 

procedure on the electrode's response. 
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2.4 Kinetics of adsorption. 

The study of the kinetic parameters can consider various models. Their use allows 

the determination of the rate at which a given substrate is adsorbed on a surface and gives 

an idea of the type of adsorption and the characteristics of the sites where it occurs (Biggar 

et al., 1978; Ho and McKay; 1999, Cheung et al., 2007). The amount of Cu and Cd 

adsorbed on imogolite was determined from the difference between the initial and the 

equilibrium concentrations of the ion, as shown in Eq. 5 (Banguella and Benaissa, 2002), 

 

 where Co is the initial concentration of Cu and Cd (mg L-1) and Ct is their concentration at 

time t, V is the volume (L) and M is the mass (g) of imogolite. 

2.4.1 Theories of the kinetic models 

Several models can be used to describe and analyze the adsorption process of a 

given analyte as a function of time. It should be noted that these models can describe 

adequately the kinetic behavior of a solute in a given substrate, but the parameters obtained 

from each model cannot necessarily have a coherent physical meaning because the 

theoretical development of these models is usually empirical. For that reason it is important 

to know the border conditions that describe the different kinetic models used and how the 

experimental factors can significantly affect the adsorption kinetics on the nanoparticles 

(Ho and McKay 1998; Madden et al., 2006; Pyrzynska, 2010; Boparai et al., 2011).  

It is certainly feasible to select a priori a kinetic model that considers, as correctly 

as possible, the conditions under which the adsorption of some given analytes takes place, 

considering the characteristics of the substrate. The scanty or nil information on the 
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mechanisms associated with the adsorption of trace elements in imogolite make it 

indispensable to evaluate the different models in the description of the process. 

2.4.2 Pseudo-first order model 

The pseudo-first order model is the best known and most widely used empirical 

kinetic model to describe the adsorption of different analytes on multiple surfaces under 

nonequilibrium conditions, and it is based on the adsorption capacity of the solid 

(Lagergren, 1898; Azizian, 2004; Ho, 2006; Rudzinski and Plazinski 2008; Boparai et al., 

2011). This model assumes that a solute ion is adsorbed on a superficial site of the 

adsorbent: 

 

where A represents an empty adsorption site in imogolite, M2+
aq is the trace element, and k1 

is the pseudo-first order constant. 

This pseudo-first order kinetic model is usually expressed as (Lagergren, 1898) 

 

 

were qe and qt correspond to the amount adsorbed and in equilibrium at time t, expressed in 

(mg·g-1), and k1 is the pseudo-first order adsorption rate constant (min-1), which is a 

combination of the adsorption (ka) and desorption (kd) constants. 

Integrating this equation for the boundary conditions t = 0 through t = t and q = 0 

through q = q, we get 

 

 

where log(qe - qt) correlates linearly with t. From the log(qe - qt) vs. t plot it is possible to 

get the values of k1 and qe from the slope and the intercept, respectively. 
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Several studies indicate that this model presents a good fit when contact time is 

short (50 to 200 min) and the initial solute concentrations (Co) are greater than the product 

of the covered fraction (θ) and constant β, which is defined as β = mc•qm/Mw•V, where mc 

and qm correspond to the mass (g) and the maximum adsorption capacity of the substrate, 

Mw is the molar mass of the solute and V is the volume (L) of the solution (Co >>βθ) (Boyd 

et al., 1947; Ho and McKay 1999; Azizian, 2004; Rudzinski and Plazinski 2008; Liu and 

Liu, 2008; Plazinski et al., 2009). However, although an adequate description of adsorption 

over time can be made, the value of k1 is strongly influenced by the experimental 

conditions, and it has been found that if adsorption is governed by film diffusion, k1 is 

inversely proportional to particle size, film thickness, and the distribution coefficient, while 

if the adsorption takes place by chemical exchange k1 is independent of these factors and 

depends only on the initial solute concentration and on temperature (Ho and McKay 1998; 

Ho, 2004; Azizian, 2004; Rudzinski and Plazinski 2008). 

2.4.3 Pseudo-second order model 

This model postulates that solute adsorption occurs on two available surface sites of 

the adsorbent and that the best fit is achieved according to the following expression: 

 

The pseudo-second order adsorption kinetics (Ho and McKay, 2000) is expressed 

by: 

 

where k2 is the pseudo-second order adsorption rate constant (g·mg-1·min-1). 

Rearranging the variables in this equation and integrating for the border conditions 

t = 0 through t = t and q = 0 through q = q, we get 
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One of the main advantages of this model is that the solute concentration at 

equilibrium can be estimated directly, without the need to produce adsorption isotherms. 

This model can further estimate the system's initial adsorption rate, defined by h = kqe
2, 

which can be obtained directly from the graph's intercept (Ho and McKay, 2000; Azizian, 

2004). 

  This model is sensitive to experimental factors such as the nature of the solute 

(charge and hydrated ionic radius), temperature, pH, and adsorbent size (Ho and McKay, 

2000; 2003; Ho, 2006). It has been found that the best fit of this model is achieved when 

the initial solute concentration is not sufficiently high with respect to the βθ (Co ≈ βθ) term 

(Azizian, 2004).  

2.4.4 Elovich equation 

This model is used to describe the chemisorption processes on heterogeneous 

surfaces, and it considers that adsorption takes place in two stages, a fast reaction, 

associated mainly with the movement of the adsorbate over the outer active sites, while the 

second stage is the diffusion (slow) into and out of the pores of the adsorbente (Low, 1960; 

Teng and Hsieh, 1999; Cheung et al., 2001; Pérez-Marín et al., 2007). This model is 

expressed as 

 

Constant α (mg·g-1·min-1) is considered as the initial rate constant, and β (g·mg-1) 

has to do with the degree of surface coverage and the chemisorption activation energy 

(Teng and Hsieh, 1999; Önal, 2006; Wu et al., 2009;  Cáceres-Jensen et al., 2010). The 

expression of the integrated equation is 
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Parameters α and β are obtained from the slope and the intercept, respectively, of the 

qtvs.ln t plot. 

The kinetic model of Elovich is based on a general second order reaction 

mechanism for heterogeneous adsorption processes (Teng and Hsieh, 1999; Cheung et al., 

2001) in which the superficial sites present different activation energies during the 

chemisorption process, so the presence of electrolytes that interact specifically with the 

surface would cause variations in the values of constants α and β (Low, 1960; Cheung et 

al., 2001; Rudzinski, 2002; Pérez-Marín et al., 2007; Debnath and Ghosh, 2009).  

2.4.5 Intra-particle diffusion (Weber-Morris model) 

This kinetic model is commonly used to determine whether intraparticle diffusion 

and convective diffusion are the steps that limit the adsorption of a given solute on a 

surface. The mathematical dependence of the adsorption can be expressed by the equation 

 (Eq. 12) 

where kint (mg·g-1·min-1/2) is the intra-particle diffusion constant and C is a constant related 

to the thickness of the surface layer (Weber and Morris, 1963), obtained from the qtvs. t0.5 

plot. 

When the qtvs. t0.5 plot presents multi-linearity, this model indicates that there are 

two or more processes that govern the adsorption. Therefore, the external surface 

adsorption occurs in a first stage (step I); the second step corresponds to gradual adsorption, 

which is controlled by intraparticle diffusion (step II); the third step is the final step of the 

equilibrium, where the solute moves slowly from the macropores to the micropores, 

causing an impact on the adsorption rate, decreasing it significantly (step III). The time 

Ctkqt += 2/1
int
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required for the intraparticle diffusion process (step II) depends on factors such as solute 

concentration, temperature, and adsorbent particle size, among others. 

3. Results and Discussion. 

3.1 Effect of the background electrolyte and ionic strength on the isoelectric point of 

imogolite. 

 In general terms, it is possible to establish a priori that given the characteristics of 

the outer surface of imogolite, its affinity for cations is low due to the superficial positive 

charge that is generated by the protonation of the ≡Al-OH and ≡Al2-OH sites over a wide 

pH range. In spite of that condition, it was possible to establish a relation between the 

electrophoretic behavior reflected in the value of the IEP, the ionic strength, and the type of 

cation for each studied case. 

The IEP values as a function of the type of background electrolyte at different ionic 

strengths are summarized in Table 2.  

Table 2.Isoelectric point of imogolite as a function of different electrolytes and ionic 

strengths. 

 

 

 

 

 

*∆IEP = (IEP (5.0 mM) - IEP (1.0 mM)); N.P: Does not have an IEP. 

Background 
Electrolyte  IEP (1.0 mM) IEP (5.0 mM ) ∆IEP* 

K+ 9.4 9.5 0.1 
Na+ 9.4 9.6 0.2 

NH4
+ 8.9 9.5 0.6 

Ca2+ N.P N.P N.P 

Mg2+ N.P N.P N.P 
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The relation between the surface of imogolite and the displacement of the IEP was 

determined as a function of the different ions, as a measurement of the type of surface 

complex, and its potential competitive effect on the adsorption of other ions. 

Fig. 1 shows the electrophoretic mobility vs. pH curves corresponding to different 

cations used as background electrolyte (Na+, K+, NH4
+). In the case of K+ the change of the 

IEP under the effect of ionic strength is in the range of the error found for this measurement 

(± 0.1 pH units) (Fig. 1a). 
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Fig. 1.Effect of ionic strength ((-●-) 1.0 mM and (-○-) 5.0 mM) on the isoelectric point 

(IEP) of imogolite as a function of different monovalent cations, for (a) K+, (b) Na+ and (c) 

NH4
+. 

It was found that for Na+ the change of the IEP is slightly greater than the 

experimental error, while an effect of NH4
+ on the IEP value of imogolite is clearly seen. 

This suggests that this nanoparticle has a different interaction with each of the cations used 

as background electrolytes and on their ionic strength, with high concentrations of the 

background electrolyte (5.0 mM) shifting the IEP to a more acidic pH by 0.16 and 0.62 pH 

units for Na+ and NH4
+, respectively (Fig. 1b and 1c). 
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The choice of a background electrolyte to establish a base ionic strength in the 

measurement requires an “indifferent electrolyte” that has no particular interaction with the 

surface and acts only forming the double electric layer, neutralizing the surface charge. 

This indifferent electrolyte condition can be seen with the change in the concentration of 

this background electrolyte, where an increase of its concentration should only affect the 

thickness of the double electric layer, without modifying the value of the IEP (Su and 

Harsh, 1993). 

The results given in Fig. 1 show that only K+ presents a ∆IEP within the error 

associated with the method, while the differences found for Na+ and NH4
+ show that beside 

acting as counterions, they have some kind of interaction with the surface of the imogolite 

different from the conformation of inner sphere complexes. 

Table 2 corresponds to the comparative analysis between the cations and their effect 

on the change of the IEP. It is possible to establish that at low ionic strengths the 

monovalent cations do not give rise to important changes in this parameter, but when the 

ionic strength increases, the IEP value changes significantly, indicating that the outer 

surface of imogolite has different afinities with the cations, in the following priority order: 

K+≤Na+<NH4
+, which is related to their hydrated radius (Su and Harsh, 1993; Escudey and 

Gil-Llambías, 1984). 

In the case of the divalent background electrolytes (Ca2+ or Mg2+) a different 

behavior was found than that seen for the monovalent ions, with no IEP found for 

imogolite, and only positive values for electrophoretic mobility were obtained for the whole 

pH range at the working ionic strengths (Fig. .2). 
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Fig. 2.Effect of divalent cations on the electrophoretic mobility and pH curves at different 

ionic strengths: (a) 1.0 mM and (b) 5.0 mM. 

This behavior suggests that these cations participate not only as counterions, but that 

they interact with the surface of the imogolite, generating positive charges as negative 

superficial sites are created by the increasing pH. 

A similar behavior was described for γ-Al2O3 in the presence of Ca2+ or Ba2+ by 

Escudey and Gil-Llambías (1984), who suggested that the negative charge generated on the 

surface by the increasing pH does not exceed the positive surface charge created by the 

Ca2+ or Ba2+ complexes formed on the surface. 

Fig. 3 represents a key phenomenon to understand how the nature of the cations that 

are part of an aqueous solution can modify the behavior of the superficial active sites of a 

substrate:  

1. If an aqueous solution contains a monovalent cation with a high affinity for the 

substrate (M+), the cation interacts with the surface of the imogolite, neutralizing 

the negative charge that decreases with increasing pH, and shifts the IEP to higher 

pH values. This condition is seen in imogolite when the electrolyte is NH4
+ and Na+. 
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2. If the surface is in contact with an indifferent electrolyte, in this case a cation 

(···m+), its impact on the IEP is minimum, regardless of the concentration used. 

According to the IEP data obtained, K+ behaves as an indifferent electrolyte because 

in spite of an ionic strength increase, the displacement of the IEP value can be 

considered to fall within the experimental error of the measurement. 

3. If the surface is interacting with an aqueous solution that contains divalent cations 

(M2+) such as Ca2+ and Mg2+, the main effect seen will be the generation of an 

excess positive charge as the cations react with the superficial sites that are 

produced under the effect of increasing pH. 

OH  +  M
+     

+   OH
‐
 

OH  +  M
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+   OH
‐
 

OH  +  m
+      
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O···m + H
2
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Fig. 3.Representation of the different types of interactions existing between a surface and 

cations present in the medium. 

3.2 Effect on the isoelectric point (IEP) of monovalent anions as a function of ionic 

strength. 

The effect of the anions used as background electrolyte (NO3
-, ClO4

- and Cl-) on the 

IEP of imogolite is shown in Fig. 4. The indifferent electrolyte behavior was seen with 

NO3
-, where the change in the IEP under the effect of ionic strength is associated with the 

error of the measurement (Fig. 4a), indicating that this anion, regardless of its 

concentration, has a very low specific interaction with the surface of the imogolite. In the 
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case of Cl- it was seen that the change in the IEP is greater than the experimental error 

associated with the measurement, as was observed for Na+. ClO4
- displaced considerably 

the IEP of imogolite, suggesting that this anión has some degree of interaction with the 

surface of this nanoparticle (Escudey and Gil-Llambías, 1984; Su and Harsh, 1993). 

It is important to consider that the effect of the anions on the IEP of imogolite is not 

as considerable as that of the cations, and both Cl- and ClO4
- show some degree of 

interaction with the surface of this aluminosilicate, a behavior that has been reported in 

various studies that indicate that these anions can be adsorbed on imogolite (Clark and 

McBride, 1984a; Su et al, 1992; Gustafsson, 2001; Harsh et al., 1992, Theng et al., 1982; 

Karube et al., 1992; 1998; Tsushida et al., 2005), so their presence can affect the adsorption 

of trace elements by modifying the surface conditions. 

Table 3.Isoelectric point of imogolite as a function of different electrolytes and ionic 

strengths. 

 

 

 

 

 

*∆IEP = (IEP (1x10-3 M) - IEP (5x10-3 M)) 

Just as the cations shift the IEP to higher pH values, the presence of anions that 

interact with the outer surface of imogolite shift this parameter to more acidic pH values. 

From these data it was possible to establish the following affinity sequence of the anions 

for the surface of the imogolite: NO3
- -≤Cl-<ClO4

-.     

Background 

Electrolyte  
IEP (1.0 mM) IEP (5.0 mM ) ∆IEP* 

ClO4
- 9.8 9.5 0.3 

NO3
- 9.6 9.6 0.0 

Cl- 9.6 9.5 0.1 



106 
 

3 4 5 6 7 8 9 10 11
-4

-3

-2

-1

0

1

2

3

4

5

El
ec

tr
op

ho
re

tic
 M

ob
ili

ty
 

(1
0-8

·m
2 ·s-1

·V
-1
)

pH

 Chloride (5.0 mM)
 Chloride (5.0 mM)

3 4 5 6 7 8 9 10 11
-4

-3

-2

-1

0

1

2

3

4

5

El
ec

tr
op

ho
re

tic
 M

ob
ili

ty
 

(1
0-8

·m
2 ·s-1

·V
-1
)

pH

 Perchlorate (5.0 mM)
 Perchlorate (1.0 mM)

3 4 5 6 7 8 9 10 11
-4

-3

-2

-1

0

1

2

3

4

5

El
ec

tr
op

ho
re

tic
 M

ob
ili

ty
 

(1
0-8

·m
2 ·s-1

·V
-1
)

pH

 Nitrate (5.0 mM)
 Nitrate (5.0 mM)

(a) (c)(b)

 

Fig. 4.Effect of ionic strength ((-•-) 1.0 mM and (-○-) 5.0 mM) on the isoelectric point 

(IEP) of imogolite as a function of different monovalent anions: (a) ClO4
-, (b) Cl-, and (c) 

NO3
-. 

3.3 Adsorption kinetics. 

 The use of ion selective electrodes (ISE) allows the collection of adsorption data at 

very short time intervals, describing in detail adsorption over time, compared with 

conventional discontinuous methods (Aroua et al., 2008) (Fig. 5). 

 The data obtained from the use of ISE indicate that the presence of different types of 

cations in the background electrolyte solution is an important factor that modifies the 

adsorption of Cd and Cu on imogolite (Table 4). 

Table 4.Effect of the background electrolyte on experimental maximum adsorptions (qexp). 

(K+) (Na+) (Ca2+) Trace 

Element qexp (mg·g-1) 

Cu 10.08 (0.51) 8.52 (0.66) 7.61 (0.81) 

Cd 11.71 (0.32) 9.61 (0.71) 9.07 (0.75) 
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 The adsorption kinetics of Cu and Cd on imogolite was analyzed by means of four 

kinetic models, namely pseudo-first order and pseudo-second order, Elovich, and 

intraparticle diffusion (Lagergren, 1898; Ho et al., 2000; Chien and Clayton, 1980; Spark, 

1986; Weber and Morris, 1963; Srivastava et al., 1989). 
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Fig. 5.Effect of the support electrolytes on the amount of Cd and Cu adsorbed on imogolite. 

  3.3.1 Pseudo-first order model. 

 The values of k1 and qe for Cd and Cu in the presence of K+, Na+ and Ca2+ were 

calculated using the slope and the intercept of the log(qe-qt) vs. t graphs established 

previously in Eq. 7 (Islam et al., 2011). The best fit of this model for Cd and Cu was 

achieved when the cations used were Na+ or Ca2+, with r2>0.990, while the value of r2 in 

the kinetics of both metals decreased when the cation used was K+ (Fig. 6, Table 5). 

 The adequate fit of the kinetic behavior of Cd and Cu on imogolite in the presence of 

Na+ or Ca2+ by means of the pseudo-first order model is reflected in the values of the 

adsorption capacities (qe), which are similar to those estimated experimentally, while in the 

case of K+ this value was higher, indicating that this model does not describe properly the 

kinetics of both metals in the presence of this cation (Table 4). 
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Fig. 6.Pseudo-first order kinetics for the adsorption of Cd and Cu in the presence of 

different cations. 

No effect was seen of the cations on the pseudo-first order constant (k1) on any of the 

metals studied, but the values of k1 were greater for Cd regardless of the electrolyte used 

(Table 5). 

3.3.2 Pseudo-second order model. 

 The parameters described for this model were determined from the t/qt vs. t plot (Fig. 

6, Table 5). The values of qe obtained for Cd and Cu in the presence of K+ were close to the 

data found experimentally. This parameter increased its value for both metals when Na+ or 

Ca2+ were present in the solutions of both metals, contradicting the results determined by 

electrophoretic migration measurements. 

 An increase was seen in the value of the rate constant (k2) for both metals when they 

were in the presence of Na+ and Ca2+, a fact that suggests that both Cd and Cu are adsorbed 

on sites with higher energy, while in those solutions that contain K+ (Table 4, Fig. 6), there 
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is greater availability of sites on the surfaces of imogolite for the adsorption of both metals 

(Azizian, 2004; Rudzinski and Plazinski, 2008). 
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Fig.7.Pseudo-second order kinetics for the adsorption of Cd and Cu in the presence of 

different cations. 

 The values of the initial adsorption constant (h) defined as h= k·q2
e, when qt/t 

approaches 0, indicates that during the first minutes of contact between the imogolite 

surfaces and the solution that contains Cd or Cu the presence of the different electrolytes 

conditions the behavior of the adsorption of these metals, due mainly to the competition for 

the adsorption sites and to the superficial modification generated by these elements in the 

imogolite, which agrees with the electrophoretic mobility data (Table 5). 
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Table 5.Kinetic parameters predicted from pseudo-first order and pseudo-second order kinetics, Elovich, and intraparticle diffusion 

models. 

Cd Cu 

Models Ca2+ K+ Na+ Ca2+ K+ Na+ 

qexp (mg·g-1) 9,07 (0.75) 11.71 (0.32) 9.61 (0.71) 7.61 (0.81) 10.08 (0.51) 8.52 (0.66) 

Pseudo-first order 
     

  
   

qe (mg·g-1) 9.18 (0.02) 12.50 (0.01) 9.67 (0.04) 7.59 (0.03) 10.50 (0.03) 8.60 (0.02) 

k1 (x10-3min-1) 7.62 (0.03) 7.69 (0.02) 7.60 (0.02) 6.43 (0.04) 6.79 (0.05) 6.66 (0.01) 

r2 0.992 0.973 0.996 0.997 0.978 0.991 

R 0.153 0.234 0.063 0.050 0.181 0.084 

Pseudo-second order 
     

  
   

qe (mg·g-1) 9.92 (0.01) 12.09 (0.13) 10.40 (0.07) 8.31(0.05) 10.99 (0.06) 9.20 (0.01) 

k2 (x10-4g·mg-1·min-1) 9.06 (0.04) 7.4 (0.01) 10.0 (0.03) 11.0 (0.01) 8.28 (0.08) 12.0 (0.01) 

h(mg·g-1·min-1) 0.089 0.221 0.109 0.077 0.194 0.101 

r2 0.893 0.996 0.958 0.882 0.999 0.923 

R 0.230 0.092 0.165 0.312 0.079 0.734 

R (square of residuals) was calculated as R= 1/2∑i=1(Ccal - Cexp)2. Ccal=calculated concentration; Cexpt=experimental value of concentrations. 
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Table 5.Continued. 

Cd Cu 
Models 

Ca2+ K+ Na+ Ca2+ K+ Na+ 
Elovich equation            

qe (mg·g-1) 7.77 10.11 7.83 7.07 9.16 8.12 
α (mg·g-1·min-1) 0.104 (0.030) 0.188 (0.023) 0.106 (0.009) 0.113 (0.012) 0.159 (0.010) 0.117 (0.011) 

β(g·mg-1) 0.459 (0.015) 0.349 (0.093) 0.419 (0.031) 0.490 (0.020) 0.373 (0.012) 0.509 (0.008) 

r2 0.958 0.996 0.953 0.968 0.991 0.899 

R 0.193 0.034 0.203 0.095 0.081 0.284 

Intraparticle diffusion            

qe-1 (mg·g-1) 5.27 (0.03) 5.94 (0.07) 5.20 (0.10) 3.81 (0.03) 5.04 (0.01) 3.71 (0.05) 
kint-1 (mg·g-1·min1/2) 0.4663 (0.009) 0.7233 (0.017) 0.5923 (0.010) 0.3649 (0.012) 0.7547 (0.092) 0.5746 (0.037) 

C1 (mg·g-1) -1.6593 (0.112) -0.3782  (0.212) -1.6883 (0.098) -2.1297 (0.302) 0.2474 (0.033) -1.6326 (0.012) 
r2 0.980 0.992 0.983 0.956 0.999 0.984 

R 0.129 0.064 0.130 0.080 0.011 0.104 

qe-2 (mg·g-1) 3.66 (0.01) 5.53 (0.08) 3.86 (0.03) 3.50 (0.03) 4.83 (0.10) 4.34 (0.04) 
kint-2 (mg·g-1·min1/2) 0.3259 (0.032) 0.539 (0.032) 0.4782 (0.089) 0.3278 (0.032) 0.4054 (0.0123) 0.3091 (0.0251) 

C2 (mg·g-1) 1.198 (0.019) 2.121  (0.312) 1.382 (0.021) 1.009 (0.209) 2.087  (0.301) 1.737 (0.129) 

r2 0.972 0.994 0.979 0.964 0.994 0.967 

R 0.112 0.052 0.109 0.108 0.032 0.104 

R (square of residuals) was calculated as R= 1/2∑i=1(Ccal - Cexp)2. Ccal=calculated concentration; Cexpt=experimental value of concentrations. 
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3.3.3 Elovich kinetic model. 1 

 This model has been widely used to interpret second order kinetics, describing 2 

successfully the chemisorption of different analytes in solids that present energetically 3 

heterogeneous reactive sites (Rudzinski and Plazinski 2000; Debnath and Ghosh, 2009; 4 

Zach-Maor et al., 2011). The value of the initial rate constant (α), which is related to the 5 

degree of coverage of the surface when the contact time with the solution approaches 0, 6 

was higher in the case of Cd and Cu when K+ constitutes the background electrolyte 7 

solution (Yong-Mei et al., 2010; Zach-Maor et al., 2011). This behavior is similar to that 8 

described previously by the pseudo-second order model, suggesting that K+ does not 9 

compete strongly with Cd or Cu for the adsorption sites present on the imogolite surfaces, 10 

in contrast with what is seen with Na+ and Ca2+ (Fig.8) 11 
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Fig.8.Elovich kinetic model for the adsorption of Cd and Cu on imogolite in the presence 13 

of different cations. 14 

 15 
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 It was found that the values of β decreased in relation to the data obtained in the 16 

presence of Na+ and Ca2+ for both metals in the solutions that contained K+ (Table 5), 17 

suggesting that this cation allows Cd as well as Cu to have access to surface sites when the 18 

chemisorption process is favored energetically (Rudzinski and Panczyk, 2000; Pyrzynska, 19 

2010).   20 

3.3.4 Intraparticle diffusion kinetic model. 21 

The effect of K+, Na+ and Ca2+ on the diffusion of Cd and Cu on imogolite was 22 

ealuated by means of the intraparticle diffusion model proposed by Weber and Morris in 23 

1962. The multi-linearity observed in Fig. 8 for the adsorption of Cd and Cu on imogolite 24 

indicates that this phenomenon occurs by the three processes described by the model (Wu 25 

et al., 2009; Rudzinski and Panczyk, 2009; Yong-Mei et al., 2010; Islam et al., 2011). The 26 

first curve represents the superficial or film diffusion, which indicates that the adsorption of 27 

both metals on imogolite was greater when K+ was present in the medium, compared to Na+ 28 

and Ca2+ (step I). Adsorption through an intraparticle diffusion mechanism is represented 29 

by the second curve of this graph, where again the presence of K+(step II) favors the 30 

adsorption of Cd or Cu on the imogolite surfaces. Slight differences were seen in the 31 

motion of both trace elements from the macropores to the micropores existing in the 32 

imogolite nanotubes (step III), which were independent of the cation constituting the 33 

background electrolyte solution. In the case of Cd this model indicates that the rate of 34 

adsorption reaches equilibrium rapidly, while with Cu this process is slower (Fig. 9, Table 35 

5).  36 

An effect of K+ was found in the values of the intraparticle diffusion constants kint-1 for both 37 

metals, with this parameter greater for Cd and Cu than in the presence of Na+ and Ca2+ as a 38 
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result of a lower interference of this cation on the adsorption rate of both metals on 39 

imogolite. In general terms, the values of kint-1 and kint-2 decrease in both metals when the 40 

electrolytes used are Na+ and Ca2+, indicating that these cations participate competitively in 41 

the process of diffusion of the metals on imogolite (Fig.9, Table 5). 42 
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Fig.9.Intraparticle diffusion kinetic model (Weber-Morris) for the adsorption of Cd and Cu 44 

on imogolite in the presence of different cations. 45 

The value of intercept C gives an idea of the thickness of the limiting layer, 46 

associated with the instantaneous adsorption in the places of easy access of imogolite 47 

(McKay, 1983; Fernández-Bayo et al., 2008; Wu et al., 2009; Boparai et al., 2011). The 48 

data obtained indicate that this parameter is highly sensitive to the affinity of the cations 49 

that constitute the background electrolyte solution for the groups that constitute the surfaces 50 

of imogolite. It was found that the values of C for Cd and Cu, referred to the second stage 51 

described by this model, in the presence of Na+ and Ca2+, were smaller than those obtained 52 

with K+, confirming that this cation behaves as an indifferent electrolyte, favoring the 53 

adsorption of Cd and Cu on imogolite (Table 5).  54 
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3.4 Criteria for the selection of the kinetic model. 55 

The selection of a kinetic model that can explain adsorption of trace elements like 56 

Cd and Cu on imogolite as a function of time must consider two fundamental aspects. The 57 

first one refers to the theoretical foundations of the different models and their consistency 58 

with the physico-chemical properties of imogolite according to the conditions that are being 59 

studied, while the second one makes an adequate description of the experimental data. 60 

The adsorption kinetics of both trace elements in the presence of Na+ or Ca2+ as 61 

components of the background electrolyte solution is described adequately by the pseudo-62 

first order kinetic model, supported by the low R values and the high correlation coefficient 63 

(r2>0.990). However, when the electrolyte is K+, this model fails in the description of the 64 

Cd and Cu kinetics, giving high values of R,and r2<0.990. It was further established that the 65 

adsorbed amount (qe) estimated by this model is significantly greater than the amount 66 

determined experimentally (Table 5). At the same time it was found that the pseudo-second 67 

order model fits properly the data obtained for the adsorption kinetics of Cd and Cu on 68 

imogolite when the electrolyte was K+ (Table 5), while this model does not describe 69 

properly the kinetics of these trace elements when Na+ or Ca2+ are components of the 70 

background electrolyte solution, as reflected in the values obtained for R and r2. 71 

 The kinetics results obtained from the pseudo-first order and pseudo-second order 72 

models agree with the study made by electrophoretic migration and the theoretical 73 

foundation that describes it. In the case of the pseudo-first order model, the boundary 74 

conditions that give rise to this model indicate that a good fit of the experimental data is 75 

obtained when Co>>βθ, while for the pseudo-second order model Co≈ βθ (Rudzinski and 76 

Panczyk 2000; Azizian, 2004). Both conditions might be reinterpreted as a function of the 77 
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type of specific interaction of the superficial active groups of a given substrate with the ions 78 

present in the medium, which in this case corresponds to the cations contained in the 79 

background electrolyte solution. 80 

 In the case of imogolite, the condition of Co>>βθ would occur when in the solution 81 

there are mainly cations like Ca2+, and to a smaller extent Na+, whose concentration 82 

decreases when they are adsorbed by imogolite, causing Cd as well as Cu to increase their 83 

activity in the solution. This behavior was not seen for Cd and Cu when the electrolyte was 84 

K+, an element that would favor the condition of Co≈ βθ, indicating that this cation does not 85 

interfere with the adsorption of Cd and Cu, which is consistent with what was found in the 86 

measurements of electrophoretic mobility and the boundary conditions that give rise to both 87 

models (Rudzinski and Panczyk 2000; Azizian, 2004).  88 

 Application of the Elovich model to the kinetic data of Cd and Cu on imogolite in the 89 

presence of K+, Na+ or Ca2+ made it possible to establish through the values of R and r2 that 90 

only K+ is capable of describing properly the kinetic behavior of these elements, but it fails 91 

in the fit when the cations present in the background electrolyte solution are Na+ or Ca2+, 92 

which can be explained by the energy differences, analyzed from the standpoint of the 93 

degree of affinity of the superficial active sites that constitute the different pores that make 94 

up the imogolite nanotubes. Since the theoretical foundation of this model considers 95 

heterogeneous adsorption processes (Low, 1960; Teng and Hsieh, 1999; Cheung et al., 96 

2001; Rudzinski, 2002; Pérez-Marín et al., 2007; Debnath and Ghosh, 2009; Cheung et al., 97 

2001), the presence of electrolytes like Na+ or Ca2+ that interact specifically with the 98 

superficial active sites existing in each of the pores of imogolite cause changes in the values 99 
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of the constants described by this model (α and β) and possibly in its degree of fit with 100 

respect to what is determined for K+ (Table 5). 101 

In the case of the intra-particle diffusion model it was seen that the adsorption 102 

processes described by this model are sensitive to the cations present in the medium, where 103 

the best fit of the kinetic data of Cd and Cu on imogolite, based on the values of R and r2, 104 

was obtained when the cation used was K+, followed by Na+, and finally by Ca2+(Table 5). 105 

This behavior can be accounted for by the different types of interactions undergone by K+, 106 

Na+ and Ca2+with the superficial active sites of each pore found in the imogolite nanotubes, 107 

where the priority sequence, which indicates the impact of the cation used as background 108 

electrolyte on the adsorption of Cd aqnd Cu, is the following: K+≤Na+<<Ca2+. It is 109 

important to point out that Ca2+, because of its specific adsorption, modifies the surface of 110 

imogolite, affecting the different processes that occur during the adsorption of Cd or Cu, 111 

which would explain why the intra-particle diffusion model does not give a good fit. 112 

Based on the values of r2 and R obtained for each kinetic model applied, we can 113 

point out that there is no single model that can describe with complete precision the kinetic 114 

behavior of Cd or Cu on imogolite in the presence of Ca2+, K+ or Na+ solutions used as 115 

background electrolytes. However, each model independently determined that the time 116 

required to reach equilibrium is 350 min for Cd and Cu, and it was independent of the kind 117 

of cation found in the background electrolyte solution. 118 

The use of electrophoretic mobility measurements allowed to establish that K+, Na+ 119 

and Ca2+ modify to a different extent the surface of imogolite, mainly in two fundamental 120 

aspects: the first is possible competition for the adsorption sites, while the second accounts 121 

for the changes that these cations can generate on the surface charge of imogolite, as seen 122 
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with Ca2+. These interactions explain why the kinetics and adsorption capacity of Cu and 123 

Cd on imogolite were sensitive to the type of background electrolyte used (Tables 4 and 5). 124 

In this context, and from our results, we can mention that the choice of the adequate kinetic 125 

model will depend on factors such as: 126 

• The presence of ions that have high specific interaction with the superficial active sites 127 

of imogolite, such as in the case of Ca2+ and to a smaller extent of Na+, since these ions 128 

can modify the surface and compete for the adsorption sites with the analyte that is 129 

being studied. This condition can be described properly by the pseudo-first order 130 

model, while if the ions present in the solution have a low specific interaction with the 131 

adsorption sites of imogolite, as in the case of K+, the pseudo-second order model is 132 

adequate for interpreting the kinetic behavior of Cd or Cu on imogolite. 133 

• If additional information is required on the kinetics, such as the initial adsorption rate 134 

or that of the processes that govern it, the application of more complex models like that 135 

of Elovich or of intra-particle diffusion is adequate. However, in the case of imogolite 136 

these models are sensitive to the ions present in the solution, and again the best fit is 137 

obtained when the cation found in the background electrolyte solution is K+, because 138 

this element behaves as an indifferent electrolyte. 139 

Conclusions 140 

The electrophoretic mobility measurements made on imogolite in the presence of 141 

different types of background electrolyte solutions allowed its behavior at the superficial 142 

charge level to be described. From these curves the IEP parameter was obtained, making it 143 

possible to predict the affinity of this nanoparticle for the different ions studied. It was 144 
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found that K+ and NO3
- ions have a behavior characteristic of an indifferent electrolyte 145 

because their interaction with the superficial groups of imogolite is low, regardless of the 146 

ionic strength used, and this was reflected in the small variation of the IEP. In the case of 147 

divalent cations it was seen that the negative charge generated on the surface by increasing 148 

pH did not exceed the positive superficial charge created by the Ca2+ or Mg2+ complexes 149 

formed on the surface, regardless of the ionic strength, indicating that these cations are 150 

adsorbed specifically, causing superficial changes on imogolite. 151 

From the adsorption studies of Cd and Cu on imogolite in the presence of different 152 

background electrolyte solutions that contain K+, Na+ and Ca2+, and the application of 153 

various kinetic models it is possible to conclude that: 154 

a) The adsorption of Cd and Cu on imogolite is strongly conditioned by the kind of 155 

cation that is found in the background electrolyte solution. The maximum 156 

adsorption of both metals is obtained in the presence of K+, and it decreases when 157 

the electrolyte solution contains Na+ or Ca2+.  158 

b) The adsorption of Cd on imogolite was greater than that of Cu, but equilibrium for 159 

both metals was achieved at 350 min of contact. 160 

c) The pseudo-first order and pseudo-second order, Elovich, and intraparticle diffusion 161 

models were applied to the experimental adsorption data of Cd and Cu on 162 

imogolite. The pseudo-first order model gave a better fit for the adsorption of both 163 

metals when they were in the presence of Na+ or Ca2+, and this can be explained by 164 

the boundary conditions that describe this model and by the degree of affinity of 165 

imogolite for these cations. 166 
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d) The pseudo-second order, Elovich, and intraparticle diffusion models fitted 167 

adequately the kinetic behavior of Cd and Cu on imogolite when the cation found in 168 

the background electrolyte solution was K+. These models failed to describe the 169 

adsorption of both metals in the presence of Na+ or Ca2+. 170 

e) The kinetic parameters that indicate the initial adsorption obtained from the pseudo-171 

second order (h), Elovich (α), and intraparticle diffusion (C) models were greater 172 

for both metals in the presence of K+, showing that this cation does not compete or 173 

modify strongly the surface of imogolite. 174 

f) The values of the β constant determined from the Elovich kinetic model suggest that 175 

the adsorption of Cd and Cu occurs at energetically favorable sites. 176 

g) The Weber-Morris model showed that the adsorption process of Cd and Cu takes 177 

place in three steps: the first is superficial diffusion, the second is intraparticle 178 

diffusion, and the last step represents the equilibrium condition. 179 
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 386 

Abstract 387 

Imogolite was the first inorganic nanotube being synthesized, and at present several 388 

research groups have functionalized and used this nanoparticle and its derivatives in various 389 

nanotechnological applications. This paper presents a method for obtaining imogolite with 390 

magnetic properties by means of a process based on impregnation with an excess of 391 

solvent. This procedure results in a Fe-imogolite nanohybrid with characteristics of a 392 

superparamagnetic nanoparticle, but retaining the main properties of imogolite and 393 

magnetite. The Fe-imogolite is compared with the physical mixture of the starting 394 

materials, showing differences in the electrophoretic and magnetic behavior that indicate 395 

that magnetite an imogolite have as single nanoparticle. 396 

Keywords: Imogolite, magnetite, magnetic nanoparticles, Mössbauer spectroscopy, 397 

coercivity.  398 

1. Introduction. 399 

 Imogolite is a nanotubular aluminosilicate belonging to the family of inorganic 400 

nanotubes (Farmer et al., 1977; Martin and Kohli, 2003), which because of their unique 401 

properties in terms of chemical reactivity, mechanical resistance, optical and electric 402 

properties, and large surface area have been studied intensively in recent years (Bursill et 403 

al., 2000; Mukherjee et al., 2005; Tenne, 2006). The empirical formula of imogolite is 404 

(OH)3Al2O3SiOH, with dimensions of 2.5 nm outer diameter and variable length between 405 

100 nm and several micrometers (Gustafsson, 2001; Arancibia-Miranda et al., 2011).  406 

 One of the most interesting characteristics of imogolite is its ability to selectively 407 

and simultaneously adsorb anions and cations, because of the active sites that constitute its 408 
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surfaces: silanols (≡Si-OH) on the inner surface and aluminols (≡Al-OH and ≡Al2-OH) 409 

predominating on the outer surface (Cradwick et al., 1972;Arancibia-Miranda et al., 2011). 410 

These groups functionalize imogolite in a natural way and are excellent for 411 

nanotechnological applications (Levard et al., 2008). This has promoted the development of 412 

different synthetic processes, and structural and superficial modifications boost their uses in 413 

the manufacture of electric and optical devices, in the transport and administration of drugs, 414 

the removal of pollutants, and the storage of energy (Bursill et al., 2000; Fan et al.,2003; 415 

Levard et al., 2008; Yah et al., 2010). 416 

 In this context, obtaining an imogolite with magnetic properties has a high industrial 417 

potential due to its physico-chemical properties which are shared by few nanoparticles 418 

(Bursill et al., 2000).  419 

 This study proposes a simple methodology for preparing a nanohybrid formed 420 

between imogolite and magnetic iron oxide (hereafter as Fe-imogolite). This material is 421 

described, characterized and compared with a physical mixture of imogolite and magnetite 422 

(hereafter as Feox+imogolite). 423 

2. Materials and methods 424 

2.1 Synthesis of nanoparticles. 425 

Synthesis of imogolite: The imogolite used in this study was synthesized by the procedure 426 

described by Arancibia-Miranda et al., 2011. Tetraethyl orthosilicate (TEOS) was added to 427 

a 5 mM aqueous solution of Al(NO3)3•H2O until an Al:Si ratio of 2:1 was reached. Then a 428 

0.1 M NaOH solution was addded at a rate of 1.0 mL/min until an Al:Si:OH ratio of 2:1:4 429 

was obtained. The mixture was stirred for 60 min and heated at 95 ºC for 5 days. Once the 430 

aging process is ended, the resultant mixture was allowed to cool down to ambient 431 
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temperature. A 0.1 M NH4OH solution was added vigorously until a pH of about 8.0 was 432 

reached. The solid was concentrated by centrifugation at 9000 rpm for 30 min and washed 433 

with double distilled water until it reached an electric conductivity less than 0.78 dS/m. 434 

 Synthesis of Fe oxide and Fe-imogolite: Both products were obtained using the procedure 435 

given by Gutiérrez et al., 2010, with some modifications. To get the Fe oxide 0.250 g of 436 

FeSO4•7H2O was dissolved in 20.0 mL of double-distilled water previously degassified 437 

with N2. 0.033 g of KNO3 and 0.5 mL of concentrated NH4OH were added to precipitate 438 

the Fe oxide. 439 

 The magnetization of imogolite was performed by dissolving 0.620 g of 440 

FeSO4•7H2O in 100 mL of double-distilled water at 90 ºC,in a N2 atmosphere, and adding 441 

0.250 g of lyophilized imogolite to get an imogolite/Fe ratio close to 2, and the mixture was 442 

stirred for 4 h. Then 0.033 g of KNO3 and 0.5 mL of concentrated NH4OH were added to 443 

precipitate the Fe oxides. 444 

2.2. Characterization of the nanoparticles. 445 

The product was characterized by X-ray diffraction (XRD), transmission electron 446 

microscopy (TEM), Mössbauer spectroscopy, electrophoretic mobility (EM), vibrating 447 

sample magnetometry (VSM and SQUID). 448 

X-ray diffraction (XRD).XRD analyses were carried out on a Philips X´Pert diffractometer 449 

with graphite-monochromated CuKα radiation, using oriented aggregates preparations 450 

obtained by drying water suspensions of the samples on glass slides. 451 

Electrophoretic mobility and Isoelectric point (IEP).The isoelectric point (IEP) was 452 

measured by electrophoretic mobility (EM) on a Zeta Meter ZM-77 apparatus. 453 

Approximately 30 mg of sample were suspended in 200 mL of a solution with ionic 454 
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strength 1.0 mM and the EM was determined as a function of pH. The IEP was obtained 455 

from the EM vs. pH graph as the pH at which EM = 0. 456 

Transmission electron microscopy (TEM).The samples were observed, with a Zeiss EM 910 457 

transmission electron microscope using 80 kV acceleration potential, on carbon substrates 458 

prepared as follows. A drop of the sample suspended in water was transferred onto the face 459 

of freshly cleaved sheet of mica and the solvent allowed to evaporate. A thin layer of 460 

carbon was deposited onto the surface by vacuum evaporation. The carbon/product film 461 

was separated from the mica sheet by flotation on distilled water and subsequently 462 

transferred to a perforated Cu support grid. 463 

Mössbauer spectroscopy. The Mössbauer analysis was made at 298 K with a transmission 464 

acceleration constant with a 30 mCi 57Co/Rh source. The data were stored in a 512 channel 465 

MCS memory unit, with a Doppler velocity oscillating around ±10 mm s−1. The experimental 466 

data were plotted using Lorentzian functions, calculated by means of the NORMOS™ 467 

program.  468 

Vibrating sample magnetometry and SQUID. The magnetization of the samples was 469 

determined as a function of the external field applied through a vibrating sample 470 

magnetometer (VSM) at ambient temperature and at 77 K. Furthermore, the magnetic 471 

behavior of the synthesized samples was evaluated in the presence of various μ0H fields of 472 

various intensities up to 1 T and at temperatures from 50 K to 300 K, by means of a SQUID 473 

magnetometer (Cryogenic Ltd.) 474 
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3. Results and Discussion 475 

X-ray diffraction:The XRD data for the synthetic Fe oxide (Fig. 1A) shows the co-existence 476 

of magnetite (M) characterized by the reflections at 4.84, 2.97, 2.53, 2.42, 2.10, 1.71, 1.62 477 

and 1.48 Å (ICDD-PDF card # 01-085-1436) and goethite (G), reflections at 4.18, 2.69, and 478 

2.45 Å, (ICDD-PDF card # 00-029-0713), of which magnetite is the most abundant. In the 479 

case of the synthetic imogolite (Fig. 1A) the XRD pattern exhibits four diffuse bands at 480 

21.0, 12.0, 3.4 and 2.2 Å. These bands have been reported in the literature as being 481 

characteristics of the presence of imogolite, an aluminosilicate of short-range order 482 

(Cradwick et al., 1972; Levard et al., 2009).  483 

The XRD pattern for the Fe-imogolite (Fig. 1A) timidly indicates the jointly 484 

occurrence of imogolite and the synthetic Fe oxide. In this case the bands characteristics of 485 

imogolite are much more diffuse than in the isolated imogolite, but there is a considerable 486 

proportion of magnetite and traces of goethite. The comparison (Fig 1A) of the patterns of 487 

Fe-imogolite (b) and the Feox+imogolite mixture (c) indicates that magnetite is slightly 488 

more crystalline in the mixture. 489 
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Fig. 1A. XRD patterns of a) Synthetic imogolite, b) Fe-imogolite, c) Feox+imogolite, and 491 

d) Synthetic Fe oxide. Fig. 1B. XRD patterns of the (a) Fe-imogolite and (b) 492 
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Feox+imogolite M: Magnetite; G: Goethite; NTA: Imogolite. The numbers indicated the d 493 

values (x 10-1 nm) of the main peaks. 494 

 495 

Mössbauer spectroscopy. Fig. 2 shows the Mössbauer spectra corresponding to magnetite 496 

and Fe-imogolite. The spectrum of the synthesized Fe oxide showed hyperfine patterns 497 

characteristic of magnetite (relative sub-spectral area, RA = 93(2)%) (Oliveira et al., 2004; 498 

Gutierrez et al., 2010). 499 

The presence of two magnetic sextets, one with a relative isomeric displacement of 500 

αFe, δ = 0.333 (7) mm s-1, a hyperfine magnetic field, Bhf = 49.01 (5) T, a value 501 

corresponding to the Fe3+/Fe2+ valence mixture at octahedral sites, and the Mössbauer 502 

parameters of the other sextet are δ = 0.645 (5) mm s-1, Bhf =  45.51 (4) T, corresponding to 503 

Fe3+ at tetrahedral sites of the spinel structure (Fig. 2A, Table 1). The presence of traces of 504 

goethite (α-FeOOH, RA = 7 (2)%) was confirmed.  505 

The Mössbauer spectrum of Feox+imogolite showed parameters similar to those 506 

described for magnetite, with a decreased intensity of the signals as a consequence of the 507 

mixture (data not shown). 508 

The Mössbauer spectrum and parameters of Fe-imogolite show significant 509 

differences with respect to those of magnetite and Feox+imogolite. It is seen that the Fe 510 

oxide formed on the surface of imogolite has a hyperfine structure characteristic of 511 

magnetite, with a relative subspectral area, RA = 58 (2)%. The fit of the system's spectrum 512 

indicates the existence of two types of sites, one of them corresponding to the contribution 513 

of Fe3+ at tetrahedral sites with average relative isomeric displacement at αFe, δ = 0.304 514 
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(5) mm s-1; quadrupole splitting ε = -0.042 (9) mm s-1, a hyperfine field, Bhf(max) = 48.43 515 

(4) T (RA = 27 %), and a contribution corresponding to the Fe3+/Fe2+ mixture at octahedral 516 

sites, with δ = 0.54 (1) mm s-1 and ε = -0.00* (fixed parameter during the fitting procedure) 517 

and a hyperfine field of Bhf(max) = 45.0 (1) T (RA = 31 %). A central doublet accounts for 518 

the presence of Fe3+ with a relative area RA = 42 (5) %, suggesting that the Fe2+ used in the 519 

process of formation of magnetite was oxidized during the preparation of the Fe-imogolite 520 

(Fig. 2B, Table 1). 521 
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Fig. 2.Mössbauer spectra at ambient temperature: (A) synthetic Fe oxide, (B) Fe-imogolite. 523 

Electrophoretic mobility and isoelectric point (IEP). The superficial behavior of imogolite,  524 

Feox+imogolite and Fe-imogolite was described by means of electrophoretic mobility, a 525 
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technique that is sensitive to the changes that a surface may undergo in its superficial 526 

composition, and the IEP is a good parameter that indicates what happens on the surface of 527 

the imogolite as a result of the coverage with Fe oxides.   528 
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Table 1.Mössbauer parameters for Fe oxide and Fe-imogolite. 529 

Sample Assignment δ/mm s-1 ε, Δ/mm s-1 Γ/mm s-1 Bhf/T     RA/% 

[MG] 0.333(7) 0.01(1) 0.41(2) 49.01(5) 40(2) 

{MG} 0.645(5) -0.001(1) 0.43(2) 45.51(4) 53(2) Iron oxide 

α-FeOOH 0.32(4) -0.27(8) 0.40(1) 37.0(3) 7(2) 

[MG] 0.304(5) -0.042(9) 0.42(2) 48.43(4) 27(1) 

{MG} 0.54(1) 0.00* 0.96(6) 45.0(1) 31(2) 

Fe3+  

(Super) paramagnetic 
0.355(4) 0.73(5) 0.49(2) -- 30(5) Fe-imogolite 

Fe3+  

(Super) paramagnetic 
0.356(3) 0.50(1) 0.23(4) -- 12(5) 

[ ] and { } identify the octahedral and tetrahedral sites, respectively, of Fe in magnetite. The number in parentheses corresponds to 530 

the error of the last significant Fig., estimated from least squares. δ = average relative isomeric displacement aαFe; ε = quadrupole 531 

splitting; Δ =  quadrupole division; Γ = line width; Bhf =  hyperfine magnetic field; RA =  relative sub-spectral area. * Fixed 532 

parameter during the fitting procedure. 533 
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Imogolite presents a positive charge over a wide pH range and high IEP values (9.5-

10.5), indicating that this clay has a high affinity to adsorb anions over a wide pH range, 

while the IEP of synthetic magnetite was 6.5, which is characteristic of these types of 

materials (Arancibia-Miranda et al., 2011; Parks, 1969; Gutiérrez et al., 2010). The IEP of 

the Fe-imogolite binary system has an intermediate value with respect to the starting 

materials, with an IEP =7.8 (Fig. 4). 
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Fig. 3.Electrophoretic mobility vs. pH plot for synthetic Fe oxides, Fe-imogolite and 

imogolite. 

The Feox+imogolite system had an electrokinetic behavior different from that of Fe-

imogolite, showing clearly two kinds of particles that migrate in the same direction, but at 

different rates, in the pH interval of 4 to 6, and in opposite directions at pH between 7 to 

9.5. In Fe-imogolite only a single family of nanoparticles was found, a behavior that shows 

a strong chemical interaction between magnetite and imogolite in the binary Fe-imogolite 

system as a consequence of the coating process. 
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Assuming that Fe is distributed on the surface of imogolite only as magnetite, it is 

possible to get from the IEP values of each nanoparticle the degree of apparent surface 

coverage (ASC) of Fe oxide on the surface of imogolite, according to Eq. 1, correcting for 

the molecular weights and the isoelectric point (Msand IEPM), considering the proportional 

contribution of this oxide (Gil-Lambías and Escudey-Castro, 1982). 

 

 

The Fe coverage (expressed as magnetite) was close to 33%, lower than that 

determined theoretically (50%), but in agreement with the Fe(III) detected by Mössbauer 

spectroscopy. 

These data suggest that the percent of magnetite coverage over imogolite in the Fe-

imogolite system is restricted to a limited amount of active sites of imogolite that allow the 

adsorption of Fe(II), which are conditioned to the working pH, and the adsorbed Fe would 

act as a pole of attraction of new Fe atoms, favoring the three-dimensional growth of 

magnetite on the surface of the imogolite. 

TEM analysis.The observation of the solid imogolite and Fe-imogolite samples showed that 

the spatial distribution of the imogolite nanotubes resembles a spiderweb (Liz-Marzán and 

Philipse, 1995), which would account for its potential capacity for selective adsorption 

(Fig. 4A). The average dimensions of the synthetic imogolite exceed 200 nm in length. 

In the case of the binary Feox+imogolite and Fe-imogolite systems significant 

differences are seen in the size and distribution of the magnetite sphere-like crystals and the 

imogolite nanotubes (Figs. 4 B and C). In the physical mixture (Feox+imogolite) it the 

average size of magnetite is greater than 50 nm, while the length of imogolite does not 

exceed 200 nm. In the case of imogolite subjected to the magnetization process(Fig. 4B), 
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the sample is highly condensed and it is found that the synthesized magnetite falls within a 

range of 20 to 50 nm, while the length of the imogolite nanotubes is greater than 200 nm, as 

a result of the conditions of the synthesis of magnetite.  

200 nm 200 nm 200 nm

(A) (B) (C)

 

Fig. 4. TEM images of: (A) synthetic imogolite (B) Fe-imogolite (the black arrows indicate 

the presence of Fe oxides ) and (C) Feox+imogolite. 

The TEM micrographs of Fe-imogolite show that the distribution of the Fe oxides 

over the surface of imogolite is heterogeneous, with areas of high concentration of 

magnetite that may be explained by the adsorption of Fe (II), as precursor of magnetite, at 

specific sites where possible interactions of electrostatic origin are favored. This suggests 

that the first molecules of adsorbed Fe form nuclei in different parts of the surface of 

imogolite, causing the growth of 3D magnetite crystals and not forming a monolayer, as it 

has been documented on carbon nanotubes (Jia et al., 2007; Shi et al., 2010). Although the 

three-dimensional formation of Fe oxide is seen in the micrographs (Fig. 4B), this process 

cannot explain by itself the change of the IEP of 9.5 for imogolite to 7.8 for Fe-imogolite, a 

change that necessarily means that a large part of the surface of imogolite is covered with 

Fe and that in some zones there is a 3d growth. 
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Magnetic characterization.The magnetic behavior of magnetite and the binary 

Feox+imogolite and Fe-imogolite systems was determined using VSM and a SQUID 

magnetometer(Table 2). 

Table 2.Magnetic parameters of imogolite, magnetite, Fe-imogolite, and Feox+imogolite. 

Sample 
Saturation   

Magnetization  
(emu·g-1) 

Coercivity  
[Oe] 

Remanence 
(emu·g-1) 

Imogolite 0 0 0 

Magnetite 90.8 143.2 17.6 

Fe-imogolite 9.8 54.3 0.5 

Feox+imogolite 15.5 121.3 4.0 

 

The characterization of the samples showed significant differences between all the 

materials that were studied. The magnetic parameters indicated that the synthesized 

magnetite has a slightly lower magnetization saturation than that reported in the literature 

(90.76 emu g-1), perhaps as a consequence of the presence of goethite, which was a by-

product of the synthesis (Table 2) (Buschow, 2006).  

Differences were found in the magnetic behavior of Feox+imogoliteand Fe-imogolite 

compared to magnetite. The data indicate that the saturation magnetization between 

Feox+imogoliteand Fe-imogolite is 83% and 89%, respectively, lower than that of 

magnetite. However, the coercivity and remanence of Feox+imogolite are considerably 

larger than those of Fe-imogolite because the physical mixture has different sizes and 

distribution of the magnetite nanoparticles, enhancing much more the character of 

magnetite (Table 2) (Xu et al., 2007). 
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Fig. 5.Hysteresis curve of magnetite, Feox+imogolite and Fe-imogolite (A). Enlargement of 

the magnetization curves for magnetite, the mixture Feox+imogolite and the nanohybrid Fe-

imogolite systems (B). 

The magnetization curve of imogolite showed that this nanoparticle lacks magnetic 

components, a situation that changes radically once the coverage process is ended, with all 

the magnetic parameters, and mainly the saturation magnetization, determined for the Fe-

imogolite system indicating that the nanohybrid formed may be considered a magnetic 

nanoparticle (Fig. 5). 
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The coercitivity of magnetite and of the binary Feox+imogolite system is higher than 

100 Oe at ambient temperature, while the Fe-imogolite sample has a coercivity close to 50 

Oe. These differences confirm that the magnetite nanoparticles synthesized on the surface 

of imogolite (Fe-imogolite) are smaller than those present in the Feox+imogolite system, as 

was also determined by TEM (Fig. 2B). 

In a similar way, the magnetic properties as a function of temperature have been 

determined for the Feox+imogolite and Fe-imogolite systems with a SQUID magnetometer 

(Fig. 6). The evolution of coercivity as a function of temperature showed clear differences 

between Feox+imogolite and Fe-imogolite, confirming that the magnetic behavior is unique 

to each system. 

The effect of temperature on the coercivity of the binary Feox+imogolite and Fe-

imogolite systems confirms that this parameter increases when the temperature decreases. 

In the case of Feox+imogolite the coercivity increases below 150 K, while in Fe-imogolite it 

increased at temperatures close to 100 K. 
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 Fig. 6.Evolution of the coercive field as a function of temperature for Feox+imogolite (A) 

and Fe-imogolite (B). 
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This behavior confirms that the magnetite nanoparticles present in the Fe-imogolite 

system are smaller than those present in the physical mixture, since above 100 K the 

magnetization of the nanoparticles becomes unstable with increasing temperature. 

4. Conclusions 

A procedure has been reported for the magnetization of nanotubular aluminosilicate 

of the imogolite type using the method of impregnation with an excess of solvent. 

The structural characterization of the binary Fe-imogolite system by XRD, TEM, 

Mössbauer spectroscopy and EM indicates that these nanoparticles have a degree of 

crystallinity similar to the starting materials. Magnetite was identified as the Fe oxide 

formed during the process of magnetization of imogolite, which did not alter the structure 

and dimensions of imogolite, establishing that the average size of this oxide is in an 

approximate range of 20 to 50 nm, and the size of the magnetite formed in Fe-imogolite is 5 

times smaller than that found in Feox+imogolite. 

EM showed that the IEP of Fe-imogolite was displaced to more acidic pH, allowing 

better adsorption of cations compared with imogolite, at pH ranges found under natural 

environmental conditions. Strong chemical interaction was determined between magnetite 

and imogolite, by means of the electrophoretic behavior of Fe-imogolite, which was 

significantly different from that of Feox+imogolite, showing two types of particles. 

The magnetic parameters determined from the hysteresis curves and by a SQUID 

magnetometer were characteristic of each system. For Fe-imogolite the coercivity, 

remanence and saturation magnetization were the lowest among the systems that were 

studied, but the characteristics found for the nanohybrid formed allow to classify it as a 

magnetic nanoparticle. 
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Abstract. 

Imogolite having magnetic properties (Ferro-imogolite) was synthesized and it was 

tested for the removal of Cu(II), Cd(II) and As(V), pollutants present in groundwater as a 

consequence of the intensification of mining and farming activities. The magnetic coverage 

process modified the surface and the surface area of the imogolite, establishing that the 

presence of Fe oxide, mainly magnetite, favors the adsorption of Cu(II), Cd(II) and As(V) 

compared to imogolite. 

Adsorption of Cu(II), Cd(II) and As(V) as a function of time is described adequately 

by the pseudo-second order kinetics and the Elovich models, and the maximum adsorbed 

amounts (qe) of these trace elements determined from these models were close to those 

obtained experimentally. The intraparticle diffusion model failed in the description of the 

experimental data of As(V) with both nanoparticles, due to the strong specific interaction of 

the active superficial sites existing in imogolite and Ferro-imogolite, in addition to the 

blockage caused by the process of covering with Fe. The adsorption capacity for Cu(II), 

Cd(II) and As(V) was determined from the Langmuir isotherms, which showed that Ferro-

imogolite has a greater adsorption capacity than imogolite. It was found that competition 

between Cu(II) and Cd(II) in the multicomponent systems decreases considerably the 

adsorption of these elements on both nanoparticles. 

 The results suggest that Ferro-imogolite has a large potential for the treatment of 

polluted water or other nanotechnological applications, due to its high chemical reactivity. 

Keywords: Imogolite, magnetic nanoparticles, adsorption, Mössbauer spectroscopy. 
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1. Introduction. 

 Mining and agriculture are important sources for the incorporation of trace elements 

(TE) into the environment, the former through the residues generated by the ore extracion 

(low grade ores) and purification (tailings) processes, and the latter through the constant 

application of fertilizers, biosolids, and soil amendments, severely modifying the 

biogeochemical cycles of the ecosystem (Basu et al., 2006; Nicholson et al., 2003; 

McLaughlin et al., 1995; Chang et al., 1997; McBride en 1995; Murad et al., 2005). 

 Untreated effluents from mining and forestry and agriculture activities contain high 

concentrations of TEs which have a negative effect mainly on aquatic life. Copper (Cu), 

cadmium (Cd) and arsenic (As) stand out among this group of pollutants. These TEs are 

frequently studied because of their abundance and toxicity (Escudey et al, 2006; Molina et 

al., 2010; Molina et al., 2009; Trivedi and Axe, 2000; Kanel et al., 2005). The World 

Health Organization (WHO) has established that the maximum concentration of Cu, Cd and 

As present in water for human consumption must not exceed 0.01, 1.5 and 0.003 mg L-1, 

respectively (WHO, 1993). 

 In general these pollutants bioaccumulate in different tissues like bones, the liver, 

the kidneys, and the brain, and their prolonged exposure is associated with diseases such as 

cancer, liver and kidney damage, in addition to mental disorders (Smedley and Kinniburgh, 

2002; Kalavathy et al., 2005; Gündogan et al., 2004; Sterckeman et al., 2009).    

 There are various methods for the removal of these kinds of pollutants; they include 

chemical precipitation, ion exchange, surface complexation, electro-deposition, the use of 

membranes, and adsorption (Bissen and Frimmel, 2003; Nriagu, 1994; Kanel et al., 2005; 

Chand et al., 1994; Hu et al., 2005).  
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In recent years attention has been centered on the use of natural or synthetic 

nanoparticles with magnetic properties, mainly due to the ease for the removal of pollutants 

from aqueous solutions (Yantasee et al., 2007; Kanel et al., 2006; Vikesland and Valentine, 

2002; Hu et al., 2005; Chen and Wang, 2006). 

 It has been found that the mineral phase of soils of volcanic origin tends to adsorb 

specifically TEs like Cu, Cd and As (Forbes et al, 1976; McKenzie, 1980), suggesting that 

the minerals have a significant role in the retention of these pollutants in the soil (Clark and 

McBride, 1984a). 

 One of the minerals present in soils derived from volcanic ash is imogolite, a 

nanotubular aluminosilicate with a large surface area (>200 m2·g-1) (Ackerman et al., 1993) 

and therefore a high surface reactivity given by the types of surfaces that it has (Cradwick 

et al., 1972; Arancibia-Miranda et al., 2011), which has been shown to have an important 

role in the sequestration of carbon and a potential capacity to retain heavy metals (Basile-

Doelsch et al., 2005; Denaix et al., 1999; Henmi and Wada, 1974; Theng et al., 1982; Clark 

and McBride, 1984b; Gonzales-Batista et al., 1982; Arai et al., 2006; Babel and Opiso, 

2007; Parfitt et al., 1974; Parfitt, 2009; Levard et al., 2009). 

 The spatial arrangement of imogolite accounts for three types of pores: intra-tube, 

inter-tube, and inter-thread, which would additionally allow a selective retention by size 

(Wada and Henmi, 1972; Ackerman et al., 1993). Its high chemical flexibility, given by the 

presence of two types of active surface groups (silanols (≡Si-OH) on the inner surface and 

aluminols (≡Al2-OH, ≡Al-OH) on the outer surface) which functionalize it naturally, 

projects this nanoparticle as an excellent substrate for various environmental and 

nanotechnological applications. The objetive of this research is the application of magnetic 



152 
 

imogolite synthesized in the laboratory in the removal of Cu(II), Cd(II) and As(V), and its 

comparison with synthetic imogolite without coverage. 

2. Materials and methods 

Synthesis of nanoparticles.Imogolite was synthesized as described in the literature, from 

aqueous solutions of Si and Al (Mukherjee et al., 2005; Arancibia et al., 2011). The 

preparation of Ferro-imogolite was carried out as proposed by Gutiérrez et al., 2010. 

Characterization de nanoparticles. The synthesized nanoparticles were characterized as 

described in Chapter IV, Part I. 

Surface area. The specific surface area (SBET) of imogolite and Ferro-imogolite was 

measured by the N2 method of Brunauer-Emmett-Teller (BET), and pore size was 

calculated by means of the Barrett, Joyner and Halenda (BJH) analysis of an N2 

adsorption/desortion isotherm at 77 K using an automatic analyzer (Quantachrome Nova 

Station A). 

Adsorption studies of Cu(II), Cd(II) and As(V). The adsorption studies of Cu, Cd and As 

were made from stock solutions of 1000 mg L-1 of Cu(II), Cd(II) and As(V) prepared by 

dissolving Cu(NO3)2, Cd(NO3)2 and Na2HAsO4·7H2O in double-distilled water. The 

isotherms and adsorption kinetics of Cu(II), Cd(II) and As(V) were carried out by a batch 

system, using 50-mL polypropylene tubes that contained 50 mg of imogolite or Ferro-

imogolite in 20 mL of the different solutes (Cu, Cd and As) in a 1.0x10-3 M solution of 

KNO3. The temperature for the experiments was 25±2 °C and the pH conditions were 

5.5±0.2 for Cu(II) and Cd(II) (Clark and Mc Bride, 1984a), and 6.5±0.2 for As(V) (Arai et 

al., 2005). 
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Adsorption kinetics. A concentration of 50 mg L-1of the metal was used for the study of the 

kinetics of Cu(II) and Cd(II). Th pH of each suspension was adjusted by addition of HNO3 

or KOH (10-1 mol L-1). An ISE meter (sensION™4) was used to detect the concentrations 

of Cu(II) and Cd(II). Equilibrium was achieved by stirring at 200 rpm at a controlled 

temperature of 25 ºC. The concentration of Cu(II) and Cd(II) was measured at 30-minute 

intervals. A blank was used as control to determine the response of the electrode in the 

absence of Cu(II) and Cd(II). The amount of adsorbed ion was determined from the 

difference between the initial and final concentration in solution, according to Eq. 1. 

  (Eq. 1) 

where Co and Ct are the initial concentration and the concentration at time t of Cu(II) and 

Cd(II) in (mg L-1), respectively, V (L) is the volume, and M (g) is the mass of the substrate. 

For As(V) the dependence of adsorption as a function of time was studied on a solution of 

As(V) containing 350 mg·L-1 in equilibrium with 50 mg of imogolite or Ferro-imogolite. 

The samples were equilibrated using an orbital shaker during 24 h for Cu(II) and Cd(II), 

and during 96 h for As(V). The concentration of As(V) in solution was determined at 5, 15 

and 30 min, and 1, 3, 6, 10 and 24, 48 and 96 hours. The samples were centrifuged at 

10,000 rpm for 30 min, the supernatant was filtered through 0.22 μm Millex-GX 

membranes, and it was analyzed by ICP-OES. 

Adsorption isotherms. The range of initial concentrations used in the adsorption isotherms 

were 1, 2, 5, 10, 20, 40, 50, 70, 80, 100 mg L-1 for Cu(II) and Cd(II), and 1, 5, 10, 20, 50, 

70, 100, 150 and 200 mg L-1 for As(V). At the same time, competition between Cu(II) and 

Cd(II) was studied in both sustrates. The same Cu(II) and Cd(II) concentrations were used 

in the multi-component system as in the mono-component system. 

)(
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M
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3. Results and Discussion. 

Electrophoretic mobility and isoelectric point (IEP). The superficial behavior of imogolite 

and Ferro-imogolite was described by measuring the electrophoretic mobility. Imogolite 

has a positive charge over a wide pH range and a high IEP (9.5), while the IEP of Ferro-

imogolite was 7.8 (see Chapter IV, Part I). 

Surface area. The microporous structure of imogolite and Ferro-imogolite was studied by 

N2 adsorption, and it was found that the specific surface area (BET) of imogolite is similar 

to that reported in the literature (Adams, 1980; Ackerman et al., 1993). 

Table 1.Surface area (SBET) and porosity parameters of imogolite and Ferro-imogolite. 

 Imogolite Ferro-imogolite 

Surface area (m²/g) 303  206 

External surface area (m²/g) 180 117 

Micropore volume (cm3/g) 0.02 0.03 

Micropore area (m²/g) 66 46 

Pore Volume (cm3/g) 0.25 0.20 

Pore diameter (Å) 10 15 

This parameter decreased significantly in the Ferro-imogolite binary system, with a 

value of 206 m2/g, but pore diameter and volume increased in Ferro-imogolite (Table 1) 

(Shi et al., 2010). 

Previous research states that the mesoporosity of imogolite is strongly conditioned 

by its origin, with natural samples of these nanoparticles showing a significantly higher 

mesoporosity than the synthetic samples, mainly because under labotatory conditions the 

size and packing of imogolite particles is greater (Adams, 1980; Ackerman et al., 1993). 

Adsorption kinetics. Equilibrium time was 5 h of reaction for the adsorption of Cu(II) and 

Cd(II) in imogolite and Ferro-imogolite, and 4 h for As(V). The pseudo-first order model 
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failed to describe the adsorption kinetics of these TEs by both imogolite and Ferro-

imogolite, showing that the adsorbed amount (qe) is less than that obtained experimentally. 

However, thepseudo-second order model described adequately the adsorption kinetics of 

Cu(II), Cd(II) and As(V) for both nanoparticles (Table 2), with the correlation coefficients 

(r2) greater than those estimated by the pseudo-first order models, and the values of qe were 

close to the experimental ones. This behavior can be explained by the boundary conditions 

that describe the pseudo-second order model, where the best fit is achieved when the initial 

concentration of the solutes is Co>>βθ and the interaction between the ions that are present 

in the supporting electrolyte solution and the surface is low with respect to the solute that is 

being studied (Azizian, 2004, Chapter III).  

The values of the initial adsorption constant (h), defined as h= k·qe
2 when qt/t 

approaches 0, show differences between the nanoparticles. This parameter increases 

considerably for Ferro-imogolite compared to imogolite, suggesting that during the 

coverage process the new surface formed favors the rapid adsorption of these TEs, which in 

the case of Cu(II) and Cd(II) is explained by the decrease of the superficial charge, 

reflected in the IEP of Ferro-imogolite, while for As(V) it is a consequence of the high 

affinity of the ≡Fe-OH groups for this anion (Rudzinski and Plazinski, 2008). 

The model of Elovich, which is widely used to study kinetic behavior in adsorbents 

that have energetically heterogeneous reactive sites, describes successfully the 

chemisorption of Cu(II), Cd(II) and As(V) in imogolite and Ferro-imogolite (Rudzinski and 

Plazinski 2000; Debnath and Ghosh, 2009; Zach-Maor et al., 2011) (Table 2).  
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Table 2. Kinetic parameters predicted from pseudo-first order and pseudo-second order kinetics, Elovich, and intraparticle diffusion 

models. 

Cu (II) Cd (II) As (V) Cu (II) Cd (II) As (V) 
Models 

Imogolite Ferro-imogolite 

qexp (mg·g-1) 10.08 11.71 340.99 12.32 13.51 467.89 

Pseudo- first order           

qe (mg·g-1) 10.50 (0.03) 12.50 (0.01) 56.39 (0.03) 11.32 (0.01) 12.43 (0.06) 184.08 (0.04) 

k1 (x10-3min-1) 6.79 (0.05) 7.69 (0.02) 0.70 (0.01) 7.19 (0.08) 8.02 (0.01) 0.92 (0.03) 

r2 0.978 0.973 0.808 0.976 0.934 0.937 

Pseudo- second order           

qe (mg·g-1) 10.99 (0.06) 12.09 (0.03) 340.18 (0.95) 12.35 (0.08) 13.46 (0.04) 466.70 (0.01) 

k2 (x10-4g·mg-1·min-1) 8.28 (0.08) 7.40 (0.01) 1.54 (0.09) 9.23 (0.01) 8.54 (0.07) 2.60 (0.10) 

h(mg·g-1·min-1) 0.100 0.108 17.821 0.141 0.155  56.663 
r2 0.999 0.996 0.998 0.998 0.998 0.999 
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Table 2. Continued  

Cu (II) Cd (II) As (V) Cu (II) Cd (II) As (V) 
Models 

Imogolite Ferro-imogolite 

Elovich           

qe (mg·g-1) 9.16 (0.45) 10.11 (1.21) 341.5 (1.32) 12.29 (0,37) 13.48 (0.88) 468.71 (0.11) 
α (mg·g-1·min-1) 0.159 (0.010) 0.188 (0.023) 1.54x104 (109.3) 0.253 (0.034) 0.284 (0.024) 2.09x1012(209.3)

β(g·mg-1) 0.373 (0.012) 0.349 (0.093) 0.102 (0.001) 0.357 (0.033) 0.304 (0.014) 0.032 (0.004) 
r2 0.991 0.996 0.968 0.981 0.979 0.998 
R 0.081 0.034 0.067 0.092 0.078 0.015 

Intraparticle diffusion           

qe-1 (mg·g-1) 5.04 (0.01) 5.94 (0.07) 243.77 (1.34) 9.34 (0.11) 8.99 (0.07) 373.77 (1.34) 
kint-1 (mg·g-1·min1/2) 0.7547 (0.092) 0.7233 (0.017) 0.0176 (0.011) 0.9507 (0.092) 0.8753 (0.032) 0.0567 (0.011) 

C1 (mg·g-1) 0.2474 (0.033) -0.3782  (0.212) 301.05 (11.280) 0.1154 (0.063) 0.0102  (0.104) 339.61 (11.090) 

r2 0.999 0.992 0.971 0.999 0.982 0.919 
R 0.011 0.064 0.123 0.011 0.0679 0.073 

qe-2 (mg·g-1) 4.83 (0.10) 5.53 (0.08) N. A 3.85 (0.13) 4.57 (0.08) N. A 
kint-2 (mg·g-1·min1/2) 0.4054 (0.0123) 0.539 (0.032) N. A 0.4238 (0.0093) 0.659 (0.034) N. A 

C2 (mg·g-1) 2.087  (0.301) 2.121  (0.312) N. A 1.978  (0.313) 2.216  (0.112) N. A 

r2 0.994 0.994 N. A 0.894 0.887 N. A 
R 0.032 0.052 N. A 0.025 0.050 N. A 

N. A: Not Apply.
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The initial rate constant (α) determined by this model was slightly higher in the case 

of Cd(II) and Cu(II) in Ferro-imogolite compared to imogolite, while fast and high initial 

adsorption was found for As(V), where again the highest value of α is obtained in Ferro-

imogolite, while β, a constant related to the degree of coverage of the surface and the 

activation energy for chemisorption (Teng and Hsieh, 1999; Wu et al., 2009; Cáceres-

Jensen et al., 2010) (Table 2), was lower in Ferro-imogolite than in imogolite, suggesting 

that the surface modification favors the adsorption of these elements, due mainly to the 

decrease of the superficial charge and to the presence of new functional groups of the ≡Fe-

OH type (Chapter IV, Part I; Yong-Mei et al., 2010; Zach-Maor et al., 2011). 

The diffusion of Cd(II), Cu(II) and As(V) was compared on both nanoparticles by 

means of the intraparticle diffusion model proposed by Weber and Morris in 1962, finding 

differences in the values of the parameters given by this model, possibly as a consequence 

of the coverage process to which the imogolite was subjected (Table 2). By means of this 

model it is possible to state that the adsorption kinetics of Cu(II) and Cd(II) for imogolite 

and Ferro-imogolite takes place in a first stage through superficial diffusion, where the 

largest proportion of these elements is adsorbed, with the highest adsorption values 

obtained with Ferro-imogolite (Table 2). 

Adsorption by means of an intraparticle diffusion mechanism did not give a good fit 

for Cu(II) and Cd(II) in Ferro-imogolite (r2<0.900), suggesting that the coverage process 

with Fe blocks the diffusion of these elements from the macropores to the micropores 

existing on the imogolite nanotubes (Table 2). 

This model describes the adsorption kinetics of As(V) with a lower fit (r2<0.990), 

than that found for Cu and Cd on both nanoparticles when the adsorption takes place by a 
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superficial diffusion process. However, this model is unable to describe the intraparticle 

diffusion of As(V) on imogolite and Ferro-imogolite (Table 2), and this can be explained 

by the high specific interaction of the superficial groups of imogolite (≡Al2-OH and ≡Al-

OH) and Ferro-imogolite (≡Al2-OH, ≡Al-OH and ≡Fe-OH) with As(V) and the blocking of 

the pores as a result of the coverage with Fe. 

Cu(II), Cd(II) and As(V)adsorption isotherms. Langmuir's model was used to describe the 

adsorption of Cu(II), Cd(II) and As(V) on imogolite and Ferro-imogolite (Eq.2). 

 

 

where qm (mg·g-1) is the maximum adsorption capacity, q (mg·g-1) is the amount of analyte 

adsorbed, C (mg·L-1) corresponds to the solute at equilibrium, and KL is Langmuir's 

constant related to the adsorption energy (L·mg-1) (Islam et al., 2011). 

The parameters obtained from the application of both models to the adsorption of 

Cu(II), Cd(II) or As(V) on imogolite and Ferro-imogolite are summarized in Table 3. 

Table 3.Langmuir parameters for the adsorption of Cu(II), Cd(II) and As(V) in single- and 

multi-component systems. 

  Imogolite Ferro-imogolite 
Langmuir parameters 

Analite 
KL qm r2 KL qm r2 

Cu* 1.52 64.67 0.987 1.12 127.52 0.987 
Cu**  7.29 41.2 0.987 5.02 75.13 0.987 
Cd* 48.19 160.22 0.983 36.01 252.23 0.983 
Cd** 3.99 116.2 0.996 15.37 125.92 0.996 

As 1.75 260.9 0.976 2.26 643.19 0.996 
*: Single-component systems, **: multi-component systems 
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The adsorption of Cu(II) and Cd(II) in the single- and multi-component systems on 

Ferro-imogolite was much greater than on imogolite (Fig. 1, Table 3), although the 

nanoparticle subjected to the coverage process decreased its surface area considerably. 

Different affinities were found depending on the TE and the type of nanoparticles 

studied. In the single - and multi-component systems the adsorption curve of Cu(II) was of 

the L type for imogolite and Ferro-imogolite. These types of isotherms are characterized by 

a slope that does not increase with solute concentration (Sposito, 1984; Lawrence et al., 

2000). This is caused by the high affinity of the adsorbent for the solute when it has a low 

concentration, thereby decreasing the surface area. 

Although the behavior described for both systems is the same, in the 

monocomponent systems the slopes of the adsorption isotherms indicate that under these 

conditions this phenomenon occurs with greater intensity. 

The agdsorption of Cd(II) on imogolite was described by a type S curve which 

suggests that the affinity existing between this element and imogolite is weak and that it is 

independent of the evaluated system (Sposito, 1984; Lawrence et al., 2000). However, this 

condition changes drastically when Ferro-imogolite is used, where the shape of the 

isotherm is of the H type, showing that the affinity of this element for the nanoparticles is 

greater than that for imogolite, possibly as a consequence of the large affinity of the new 

type ≡Al-OH superficial groups formed during the coverage procedure. 
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Fig. 1. Adsorption isotherms in single - and multi-component systems: (a) and (b) for 

Cu(II); (c) and (d) for Cd(II), on imogolite and Ferro-imogolite. The axes are on different 

scales. 

The increase of the adsorption capacity with the incorporation of Fe can be 

accounted for by the superficial changes that occur in imogolite as a result of the coverage 

process, where the decreased superficial charge seen in Ferro-imogolite with respect to 

imogolite favors the adsorption of cations from an electrostatic standpoint (Zhang et al., 

2009). In both nanoparticles the maximumadsorption capacity (qm), Langmuir parameter 

(a) (b)

(c) (d)
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that indicates saturation of the monolayer, was higher for the Cd(II) isotherms than for 

those of Cu(II), indicating that the adsorption of this element is highly favored. This 

parameter in a multi-component system decreases about 41% and 36% for Cd(II) and 50% 

and 27% for Cu(II) in Ferro-imogolite and imogolite, respectively. 

The adsorption intensity (KL) varied as a function of the metals, the nanoparticles, 

and the competition among the metals. The values of KL obtained indicate that the 

interactions of Cd(II) and Cu(II) are stronger for imogolite than for Ferro-imogolite in 

single-component systems. These data suggest that both TEs are adsorbed preferentially on 

specific active sites present in imogolite, which decrease due to the incoporation of Fe, a 

phenomenon that is made evident by a decrease in the magnitude of KL determined for 

Ferro-imogolite (Serrano et al., 2005; Molina et al., 2010).  

Competition between Cd(II) and Cu(II) for the adsorption sites present in both 

nanoparticles has a considerable impact on the capacity and intensity of the adsorption. In 

imogolite the values of KL determined for Cd(II) and Cu(II) in multi-component systems 

are clearly different from those obtained in single-component systems (Table 3), where in 

the case of Cd(II) the presence of Cu(II) causes the adsorption to take place preferentially 

on lower energy sites, as shown by the decrease in the value of KL obtained for Cd(II) in 

multi-component systems. A different behavior was seen for Cu(II), whose adsorption 

intensity is greater when it is competing with Cd(II), indicating that in multi-component 

systems the adsorption of Cu(II) takes place predominantly on high energy sites, suggesting 

that the active sites of imogolite are more specific for this element than for Cd (Adhikari 

and Singh, 2003; Serrano et al., 2005; Molina et al., 2010). For Ferro-imogolite the 

adsorption intensity in the single and multi-component systems shows a tendency similar to 
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that seen for imogolite. However, the magnitude of the variation of KL among these systems 

compared to imogolite is smaller, a phenomenon that can be accounted for by the changes 

in the number of specific superficial active sites for each TE as a result of the coverage 

process. 

The adsorption isotherms of As(V) on imogolite and Ferro-imogolite are shown in 

Fig. 2. The values of qm determined for both nanoparticles show significant differences 

between them, with this parameter 2.5 times greater for Ferro-imogolite than for imogolite, 

indicating that the adsorption of As(V) is strongly influenced by the type of surface of the 

nanoparticles. 
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Fig.2. Adsorption isotherm of As(V) on imogolite and Ferro-imogolite. 

On imogolite the adsorption of As(V) is highly favoreed because the ≡Al2-OH and 

≡Al-OH groups that constitute the outer surface of this clay are charged positively over a 
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wide pH range (3-9), allowing arsenate to be adsorbed on these groups through a ligand 

exchange mechanism, as described by Eqs. 3 and 4. 

 

In the case of Ferro-imogolite the increased adsorption of As can be accounted for 

by the presence of new superficial active groups contributed by the Fe oxides (≡Fe-OH), 

which have greater affinity for As(V) because they form mono- and bidentate complexes 

and bidentate-binuclear complexes through a ligand exchange mechanism with the 

hydroxyls of the ≡Fe-OH groups, leaving the arsenate coordinated with the iron (Eqs. 5 and 

6) (Pierce and Moore, 1982; Goldberg and Johnston, 2001; Zhang et al., 2009): 

 

 

 

The adsorption intensity KL is also greater in Ferro-imogolite, indicating that the As 

is adsorbed spontaneously more strongly and faster in Ferro-imogolite due to the greater 

presence of superficial active groups specific for As(V), even though during the coverage 

process the surface of this nanoparticle was modified drastically, decreasing its surface area 

and charge. 

4. Conclusions 

An increase was seen in the adsorption capacity for Cu(II), Cd(II) and As(V) of 

Ferro-imogolite compared to imogolite due to the presence of magnetite. The incorporation 

of Fe causes a decrease of the IEP, thereby favoring electrostatic interactions at the working 
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pH, while the high adsorption seen for As(V) corresponds to the specific interaction of this 

element with the superficial active sites of imogolite and magnetite. 

The sorption model of Langmuir showed the best fit for all the trace elements on 

imogolite and Ferro-imogolite. The data obtained from the multi-component systems 

showed that competition decreases considerably the adsorption capacity of both 

nanoparticles, as indicated by the KL values. 

The results of this study show that Ferro-imogolite is an efficient nanoparticle for 

the removal of trace elements like Cu(II), Cd(II) and As(V), even in systems where there is 

competition for the adsorption sites. This new material has potential use in the treatment of 

polluted water. 
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GENERAL CONCLUSIONS  

In this study we developed new characterization and monitoring methodologies for 

the synthesis of nanotubulares aluminosilicates (imogolite). The product obtained according 

to the synthesis developed by Denaix et al., 1999, has a high reproducibility, however 

obtaining a nanoparticle requires strict control of several parameters such as Al / Si ratio, 

pH, temperature and time, which condition the performance and size of the imogolite. 

Through a study of the precursors formed at different aging times, it was possible to 

establish that the formation of imogolite occurs by self-assembly processes, where the 

critical stage for the formation of ring-type structures occurs between 48 to 72 h of aging. 

Knowledge of the mechanism of formation of imogolite, opens the possibility of designing 

in situ synthesis of new structures such as nanowires, types CNT@imogolite, 

Au@imogolite, Ag@imogoliteour Cu@imogolite. 

The study carried out at the imogolite surface indicates that the nanoparticle is 

highly sensitive to the nature of the background electrolyte solution used, which strongly 

impacts the adsorption capacity of cations such as Cd (II) and Cu (II). This information 

provides the potential role played by the imogolite in soils and as the adsorption of divalent 

cations in this nanoparticle is affected by the presence of different ions that enter the soil, as 

a result of processes such as fertilization. Additionally it was established that imogolite has 

a great capacity to adsorb anions in a wide range of pH, because of the nanoparticle surface 

charge is positive. 

The functionalization performed by the imogolite Fe oxides coating allowed to 

obtain a nanocomposite magnetic property (Ferro-imogolite), which increase the potential 

industrial applications of this nanoparticle. It was established that the coating does not 
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significantly modify the structure of the imogolite, caracterísitca however the surface and 

adsorption properties of different elements of Ferro-imogolite were different to that of 

imogolite. It was observed that the adsorption of Cd (II) and Cu (II) were higher in Ferro-

imogolite in imogolite as a result of the decrease in surface charge, promoting electrostatic 

type interactions, while the presence of ≡Fe-OH groups from the magnetite formed by the 

coating process greatly favors the adsorption of As (V). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



175 
 

CONCLUSIONES GENERALES 

En este estudio se desarrollado nuevas metodologías de caracterización y 

seguimiento para la síntesis de aluminosilicatos nanotubulares (imogolita). El producto 

obtenido según la síntesis desarrollada por Denaix et al., 1999, posee una una alta 

reproducibilidad, sin embargo la obtención de una nanopartícula requiere un control estricto 

de diversos parámetros tales como relación Al/Si, pH, temperatura y tiempo, los cuales 

condicionarán el rendimiento y tamaño de la imogolita. 

Mediante un estudio de los precursores formados a diferentes tiempos de 

envejecimiento, fue posible establecer que el proceso de formación de la imogolita ocurre 

por procesos de auto-ensamblaje, donde la etapa crítica, correspondiente a la formación de 

estructuras del tipo anillos ocurre entre las 48 a 72 h de envejecimiento. El conocimiento 

del mecanismo de formación de la imogolita, abre la posibilidad de diseñar síntesis in 

situde nuevas estructuras, como por ejemplo nanocables, del tipo CNT@imogolita, 

Au@imogolita, Ag@imogolita o Cu@imogolita.  

El estudio superficial realizado a la imogolita indica que esta nanopartícula es 

altamente sensible a la naturaleza de la solución de electrolito soporte utilizado, la cual 

impacta fuertemente lacapacidad de adsorción cationes tales como Cd (II) y Cu (II). Esta 

información permite conocer el posible rol que cumple la imogolita en los suelos y como la 

adsorción de cationes divalentes en esta nanopartícula, se ve afectado por la presencia de 

diferentes iones que ingresan al suelo, como consecuencia de procesos como la 

fertilización. Adicionalmente se estableció que la imogolita posee una gran capacidad de 

adsorber aniones en un amplio rango de pH, debido a que la carga superficialmente de esta 

nanopartícula es positiva.  
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La funcionalización realizada a la imogolita mediante el recubrimiento con óxidos 

de Fe, permitió obtener una nanocompósito con propiedades magnéticas (Ferro-imogolita), 

que aumentan las potenciales aplicaciones industriales de esta nanopartícula. Se estableció 

que el proceso de recubrimiento no modifica significativamente la estructura de la 

imogolita, sin embargo las caracterísitca superficiales y las propiedades de adsorción de 

diferentes elementos de Ferro-imogolita resultaron distintas a la de la imogolita. Se observó 

que la adsorción de Cd (II) y Cu (II)fueron superiores en Ferro-imogolita que en imogolita, 

como consecuencia de la disminución de la carga superficiale, favoreciendo las 

interacciones del tipo electroestáticas, mientras que la presencia de grupos ≡Fe-OH 

provenientes de la magnetita formada por el proceso de recubrimiento favorece 

enormemente la adsorción de As (V).  
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FUTURE DIRECTION. 

From the results of this thesis has been possible to project the study of imogolite in 

different areas of science, mainly due to interest from other groups of national and 

international research in this nnopartículas. The main challenges we have proposed to 

enhance the properties of imogolite are: 

• Develop a nanohybrid between imogolite and different metals such as Cu, Ag, and Au, 

in order to obtain the first nanowire Metal @ imogolite type, which has enormous 

applications in the design of electronic devices. This is starting to be studied in 

collaboration with groups led by Dr. Guillermo Gonzalez, University of Chile and Dr. 

Miguel Kiwi of the Pontifical Catholic University of Chile. 

• Synthesis of controlled delivery systems based drug imogolite and imogolite magnetic 

by adding degradable polymers (Sudan (III) and F-68). It has the support of Dr. 

Guillermo Gonzalez group at the University of Chile and Dr. Laurent Charlet, 

University of Grenoble France. 

• Degradation of organic pollutants (azo compounds) by applying the modified 
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