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Preface 

 

This Ph.D. thesis entitled “Innovative smart materials designed for environmental 

purposes” was  initiated in January 2011 and finalized in December 2013. The study 

was almost carried out at University of Palermo (Department of Chemistry and, 

successively, Department of Physics and Chemistry), and some experiments were 

done at the Institute of Micromanifacturing of the Louisiana Tech University (USA) 

during a scientific stage of 6 months.   

The thesis reports fundamental physico-chemical insights on composite materials 

based on environmental friendly resources, such as nanoclays and biopolymers. 

Particular attention was focused on Halloysite nanotubes (HNTs). In detail, the thesis 

includes eight chapters. The first one summarizes the properties and the current 

applications of green materials (nanoclays, biopolymers and their composites). 

Chapter 2 reports the physico-chemical studies of biopolymer/laponite systems in 

aqueous phase describing the structural and the thermodynamic features that 

influence the interactions between the two components. Chapters 3 and 4 are 

dedicated on the physico-chemical characterization of functionalized HNTs and 

hybrid gel beads, respectively. Experiments on the potential applications 

(decontamination and biotechnology) of these materials are reported in the Chapter 5. 

Physico-chemical studies of bionanocomposites based on nanoclays are described in 

the Chapter 6 in order to evaluate the effectiveness as biocompatible packaging by 

correlating the macroscopic properties to the microscopic ones. The physico-chemical 

characterization of plasticized nanocomposite films, reported in the Chapter 7, was  

done with the motivation to estimate their performances in material science. Lastly, 

Chapter 8 outlines the most important insights provided by this thesis.  

The experiments performed at Louisiana Tech University concern the studies of 

functionalized HNTs for biotechnological and micromanifacturing purposes. The 
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functionalization of HNTs with biopolymers was done also at Louisiana Tech 

University. Small Angle Neutron Scattering (SANS) experiments were carried out at 

ILL in Grenoble and at BENSC in Berlin.  

The details on the experimental data and on the used equipments were omitted but 

they can be found in the attached related papers (Chapter 10). 
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1.1 Introduction 

 

The gradual environmental degradation of the earth is mainly due to the excessive 

and irresponsible exploitation of the natural available resources. To the light of this 

situation, nowadays there is a simultaneous and growing interest in developing new 

materials and innovative process technologies that can reduce the environmental 

impact on the ecosystems. 

Specifically, the researchers have focused their attention on renewable and no 

toxic natural resources to face key environmental problems, like the accumulation of 

urban wastes and water pollution. Among the natural resources, biopolymers and 

nanoclays appear really promising. 

As far as the accumulation of the urban wastes is concerned, the principal cause is 

the wide use of petroleum based plastics generating a relevant environmental impact 

because of their non degradability. Moreover, the disposal of plastic wastes by 

incineration increases carbon dioxide amount and, in some cases, generates toxic 

products which contribute to the global warming and the city pollution. 

Biodegradable materials can provide a solution to the environmental impact of solid 

waste produced from fossil fuel. Within this topic, for instance, biopolymers, 

forming films, may be used in wrapping and packaging materials. Nevertheless, their 

use is often limited because of fast degradation and, in some cases, of unsatisfactory 

mechanical properties.1The combination of biopolymeric matrix and nanoclays may 

generate new sustainable materials, so called bionanocomposites, with excellent and 

unique properties.2 

Futhermore, both biopolymers and nanoclays can be used as adsorbent materials 

of organic and inorganic contaminants. Therefore, they represent a cheap alternative 

to the activated carbon as waste-water decontaminants. Biopolymers as well as gel 

beads composed of polymers or polymer mixtures with sequestrant capabilities were 

proposed to capture contaminants from the aqueous phase.3,4  

The high specific surface makes the nanoclays very efficient to remove pollutant 

from water.5 Advancements have been reached on the use of organo-clays as 

sorbents to remediate organic contamination.6,7  
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On this basis, nanoclays and biopolymers must be considered green materials 

really interesting for their potential environmental applications. Moreover, their 

combination may generate new materials with smart properties matching the great 

advantage to be composed of macromolecules, derived from renewable resources and 

nanoparticles, environmental friendly.   

 

1.2 Nanoclays 

 

The nanoclays are alumino-silicate particles which present at least one dimension 

on the nanometric scale. From the mineralogical view-point they belong to the family 

of phyllosilicates composed of tetrahedral and octahedral sheets. The tetrahedral 

sheet consists of silicon-oxygen tetrahedra linked to neighboring tetrahedra by 

sharing three corners, resulting in a hexagonal network; the remaining fourth oxygen 

of each tetrahedron belongs also to adjacent octahedral sheet. The latter is usually 

composed of aluminum or magnesium in six-fold coordination with oxygen from the 

tetrahedral sheet and with hydroxyl groups. The thickness of each layers is ca. 1 nm 

and the lateral dimensions may change from 300 Å to several microns. Several layers 

may be joined in a clay crystallite by interlayer cations, van der Waals force, 

electrostatic force, or by hydrogen bonding. These layers organize themselves to 

form stacks with a regular van der Walls gap called the interlayer or the gallery. The 

different arrangement of the tetrahedral and octahedral sheets allowed us to classify 

the clays in three categories: 1:1, 2:1 and 2:1:1 phyllosilicates. The 1:1 

phyllosilicates, like kaolinite and halloysite, have one tetrahedral and one octahedral 

sheet per clay layer; as concerns the 2:1 clay minerals, each layer consists of one 

octahedral sheet sandwiched between the two tetrahedral sheets. Examples are given 

by montmorillonite, laponite and illite. Finally, the 2:1:1 phyllosilicates, like cloisite, 

are composed of an octahedral sheet adjacent to a 2:1 layer. Because of the 

isomorphous substitutions the clays may have a charge in tetrahedral and octahedral 

sheets influencing their layered structure. Isomorphous substitution is the 

replacement of an element with another element in mineral crystal without modifying 

its chemical structure. For example, Al3+ can replace Si4+ in tetrahedral coordination, 

and Al3+ replaced by Mg2+ or by Fe2+ and Mg2+ replaced by Li+ may occur in 

octahedral coordination. The presence of these charges are counterbalanced by ions 
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situated in the interlayer. Recently the nanoclays have attracted growing interest in 

material science due to their versatile features of large surface area, high porosity, 

and tunable surface chemistry which enabled these nanomaterials to be utilized as 

catalysts,8,9,10, in electronic devices,11 for entrapment of hydrophilic and lipophilic 

active agents,12,13,14 and as a nanofillers for polymers.15,16,17,18 Moreover, the 

nanoclays are largely employed in pharmaceutical applications19 and in water 

decontamination5,20,21 because of their sorption ability and biocompatibility. Within 

this field, halloysite and laponite are new emerging clays with unique properties and 

appealing perspectives.  

 

1.3 Halloysite 

 

Halloysite is an economically viable clay material that can be mined from deposits as 

a raw mineral. The most widely available halloysites are from the deposits in 

Northland (New Zealand) and in Dragon Mine (Utah – USA). Geological settings are 

also present in China, Turkey and Australia.  

Halloysite is a 1:1 phyllosilicate with a chemical formula of Al2Si2O5(OH)4·2H2O 

which is similar to kaolinite except for the presence of an additional water monolayer 

between the adjacent clay layers.18 As shown in Figure 1.3.1, the presence of the 

interlayer water molecules determines an increase of the spacing in the multilayer 

walls from 7 Å to 10 Å. The principal form of Halloysite is a hollow tubular 

morphology in the submicrometer range (Fig 1.3.1)  It is currently unclear the reason 

that flat kaolinite rolls into Halloysite nanotubes (HNTs).18 We can suppose that the 

neighboring alumina and silica layers together with their two interlayer water 

molecules create a packing disorder causing them to curve and roll up, forming 

multilayer tubes. It is reported that the HNTs walls are formed by the rolling of 15-

20 aluminosilicate layers.14 They are quite polydisperse in size; their length varies 

from 0.2 and 1 µm while the inner and outer diameters are ca. 1-30 nm and 30-50 

nm, respectively.14 The HNTs external surface is composed of Si−O−Si groups, 

whereas the internal surface consists of a gibbsite-like array of Al−OH groups. This 

difference results in a negatively charged outer surface and a positively charged inner 

lumen in the pH range between 2 and 8.22  
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Figure 1.3.1 Mineralogy and structure of Halloysite 
 

Because of their morphology and chemistry, HNTs are appropriate materials in 

numerous applications over different fields. Within this topic, it is important to 

evidence that unlike other tubular materials such as boron nitride, metal oxide, or 

carbon nanotubes, Halloysite is a natural and biocompatible nanomaterial,19 which 

makes it attractive for specific environmental purposes. Moreover, Halloysite is far 

cheaper than the other tubular nanoparticles. The cost of HNTs and carbon nanotubes 

is $4 and $500 per kg, respectively. Therefore, it is reasonable to expect that these 

nanoclays can achieve a massive industrial application over the next years.  

As concerns the environmental purposes, the HNTs are good adsorbent materials 

towards both inorganic and organic contaminants and, consequently, they can be 

considered a smart alternative to the traditional methods used for the water 

decontamination. It was studied the HNTs efficiency to remove organic dyes, like 

Neutral Red20 and Methyl Violet,5 and ammonium ions23 from the aqueous phase.  

The HNTs are perspective biocompatible materials for biotechnological research 

because their cavity can be used to encapsulate biologically active molecules, such as 

biocides and drugs. In 2001 Price et al. first demonstrated that the HNTs are proper 

nanocontainers for Tetracycline, Khellin, and Nicotinamide Adenine Dinucleotide.24 

HNTs were used as nanoreactors for biomimetic reactions9,25 and to synthesize 
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insulated silver nanorods employed as antimicrobial additives for polymer 

composites.10  

Self-healing protective coatings were prepared by loading HNTs cavity with 

corrosion inhibitors such as benzotriazole.13,26 In this case inhibitors are released 

upon formation of the paint cracks and terminate metal corrosion. The release control 

of the inhibitors with end stoppers was exploited.27  

It is important to evidence that many applications of Halloysite as nanocontainer 

depend on its lumen size. Recently, HNTs with an enlarged cavity were prepared by 

a selective etching of alumina sheets22,28 that consists into their dissolution by means 

of an acidic treatment. The HNTs, etched with sulfuric acid, showed a four times 

increase of the benzotriazole loading.22  

Concerning the material science, Halloysite application as nanofiller in polymer 

composites represents an efficient strategy to develop new nanomaterials with 

excellent properties from the physico-chemical view point. Filling polymers with 

HNTs improves the composites mechanical properties as demonstrated for styrene-

butadiene rubber,29, epoxy resin,30 polymethylmethacrylate,31 and natural polymers.15 

Literature reports that the addition of HNTs prevents the cracking in the drying latex 

films.32 Polystyrene33 and polyamide34 filled with well dispersed HNTs exhibited a 

thermal and a mechanical reinforcement of the polymer matrix. Composite materials 

with humidity control ability were prepared by using HNTs as filler.35 Recently, 

researchers16,15,36,37,38 have focused their attention on doping polymers from 

renewable resources with HNTs in order to design new biocompatible packaging 

materials which can be an alternative to the petroleum based plastics. Futhermore, 

HNTs application as nanofillers in polymer composites allows to control the 

sustained release of chemically and biologically active compounds loaded into their 

lumens. This is promising to develop functional polymeric nanocomposites with 

anticorrosion13,39,40 and antibacterial functions.10,41 

Other potential Halloysite applications include bioimplants, such as biomaterial for 

dentistry and for bone tissue scaffolds42 and catalytic supports.43 For instance, HNTs 

were used as catalyst support for the platinum in the synthesis of allyl-ended 

hyperbranched organic silicone resins.44 The functionalization of the Halloysite 

external surface allows to obtain catalyst supports for the metallopor-phyrin45 

immobilization and the heterogeneous atom transfer polymerization of methyl 
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methacrylate (MMA) into poly(methyl methacrylate) (PMMA) by using CuBr as 

catalyst.46  

Finally, the combination of Halloysite and fly ash determines the formation of 

geopolymers (or inorganic polymers).47 the development of these materials is an 

important step for the production of environmental friendly cements.  

 

1.4 Laponite 

 

Laponite is a synthetic crystalline 2:1 phyllosilicate with crystal structure and 

composition closely similar to the natural smectite clay hectorite. It is manufactured 

by Rockwood Additives Ltd (formerly Laporte Ind. Ltd.), Cheshire UK, and 

Southern Clay Products, Inc., Gonzales, Texas. 

Its molecular formula is Si8(Mg5.45Li0.4)O20(OH)4Na0.7. Single laponite crystals are 

disk shaped and nearly uniform, typically 25 nm in diameter and 0.92 nm in the 

thick, much smaller than natural clays (Figure 1.4.1). Within a single crystal, each 

sheet of octahedrally coordinated aluminum or magnesium oxide is sandwiched 

between two layers of tetrahedrally coordinated silica. A laponite disk shows an 

overall net negative charge of 700 electron charges (the crystal faces have negative 

charge, while the edges have small pH-dependent positive charge, typically 10% of 

the negative charge). The negative charge, due to isomorphous substitution in the 

octahedral sheet, is balanced by interlayer cations which are predominantly Na+. 

Suspensions of  laponite are observed to undergo a transition from a fluid-like sol to 

a solid-like gel instead of forming a liquid-crystalline phase.48,49 Above a 

concentration of 2 wt% laponite readily hydrates and swells to form a thixotropic gel 

in water50  which can be used as cleaning materials of artifacts. Laponite is employed 

in many commercial products such as toothpaste, cosmetics, and personal care 

products as well as thickening agent in paints and ointments. The very large specific 

surface area (160 m2 g-1) renders laponite nanodisks an efficient adsorbent material 

for contaminants. It is demonstrated that laponite removes some dyes, like cristal 

violet (CV),21 from the aqueous phase. Laponite can be used in many pharmaceutical 

applications as carrier system for drug delivery and cancer therapy. For example, 

itraconazole51,52 and doxorubicin53 were able to be incorporated into laponite 
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interlayer and their release was very slow. Laponite doped with poly(lactic co-

glycolic acid) is very efficient to encapsulate amoxicillin.54  

Within the material science topic, laponite is used as filler for designing 

nanocomposites (solid or hydrogel) with interesting properties. It is observed that 

copolymer/laponite systems are versatile materials with a large flexibility of their 

macroscopic properties based on the control of their nanostructure.55 The filling of 

laponite in the starch/poly vinyl alcohol blend enhances the tensile strength and 

decreases the water vapor permeability regardless of the relative humidity. 

Therefore, these films can be potentially used as biocompatible packaging even in 

high humidity conditions.56 Poly(Nisopropylacrylamide)/laponite hydrogel 

composites are appealing biomaterials because of their excellent and unique 

mechanical properties; specifically, a self-reinforcement after large deformation was 

observed for the gel with high clay content.57 

 

 

 

Figure 1.4.1 Laponite structure (left) and schematic representation of a negatively 
charged disk like Laponite particle (right). 

 

Finally, laponite is used for the encapsulation/entrapment of homogeneous 

inorganic catalysts.58  
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1.5 Biopolymers 

 

Biopolymers are chain-like molecules made up of repeating chemical blocks 

which are obtained from renewable sources. They can be classified into three main 

categories: 

-  biopolymers extracted from the biomass, such as cellulose, pectins and starch.  

-  biopolymers produced by microorganisms, like the polyhydroxyalkanoates.  

- synthetic biopolymers obtained by manipulating renewable and natural resources. 

Polylactic acid synthesized from the starch is an example.  

Because of their naturally occurring structure, biopolymers are fully capable of 

biodegradation at accelerated rates. In other words, the organic components undergo 

to fast degradation induced by a biological system (especially for enzymatic action) 

determining the release of carbon dioxide, water, minerals and new biomass.  

Their biodegradability and renewability make these materials environmental friendly 

alternatives to the plastics based on fossil fuel in many fields, such as packaging, 

engineering and textile industry. Moreover, biopolymers are very abundant in the 

nature and, therefore, they can be potentially also advantageous also from the 

economic view-point. A study2 evidenced that, in the next decades, the natural 

polymers will be cheaper than the traditional plastics because of the progressive 

increase of the petroleum costs.          

Pectins, alginates, cellulose and their derivates are some examples of appealing 

biopolymers.  

 

1.6 Pectins 

 

Pectins form a family of complex polysaccharides present in all plant primary cell 

walls. The main constituent is the homogalacturonate, which is a linear chain of 1,4-

linked α-D-galactopyranosyluronic acid residues where some of the carboxyl groups 

are methylated. The polymeric chain presents also Rhamnogalacturonan-I (RG-I). On 

the basis of the methyl esterification degree (DE), these biopolymers are classified as 

high-methoxy pectins (HM) and low-methoxy pectins (LM). In detail, HM and LM 

pectins have a DE value higher and lower than 50%, respectively.        
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Pectins are extracted predominantly from fruits (apple pulp and citrus peel). The 

extraction method is rather simple; it occurs acid aqueous solution at pH comprised 

between 1.5 and 3.0 and temperature between 60 and 100 °C.  

The most attractive property of pectins for industrial applications is their gelling 

activity. Pectins of high DE have been developed into hydrogels for drug delivery59 

and biosorption of heavy metals.60 Pectins are employed as stabilizers in food 

industry and cosmetics determining positive effect on the human health, such as 

lowering of cholesterol, reduction of the cancer61 and stimulation of the 

immunological response.62 Moreover, these biopolymers are used to develop 

biodegradable films with interesting physico-chemical properties. Films based on 

pectin and additives (such as poly(vinyl alcohol), chitosan, etc.) can be potentially 

used as water-soluble pouches for detergents, softeners, and medical delivery.2 Pectin 

blended with high amylase starch and glycerol generates edible films with a large 

interval of mechanical properties63 and excellent oxygen barrier capability.64 Pectin-

protein composite films may be used in wrapping and packaging materials for 

situations where moderate mechanical strength and low water vapor transmission are 

required.65  

 

1.7 Alginates 

 

Alginates are water-soluble polysaccharides consisting of alternating segments of 1-4 

linked β-D-mannuronic acid and α-L-guluronic acid. The proportion and distribution 

of these segments, along with their relative sequencing, determines the chemical and 

physical properties of the alginates.66  

These biopolymers are quite abundant in nature since they occur both as a structural 

component of the cellular walls in marine brown algae (specifically Laminariales and 

Fucales), comprising up to 40% of the dry matter, and as capsular polysaccharides in 

soil bacteria, such as Pseudomonas Aeruginosa.67  

The alginates are mostly obtained by the extraction from the algal thallus using Green 

and Gloahec-Herter methods.67  

The industrial applications of alginates are correlated to their ability to retain water 

and their gelling.68 Alginate gels are used in many pharmaceutical applications, such 

as wound dressing, control release drugs, and immobilization matrices for cells or 
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other materials. Alginates present an affinity toward multivalent cations such as Ca+2 

leading to the formation of ionically cross-linked alginate gels.69   

Alginate gel beads are efficient in the removal of dyes, such as victoria blue70 and 

methylene blue.71         

Finally, alginates can be used to produce biodegradable films for food packaging 

because of their unique colloidal and excellent membrane-forming properties.72  

 

1.8 Cellulose derivatives 

 

Cellulose is the most abundant biopolymer on Earth, which makes it also the most 

common organic compound. Annual cellulose synthesis by plants is close to 1012 

tons. Plants contain approximately 33% cellulose whereas wood contains around 50 

per cent and cotton contains 90%.  

Cellulose is a linear and fairly rigid homopolymer consisting of D-

anhydroglucopyranose units. These units are linked together by β-(1→4) glycosidic 

bonds formed between C-1 and C-4 of adjacent glucose moieties.  

This biopolymer is extensively used as a raw material in the paper industry in the 

production of paper products; nevertheless, the utilization in chemical industry is 

often limited because of its poor solubility in water and organic solvents. Therefore, 

it is chemically modified yielding products widely used in different industrial sectors, 

food and cosmetics.73 

Within this field, the etherification of the cellulose leads to obtain synthetic 

biopolymers which are very promising in numerous applications. Examples of 

commercial cellulose ethers are hydroxypropylcellulose (HPC) and sodium 

carboxymethylcellulose (CMC). HPC is obtained by linking the propylene oxide to 

the anhydroglucose hydroxyl groups. There are different HPC on the basis of the 

molecular weight and substitution degree. The physico-chemical behavior of HPC is 

well known based also on its rather high solubility in water although it is 

hydrophobically modified. HPC undergoes phase separation upon heating,74 and 

forms liquid crystals.75 This polymer was used in the consolidation of waterlogged 

woods and it was revealed very efficient even if optimization of the impregnation 

process was necessary.76 HPC is used in preparing organic–inorganic 

nanocomposites because it ensures the stabilization and the homogeneous dispersions 
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of inorganic salts.77 HPC/HNTs nanocomposites showed interesting physico-

chemical properties, such as thermal stability and wettability.16 

Finally, HPC assembled with poly(acrylic acid) onto nanoparticles provided long 

term stability microcapsules for controlled drug delivery applications.78  

CMC is a cellulose derivative with carboxymethyl groups (–CH2–COONa) bonded to 

some of the hydroxyl groups on cellulose backbone. The presence of polar carboxyl 

groups renders the cellulose soluble, chemically reactive and strongly hydrophilic. 

Because of these characteristics, CMC is very attractive and promising in 

superabsorbent fields.79,80 This biopolymer was widely used for several industrial 

applications such as drug delivery, textile printing, paper industry, detergents, food, 

and oil well drilling operations.81,82  

Recently, the research has been addressed to the preparation of hybrid 

nanocomposites based on CMC and various nanoparticles, such as copper 

complexes,83 silver nanoparticles84 and layered double hydroxide.85 Their potential 

applications involve the material science as well as the biotechnology.  

 

1.9 Biocompatible nanocomposites  

 

Nanocomposites are a class of materials composed of nanoparticles dispersed in a 

polymer matrix. The intercalation of a vinylic monomer into the montmorillonite, 

occurred in 1961 by Blumstein, represents the starting point of the development of 

these nanomaterials. Nevertheless, the nylon 6/montomoriillonite nanocomposite, 

prepared by Okada in 1988 in Toyota laboratories, is the first industrial application.86  

These nanomaterials have drawn considerable research interest because of their 

consistent improvement in physical, thermal, mechanical, and electroactive properties 

compared to those of pristine polymers.87,88  

As concerns the performances of hybrid nanomaterials, it is well known that they are 

strongly dependent on the matrix/filler interactions so that the shape of the 

nanoparticles plays a crucial role on the improvement of the physico-chemical 

properties compared to those of pristine polymers. Therefore, we distinguish three 

different types of nanoparticles: isodimensional, nanotube (or nanodisks) and sheet 

which present three, two and one dimensions in the nanoscale, respectively. 

Nanotubes and isodimensional nanoparticles maximize the interactions between 
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polymer and filler and, therefore, they favor the improvement of the performance 

with respect to the pristine polymer materials.89 

As concerns the structure, nanocomposites may be divided into three main different 

categories in dependence of the miscibility degree between matrix and filler. 

Specifically, nanocomposites structure can be: 

- Tactoid. A complete separation between polymer and nanoparticles is observed. 

To obtain  material with improved physico-chemical properties compared to the 

pristine polymer the filler loading must be very large. 

- Intercalated. The nanocomposites present an ordered structure of alternating 

polymer and inorganic fillers layers. They show a partial miscibility. 

- Exfoliated. The filler is completely and uniformly dispersed into the polymer 

matrix. It is a system with a complete miscibility. Due to the high interface area 

between the two components, the polymer/nanoparticles interactions are very 

strong favoring the improvement of the physico-chemical properties. In this case, 

small amounts of filler are efficient to develop nanomaterials with good 

performance.  

The peculiar structure of the nanocomposites is influenced by both the characteristics 

(chemistry and geometry) of the pristine components and the method of preparation 

(polymerization in situ, melt blending and the casting method). 

 

1.10 Aims and objective of the study 

 

The combination of different environmental friendly resources represents an 

innovative route to obtain very efficient adsorbent materials which can be used for 

the entrapment of contaminants, gas and biocides. 

Within this issue, the objective of this study was to design, prepare and characterize 

from the physic-chemical view point innovative hybrid green materials based on 

nanoclays with interesting properties for environmental and technological 

applications. It is well known that the functionalization of nanoclays by using 

polymers and/or surfactants determines an enhancement of the adsorption ability 

towards both inorganic and organic molecules. For example, laponite nanodisks 

grafted with no ionic copolymers are very efficient to solubilize phenol.6 The 

modification of the HNTs external surface by hexadecyltrimethylammonium is a 
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successful route to obtain nanomaterials able to adsorb naphatalene90 and Cr (VI).91 

Recently, the functionalization of the HNTs inner surface by octadecylphosphonic 

acid92 and dopamine derivates25 was investigated to create a hydrophobic HNTs 

lumen with adsorption ability towards non polar contaminants. This thesis was 

addressed to create innovative adsorbent materials based on the HNTs inner surface 

functionalization with anionic surfactants and polymers. The surfactant/HNTs hybrid 

nanomaterials must be considered a new class of tubular inorganic micelles. The 

tubule clay micelle-like absorbent offers additional features with respect to the 

conventional organic micelles, such as chemical and mechanical stability as well as 

the possibility to produce this material in large quantities. The micellar features of 

modified HNTs are associated to their unique architecture where the hydrophobic 

cavity allows the solubilization of hydrophobic guest molecules by partitioning from 

a polar solvent while the polar external surface provides stability of the nanoparticles 

dispersion in water. It was demonstrated that the functionalization of lumen with 

anionic surfactant determines an increase of the HNTs aqueous colloidal stability 

because of the neutralization of the inner positive charges.93 This latter finding is 

crucial for HNTs applications in decontamination, biotechnology and material 

science. An extended physico-chemical study on the functionalized HNTs provided 

insights on the structure of these hybrid nanomaterials which influence the aqueous 

colloidal stability as well as the adsorption ability. Alkanoate surfactants (attached 

papers III – IX) were used with the motivation to develop new inorganic micelles 

able to solubilize both aliphatic and aromatic hydrocarbons. The HNTs lumen 

modified with fluorinated surfactants (attached paper VIII) was exploited as oxygen 

reservoir nanocontainers.  

The HNTs functionalization with anionic polymers was explored to increase the 

aqueous colloidal stability because of new drilling petroleum formulations and 

micromanifacturing applications.  

Extensively thermodynamic and structural studies of aqueous HPC/laponite system 

(attached paper II) discriminated the driving forces which control the interactions 

between the two components. The good colloidal stability of aqueous laponite 

dispersions endowed to perform these studies. 

Gel beads based on biopolymers, such as chitosan, pectins and alginates, and their 

mixtures have been recently proposed to capture contaminants from the aqueous 
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phase.94,95 In order to increase the solubilization ability, a part of work was focused 

on the preparation and characterization of composite gel beads based on biopolymers 

(pectins and alginates) and HNTs.96,97 Their adsorption ability towards a inorganic 

and organic contaminants was investigated (attached papers V – VI). Finally, the 

thesis was also dedicated to the development of biopolymer/nanoclay composite film 

which could be used as biocompatible packaging. The macroscopic properties of the 

bionanocomposites obtained from the aqueous casting method were correlated with 

their microscopic structure (attached papers I - IV). Plasticized bionanocomposites 

were prepared to improve the mechanical performances (attached paper VII).  
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2. Aqueous biopolymer/laponite mixtures 
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2.1 Physico-chemical studies of aqueous biopolymer/laponite systems  

 

Physico-chemical studies (attached paper II) of aqueous biopolymer/laponite 

systems were carried out by means of different techniques, such as Isothermal 

Titration Calorimetry (ITC), Differential Scanning Calorimetry (DSC), densitometry, 

Dynamic Light Scattering (DLS) and and surface tension experiments. The 

measurements were performed in dependence of the concentration of both the 

polymer and the nanofiller. Temperature and inorganic salts were selected as 

additional parameters because they trigger the adsorption process. 

The thermodynamic properties (ITC, DSC and densitometry) are suitable for 

evidencing the forces controlling the distribution of the nanofiller into the aqueous 

polymer matrix, while the DLS technique is sensitive to the biopolymer/nanoclay 

mesostructures through the diffusion behaviour. In addition, surface tension 

evidences phenomena present at the interface.  

Let us analyse in detail the above mentioned properties and the insights provided 

by them. 

  

2.2 Thermodynamic properties 

 

As examples, ITC curves of the heat of interaction per mole of HPC (∆Hi) as 

functions of the polymer/laponite mole ratio (RHPC:L) for the HPC + laponite + water 

ternary mixtures at variable temperature and ionic strength are reported in Figure 

2.2.1.  
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Figure 2.2.1. Heat of interaction per mol of HPC as functions of the HPC/laponite 
unit cell moles ratio in the absence (a) and the presence (b) of salts. a: 5 °C (▲), 15 
°C (∆), 25 °C (●), 35 °C (○) and 45 °C (�). b: LiCl (▲), NaCl (●), KCl (∆) all 5 
mmol kg-1 and 15 °C. Lines are best fits. 

 

In general, each ∆Hi vs RHPC:L sigmoidal curve evidences a single adsorption 

process successfully interpreted by means of a model assuming that a number (Z) of 

polymer molecules adsorb onto the solid nanoparticles that contain a certain number 

of equivalent sites, as sketched in Figure 2.2.2. 

 

 

 

Figure 2.2.2. Sketch representation of the polymer adsorption equilibrium onto 
laponite. 
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The fitting of the experimental data provides the equilibrium constant (Kads), Z and 

the enthalpy of adsorption per mole of polymer (∆H°ads). Thereby, standard free 

energy (∆G°ads) and entropy (∆S°ads) for the adsorption process are calculated as 

 

∆G°ads = - RT ln Kads  T∆S°ads = ∆Η°ads - ∆G°ads (2.2.1) 

 

The adsorption of a polymer at the solid/liquid interface involves a series of 

microscopic aspects. From the energetic view-point, one observes the partial 

rupturing of the water-polymer and water-nanoparticle bonds and the formation of 

polymer-nanoparticle interactions. Given that ∆H°ads<0 (Figure 2.2.3), the polymer-

nanoparticle interactions are the dominant effect, while the strong entropy decrease 

for the HPC adsorption onto laponite evidences that the constraints of the polymer 

motion at the solid/liquid interface is the dominant entropic factor (Figure 2.2.3).  

 

 

Figure 2.2.3. Standard free energy (●), enthalpy (▲) and entropy (∆) (○) for the 
HPC adsorption onto laponite in water at various temperatures. 

 

Temperature change affects the adsorption process and the results confirm the 

depicted thermodynamic pathway. The decrease of both ∆S°ads and ∆H°ads with 

temperature (Figure 2.2.3) agrees with the idea that upon heating the water structure 
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is partially lost and therefore the water-polymer interactions are weaker and the 

entropic contribution of the polymer de-hydration due to the adsorption is less 

important. 

Similar findings were drawn from volumetric studies on aqueous pectin/laponite 

systems.15 In such a situation it occurred: 1) the adsorption of the biomacromolecule 

onto the laponite surface controlled by the interactions between the negative surface 

charge of the nanofiller and the -OH and -COOH groups of the biomacromolecule as 

well as the hydrogen ions; and 2) the folding and compacting of the 

biomacromolecule at the solid/liquid interphase enhanced by its adsorption. 

Moreover, the temperature effect was amazing because apparently null expansibility 

of laponite was determined.  

  The general thermodynamic considerations drawn for the adsorption equilibrium 

in water are still valid in the presence of salts (LiCl, NaCl and KCl) as showed in 

Figure 2.2.4.  

 

Figure 2.2.4. Standard free energy for the HPC adsorption onto laponite in water and 
in the presence of LiCl, NaCl and KCl all at 5 mmol kg-1 and 15 °C.  

 

It is intriguing the effect of the cation nature on the enthalpy and entropy changes as  

LiCl and KCl increase ∆H°ads while NaCl decreases the ∆H°ads value with respect to 

the value in water (Figure 2.2.5).  
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Figure 2.2.5.  Standard enthalpy and entropy for the HPC adsorption onto laponite in 
the absence and the presence of LiCl, NaCl and KCl all at 5 mmol kg-1 and 15 °C. 

 

Such a different behavior can be explained to the light of the Na+ ions release from 

the laponite surface. Under our experimental conditions and considering a charge of -

700e for each disk,98 one calculates a sodium concentration in solution due to the 

laponite dissociation equal to ca. 4 mmol kg-1. This value is comparable to the 

concentration of the added salt and therefore one expects that the ion release is 

reduced in the presence of NaCl due to the common ion effect. Therefore the positive 

contribution of the laponite dissociation to ∆H°ads is expected to be smaller in the 

presence of NaCl than in water. This argument explains the peculiarity of ∆H°ads in 

NaCl with respect of other salts for which the common ion effect cannot be invoked. 

The addition of KCl favours the aggregation of the clay platelets that is reduced  by 

the polymer wrapping the laponite nanodisks.15 

DSC studies evidenced that the addition of laponite generates a strong effect on the 

cloud temperature (tC) of HPC describing a sigmoidal profile (Figure 2.2.7). The 

enlargement of the one-phase region by increasing the laponite concentration (CL) 

may be a consequence of the HPC adsorption onto the solid surface. 
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Figure 2.2.7. Dependence on the laponite concentration for temperature and enthalpy 
of the HPC phase separation in the absence (●) and the presence of NaCl 5 mmol kg-

1 (○) and KCl 5 mmol kg-1 (▲).  
 

Electrolytes play a relevant salting out effect. Xia et al.99 ascribed such a 

phenomenon to the weakening of hydrogen bonding between HPC and water. The 

mechanism that salts act indirectly on HPC precipitation through its exclusion from 

the condensed phase was also invoked.75  

 

2.3  Structural characteristics  

 

The results for the HPC/laponite aqueous mixtures are rather interesting. The 

linear increase of the apparent hydrodynamic radius (Rh) with the HPC concentration 

is correlated to the polymer adsorption at the laponite surface. In fact, the laponite 

particle covered by HPC has a slower dynamics than the bare laponite and it 

maintains a sufficient scattering intensity. The maximum change in Rh is of ca. 20 

nm and it is of the same order of magnitude of the change observed for adsorbing 

poly(ethylenglycols) with a molecular mass similar to the present HPC.100 Such a 

small Rh change was interpreted in terms of a very flat polymer conformation at the 

interface.100 This result is peculiar for polymer adsorbed onto disk-like shape 

nanoparticles as also evidenced by neutron scattering experiments.99 The interactions 

between the laponite surface and the –OH group from the polymer evidenced by ITC 

agree with the DLS results and with the interpretation in terms of a flat HPC layer 

highly in contact with the particle. 
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Figure 2.3.1. Apparent hydrodynamic radius of HPC/laponite mixtures in aqueous 
phase as a function of their mole ratio. 

 

2.4  Correlation between surface tension and bulk properties 

The surface tension (γ) reveals the adsorption process occurring in the bulk phase.  

As Figure 2.4.1a illustrates, HPC strongly lowers γ of water even at very low 

concentration. 

 

Figure 2.4.1. Surface tension as a function of the HPC concentration: a, the solvents 
are water (●); b, the solvents are water+laponite (●).The line is the fraction of non-
adsorbed HPC calculated from ITC data.  
 



24 

 

The laponite addition dramatically alters not only the γ values but also the γ vs 

polymer concentration (CP) slope. For a straightforward understanding of the γ vs CP 

profile, the fraction of free HPC in solution (XHPC,f) was calculated from ITC data. 

As Figure 2.4.1b illustrates, that XHPC,f is nearly negligible at low CP while it 

increases reaching a nearly unitary value at larger concentration. It is interesting that 

the shape of the curves in Figure 2.4.1b are rather similar and that to the sharp XHPC,f 

change corresponds the γ sharp decrease. To the light of this evidence one concludes 

that the step-like change in the γ vs CP profile in the presence of laponite reflects the 

saturation of the nanoparticles surface and that the laponite covered by the polymer is 

not surface active or, at least, it is less surface active than the polymer it-self.  
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3. Functionalized HNTs 
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3.1 Design of HNTs functionalization 

 

A part of the PhD thesis work was done to design, prepare and characterize HNTs 

functionalized with anionic biopolymers such as alginate and CMC, and surfactants 

(attached papers III, VIII, IX), both anionic (sodium alkanoates and sodium 

perfluoroalkanoates with different chain length) and cationic 

(decyltrimethylammoniumbromide). The surfactant structures and acronyms are 

listed in Table 3.1.1.   

 

Table 3.1.1. Surfactants used for the HNTs functionalization. 

Name Acronym Structure 

Sodium undecanoate NaC11 CH3(CH2)10COONa 

Sodium dodecanoate NaC12 CH3(CH2)11COONa 

Sodium tetradecanoate NaC14 CH3(CH2)12COONa 

Sodium perfluoropentanoate NaPFC5 CF3(CF2)4COONa 

Sodium perfluoroheptanoate NaPFC7 CF3(CF2)6COONa 

Sodium perfluorooctanoate NaPFC8 CF3(CF2)7COONa 

Decyltrimethylammonium bromide DeTAB CH3(CH2)9N(CH3)3Br 

 

The selective modification of both the outer and inner halloysite surfaces was deeply 

investigated. An extended physico-chemical study was performed with the aim at 

studying the effect of the functionalization on the aqueous colloidal stability of 

HNTs. The experimental procedure is reported in attached papers while in the 

following the physico-chemical insights are reported.  

 

3.2 Physico-chemical characterization of HNTs functionalized by surfactants 

 

One of the aim of the work was verifying the surfactant loading into the hybrids 

(Table 3.2.1) and for this purpose thermogravimetric (TG) experiments were carried 

out. 
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Table 3.2.1. Surfactant loading, diffusion coefficient and  ζ-potential for 
surfactant/HNTs hybrid materials.a 

 

 Surfactant loading Dt×1012 ζ potential 

HNTs  0.9 -19 

NaC11/HNTs 1.4 1.0 -28 

NaC12/HNTs 8.0 0.9 -25 

NaC14/HNTs 6.6 1.1 -34 

NaPFC5/HNTs 0.3 1.2 -27 

NaPFC7/HNTs 0.6 1.0 -29 

NaPFC8/HNTs 0.9 0.9 -32 

DeTAB/HNTs 0.3 3.4 +9 

aUnits are: surfactant loading, wt%; Dt, m
2 s-1; ζ-potential, mV.  

 

By keeping in mind the maximum loading value expected from the cavity size is ca. 

10 %,14 data in Table 3.2.1 show that for all the surfactants this value is never 

reached indicating the presence of void space into the hollow cavity. If one assumes 

that the adsorbed surfactant generates a monolayer considering the average specific 

area of the inner surface (6.9 m2 g-1)22 and the occupied area of the surfactant with a 

carboxylate head group at the water/alumina interface (0.41 nm2 molecule-1),101 one 

obtains a loading of 1.2 wt %. From these results one may deduce that some 

surfactants like NaC11 form  monolayer into the lumen while other surfactants (like 

NaC12 and NaC14) generate structures, which require larger amounts of surfactant.   

These findings were supported by Small Angle Neutron Scattering (SANS) 

experiments performed on pristine HNTs and hybrids. Figures 3.2.1 and 3.2.2 report 

the scattering curves in full contrast (D2O as a solvent). It clearly appears that the 

general trends observed for pristine HNTs and NaC12/HNTs are rather similar with a 

high scattering intensity in the low regime of scattering vector (q) as expected for 

cylinders 700 nm long.  
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Figure 3.2.1. SANS curve for pristine HNTs dispersion.  

 

 

Figure 3.2.2. SANS curve for NaC12/HNTs dispersion. 

  

The absence of oscillation agrees with the large size polydispersion of the material. 

A preliminary quantitative analysis of the data obtained for HNTs/D2O shows that a 

good simulation of the scattering curve is obtained by assuming the form factor of 

hollow cylinders with a uniform scattering length density (SLD) and 19 nm, 70 nm 

and 500 nm for inner, outer radius and length, respectively. These values are in good 

agreement with the SEM findings. It is interesting to note that for the hybrid 

NaC12/HNTs system in D2O, a peak appears at q = 1.79 nm-1. The corresponding 

characteristic length calculated by the Bragg law is 3.5 nm. Based on the reported 

length of one NaC12 molecule (1.7 nm),102 one may asses that this reflection is 

compatible with either the formation of layered structures or cylindrical packing of 

NaC12 within the HNTs lumen. In the case of NaC11/HNTs system in D2O the 

scattering pattern does not show any evidence of surfactant organized structures. 

One advantage of the SANS technique is the possibility to change the contrast 

between the solvent and the scattering objects by exchanging hydrogen with 
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deuterium. In particular, we thought interesting to perform experiments in D2O/H2O 

mixture so that the clay nanoparticle SLD is matched. This experiment can 

straightforwardly highlight the surfactant organization in the hybrid material. To this 

aim the value of the SLD for HNTs was determined by measuring the total scattered 

intensity of several HNTs dispersions at variable D2O/H2O ratio (Figure 3.2.3). On 

this basis, dispersions of HNTs and NaC12/HNTs in D2O/H2O mixed solvent at the 

HNTs matching point (45 % D2O) were prepared and investigated. As Figure 3.2.4 

shows, the scattering intensity is nearly null for the HNTs dispersion while it is rather 

large for NaC12/HNTs. Although the quantitative analysis is in progress, these 

experiments confirm the presence of NaC12 organized structure into the HNTs 

lumen.  

 

 

Figure 3.2.3. Determination of HNTs matching point. 

 

 

Figure 3.2.4. SANS curves in HNTs contrast matching conditions for pristine HNTs 
and NaC12/HNTs.  
 

The SEM micrographs (examples of fluorinated surfactant/HNTs composites are 

reported in Figure 3.2.5) showed that the tubular shape of halloysite is preserved 
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after the functionalization and the characteristic lengths are comparable to those for 

the pristine HNTs samples. The dried samples did not show any orientation of the 

anisotropic particles ruling out preferential interactions.  

 

 

Figure 3.2.5. Scanning electron micrographs of NaPFC5/HNTs (left hand side) and 
NaPFC8/HNTs (right hand side). 
 

The ζ-potential experiments revealed interesting consequences of the adsorption 

of surfactants onto HNTs. DeTAB produces an inversion of the HNTs charge with a 

ζ-potential of +9 mV while all anionic surfactants does enhance the negative ζ-

potential (Table 3.2.1). These changes agree with the effective surfactant head group 

charge as positive alkylammonium bromide groups neutralize a certain number of 

negative sites of the external surface generating a total positive charge. The anionic 

surfactant entrapment into the HNTs lumen cancels out the inner positive charges 

and creates an increase in the total negative charge of HNTs. The prepared 

nanomaterials are expected to be stabilized in aqueous dispersion as a consequence 

of electrostatic repulsions.  

As concerns the diffusion dynamics of functionalized HNTs, the anionic 

surfactant/HNTs nanostructures present values for the average translational diffusion 

coefficients (Dt) close to those reported15 for bare HNTs in water (9×10-13 m2 sec-1) 

indicating that they possess the same diffusion dynamic behavior in water of single 

diffusive nanotubes while DeTAB/HNTs form large aggregates because of the 

hydrophobic attractive interactions generated by the chains of the cationic surfactant 

adsorbed onto the HNTs outer surface  (Table 3.2.1).  
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The FTIR measurements proved the surfactant adsorption onto the HNTs as they 

evidence the characteristic bands of surfactant and HNTs into the solid samples. In 

the case of alkanoate surfactants, it is interesting to analyze the single sharp 

stretching band of the carboxylate group that is splitted into two peaks (1541.4 and 

1578.1 cm-1) for the hybrid (Figure 3.2.6). It likely occurs that sodium alkanoates 

entrapped into the lumen by attractive electrostatic forces interact preferentially with 

one oxygen atom and the delocalization of the negative charge along the carboxylate 

group is no more present. As concerns DeTAB, the bands for CH2 asymmetric 

stretching mode and symmetric stretching mode (at 2927 and 2855 cm-1)103 are 

shifted to 2918 and 2851 cm-1, respectively (Figure 3.2.6) in the presence of HNTs. 

This is an indication of high packing of surfactant tails at the surface. 

 

 

Figure 3.2.6. FTIR spectra of HNTs, surfactants and surfactant + HNTs hybrid 
materials.  

 

3.3 Physico-chemical characterization of HNTs functionalized by polymers 

 

This work was done at the Institute of Micromanifacturing of Louisiana Tech 

University (USA).  

TG data provided that the polymer loading for CMC/HNTs and alginate/HNTs of 4.4 

wt% and 2.9 wt%, respectively, that are consistent with the entrapment of polymers 

into the HNTs cavity. The thermal stabilization of ca. 15 °C as well as the unchanged 
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water contact angle values observed for both biopolymers is a further indication of 

the encapsulation into the HNTs lumen. 

The presence of both polymers increased the net negative charge of HNTs; in 

particular, the ζ-potential of CMC/HNTs and alginate/HNTs are -40 mV and -38 

mV, respectively. These results are straightforwardly explained by invoking the 

neutralization of the positive charges of the Halloysite inner surface.93 

The Rh of CMC/HNTs (Figure 3.3.1) decreases linearly with the concentration of the 

hybrid material in water (Ch,w). This trend reveals the repulsive electrostatic 

interactions between the nanoparticles; the Rh value extrapolated at infinite dilution 

(186 nm) indicates that the hybrid material does not aggregate in water and it 

diffuses as single nanotube. Therefore, hydrophobic attractive interactions between 

the chains of the polymer can be ruled out. Similar results were obtained for 

alginate/HNTs systems.  

 

 

Figure 3.3.1. Apparent hydrodynamic radius of CMC/HNTs as a function of the 
dispersed material concentration in water. 

 

The HNTs were successfully functionalized also with poly(styrene)sulfonate 

(PSS) for micromanifacturing purposes. The polymer loading determined by TG is 

5.1 wt% and the ζ potential is -52 mV. These results, as well as the water contact 

angle experiments, agree with the polymer loading into the HNTs lumen.    
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3.4 Stability of functionalized halloysite in water  

 

To evaluate the mechanism controlling the stabilization of the dispersion, the kinetics 

of sedimentation of pristine and functionalized HNTs in water was studied by means 

of turbidimetry.   

Figure 3.4.1 shows that the sedimentation is highly influenced by the surfactant 

nature being strongly slowed down by NaC12. The turbidity value after equilibration 

follows the order NaC12>water>DeTAB indicating that the anionic surfactant is a 

proper and efficient stabilizing agent for the HNTs dispersion while DeTAB 

enhances the sedimentation. 

 

 

Figure 3.4.1. Photographs and transmittance at 600 nm as a function of time for 
HNTs and functionalized HNTs dispersions (1 wt%) in water and a water + KCl 
mixture 100 mm.   
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As evidenced by DLS, the DeTAB/HNTs system has the tendency to form 

aggregates. This phenomenon is absent in the presence of NaC12 entrapped into the 

HNTs lumen and therefore the NaC12/HNTs dispersion stability in water  is higher. 

The electrostatic interactions evidenced by ζ-potential measurements bring to the 

same conclusions. Namely, the larger stability in the presence of NaC12 is explained 

in terms of the repulsive electrostatic forces enhancement between NaC12/HNTs. 

Moreover, the lower ζ-potential value for the DeTAB based system agrees with the 

worst dispersion stability. 

To investigate the key role of the electrostatic interactions in controlling the stability 

of aqueous HNTs hybrid materials dispersions, we measured the turbidity under 

variable ionic strength conditions. NaC12/HNTs are strongly destabilized by KCl 

according to the salt screening effect while DeTAB/HNTs sedimentation is only 

slightly affected because the system is already destabilized in water (Figure 3.4.1). 

It should be noted that the colloidal stability of modified HNTs is not straightly 

correlated to the loading degree for HNT/NaC12 and HNT/NaC14.  However, high 

surfactant content into the lumen close to 10 % indicates the formation of surfactant 

self-organized structures into the cavity like, for instance, double-layers that 

maintaining the counterions do not contribute to the net charge of the nanoparticle 

and consequently to its electrostatic stabilization.  

As concerns fluorinated surfactant/HNTs hybrids, Figure 3.4.2 reports the critical 

concentration (C*
LP) above which the dispersion is stable because the highest packing 

of the nanotubes is approached and shorter distances between the nanoparticles are 

hindered by the electrostatic repulsions.  

 

 

Figure 3.4.2. Critical concentration as a function of the surfactant loading for HNTs 
hybrid materials. 
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The linear decrease of C*
LP with the loading reveals that each mole of adsorbed 

surfactant neutralizes an equivalent number of positive charges of the nanotubes 

inner surface generating a linear increase of the net negative charge of HNTs and 

therefore longer range interactions. It should be noted that a surfactant monolayer is 

likely formed for the fluorinated surfactant. 

Figure 3.4.3 shows that the presence of both CMC and alginate strongly slows down 

the kinetics of sedimentation of HNTs. To the light of the ζ potential findings, the 

stabilization due to enhanced HNTs electrostatic repulsions is obtained. 

 

 

Figure 3.4.3. Transmittance at 600 nm as a function of time for HNTs and 
functionalized HNTs dispersions (1 wt%) in water. 
 

Within this issue, a previous work15 evidenced the strong interactions occurring 

between pectins and HNTs in aqueous media. Thermodynamic results indicated the 

loading of COO- groups into the filler lumen and the wrapping of the 

biomacromolecule onto the HNTs surface occurring via the ion-dipoles attractive 

forces.  
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4. Hybrid Gel Beads 
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4.1 Design of hybrid gel beads based on biopolymers and HNTs  

 

Novel hybrid gel beads with well defined and controlled size formed by alginate and 

HNTs were designed, prepared and characterized from the physico-chemical view-

point (Attached paper V). The alginate/HNTs mass ratios were 1:1, 2:1 and 2:3. 

Composite gel beads based on alginate and pectin with variable ratio between the 

two components were prepared and characterized from the physic-chemical view 

point (Attached paper VI). 

The thermogravimetry made it possible to determine the water content, the total as 

well as the local compositions of HNTs into the gel beads. These insights agree with 

the morphological studies performed by SEM. Dielectric spectroscopy evidenced 

that HNTs reduced the fluctuation of ions.  

 

4.2 Physico-chemical characterization of alginate/HNTs hybrid gel beads 

 

The gel beads size is not significantly influenced by the HNTs content whilst the 

transparency is reducing upon the addition of the clay mineral amount (Figure 4.2.1). 

Similarly, the size of the gel beads composed of chitosan and laponite are not 

affected by the addition of the nanoclay.104 

 

 

Figure 4.2.1. Optical images for hybrid gel beads at variable HNTs content: a, 
PHNTs= 0 mass%; b, PHNTs = 33.2 mass%; c, PHNTs = 48.5 mass%; d, PHNTs = 60.2 
mass%. The bar is 1 cm. 

 

The experimental HNTs mass fraction (PHNTs) in the dried gel beads evidences that 

the filler is quantitatively entrapped into the gel beads and that the gel formation is 

faster than the HNTs diffusion into the calcium chloride solution. The HNTs 

presence influences the gel beads water content, which decreases upon incorporating 

the clay mineral into the beads. The SEM micrographies show that the dried bead 
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possesses a rough surface with pores in the micrometer range (Figure 4.2.2a-c) that is 

similar to what observed in the absence of HNTs.4 

  

 

Figure 4.2.2. Scanning electron microscopy images of gel beads loaded with HNTs 
at PHNTs = 33.2 mass%. a, b, c refer to the surface; d, e, f refer to the core. 
 

Investigating the core structure of the dried gel bead (Figures 4.2.2d-f), the HNTs 

particles are more numerous than those at the surface as proved by TGA experiments 

due to the presence of larger amount of water. 

Dielectric spectroscopy provides information on the molecular dynamics of systems 

by monitoring the relaxation processes. The gel beads showed a relaxation process in 

the MHz domain that is well identified as the maximum in the tanδ vs ν plot (Figure 

4.2.3). Upon HNTs addition the peak position is shifted toward lower frequencies but 

the general profile is not altered. The relaxation frequency at the maximum (νmax) 

shows a linear decrease with HNTs concentration in agreement with a reduced ions 

fluctuation generated by the nanotubes. Finally, the steep increase of the dielectric 

constant at low frequencies can be related to ionomer multiplets forming large 

aggregates with high polarizability observed in gels based on polyelectrolytes.105 
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Figure 4.2.3. Dispersion factor as a function of the frequency for hybrid gel beads 
with variable HNTs content. (––),PHNTs = 0 mass%; (– –), PHNTs = 33.2 mass%; (- – -
), PHNTs = 48.5 mass%; (---),PHNTs = 60.2 mass%. 
 

4.3 Physico-chemical characterization of alginate/pectate hybrid gel beads 

 

The following gel beads were prepared: simple alginate 2% (Ca-A) and mixed 

alginate 2% with pectin 1% (Ca-AP1), pectin 1.5% (Ca-AP1.5) and pectin 2% (Ca-

AP2). Surface SEM micrographies (Figure 4.3.1 reports Ca-AP2 gel bead as an 

example) show wrinkled surfaces of gel beads with creases and pores.  

 

 

Figure 4.3.1. Surface scanning electron micrograph of Ca-AP2  

 

The density values of mixed gel beads are slightly lower respect to that of simple 

alginate gel beads, while the mechanical resistance of gel beads containing pectin is a 

little higher than that of Ca-A gel beads. The latter finding can be due to the higher 

concentration of biopolymers which contributes to make more compact the structure 
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of the gel due to the higher number of cross-linking among the molecules of alginate, 

pectin and Ca2+ ions. 
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5. Functionalized HNTs and gel beads: applications 
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5.1 Applications  

 

This part of the work was dedicated to the evaluation of the potential applications 

of functionalized HNTs and hybrid gel beads in fields like decontamination and 

biotechnology.  

Alkanoate surfactant/HNTs hybrid nanomaterials were exploited as inorganic 

micelles to capture hydrocarbon and aromatic oils in the gaseous and the liquid states 

as well as in water (Attached papers III, IX). The solubilization experiments were 

perforomed on n-decane and toluene, which are organic compounds of 

environmental interest. The capability of NaC12/HNTs to encapsulate an apolar 

biocide in order to develop nanocontainer with potential biotechnological purposes 

was investigated. The ability of NaPF8/HNTs like non-foaming and oxygen reservoir 

was studied (Attached paper VIII). Finally, the capture capacity of hybrid gel beads 

was verified with the specific purpose of adsorbing dye and heavy metals from 

aqueous phase (Attached papers V, VI).  

 

5.2 Solubilization ability of alkanoate surfactant/HNTs towards n-decane  

 

The solubilization ability of surfactant/HNTs hybrid was verified by studying n-

decane in the liquid and vapor states. 

As concerns n-decane in vapor phase, both HNTs and the surfactant/HNTs exhibited 

a valuable adsorbed amount of n-decane which increases with temperature. 

The adsorption constant (Kads) are calculated as   

 

Kads = Qads/Pvap                                                                                                   (5.2.1) 

 

where  Qads and Pvap are the adsorbed amount of n-decane (g of n-decane per 100 g of 

solid) and the vapor pressure, respectively. 

The Kads for all the investigated systems are illustrated in Figure 5.2.1.  
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Figure 5.2.1. Adsorption constant of gaseous n-decane onto the solid substrate as a 
function of temperature. 
 

The pristine nanotubes exhibit affinity towards n-decane that is rather small at low 

temperatures and it is definitely smaller than that of the hybrid materials. It appears 

surprising that the adsorption ability of the hybrid materials does not depend on the 

alkyl chain lengths of the surfactants. However, in spite the amount of the surfactant 

as well as the structures formed into the lumen are tail surfactants dependent, the 

inner micropolarity remains unaltered being anhydrous and with properties similar to 

the hydrocarbons. Therefore, one may conclude that NaC11/HNTs exhibits affinity 

towards gaseous n-decane in the same manner as NaC14/HNTs does even though it 

contains surfactant amount six times smaller. 

DeTAB/HNTs is not able to entrap n-decane in agreement with the different 

surfactant structures. Anionic surfatant/HNTs possess a hydrophobic compartment 

evoking the formation of inorganic micelles.  

Surface tension experiments on a lens of liquid n-decane in contact with an aqueous 

dispersion of pristine and functionalized HNTs were performed in order to mime the 

case of an aquifer contaminated by light non-aqueous phase liquids (Figure 5.2.2).  
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Figure 5.2.2. Surface tensions as functions of time of HNT, NaC11/HNTs and 
NaC14/HNTs dispersed in water in the presence of n-decane film. 
 

Peculiar is the S-shaped trend for NaC14/HNTs which exhibits a value around 50 

mN m-1 (due to the presence of n-decane at the interface) for severals hours 

thereafter it sharply increases reaching the water value (72 mN m-1). Such a jump 

reveals the disappearance of n-decane and it was attributed to the entrapment into the 

hydrophobic cavity of the nanotubi. The adsorption onto the native HNTs is 

negligible. The efficiency of the hybrid surfactant/HNTs material specific of the 

surfactant tail, agrees with the fact NaC14 forms complex structures into the lumen 

of HNTs while NaC11 does monolayer.  

 

5.3 Solubilization ability of alkanoate surfactant/HNTs towards toluene  

 

The functionalized HNTs were also tested to entrap toluene solubilized in water at a 

concentration lower than its solubility. Figure 5.3.1 shows the difference of the 

removed toluene by the hybrid material, at variable aqueous concentration (Cads),  

with respect to the pristine HNTs (∆R). The surfactant tail tuned the affinity towards 
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the oil; accordingly, higher alkyl chain surfactants exhibited a higher affinity towards 

toluene. Furthermore, the NaC11/HNTs system does not improve at all the 

encapsulation properties of HNTs. In spite the loaded amount of NaC12 into the 

HNTs lumen is slightly larger than that of NaC14, HNTs/NaC14 exhibits a larger 

solubilizing power indicating that the formed complex structures, likely double 

layers, possess an hydrophobicity established by the alkyl chain length.  

 

 

Figure 5.3.1. Toluene removal efficiency from aqueous dispersions of NaC11/HNTs, 
NaC12/HNTs and NaC14/HNTs calculated as percentage increment with respect to 
the removal obtained by pristine HNTs as a function of hybrid material 
concentration. 
 

These results are in line with those obtained for the liquid n-decane solubilization 

corroborating the findings that the surfactant monolayer of NaC11/HNTs possess 

somewhat a hydrophilic character likely due to the presence of water while the more 

complex surfactant structures of NaC12/HNTs and NaC14/HNTs behave like 

conventional micelles.  

 

5.4 Solubilization ability NaC12/HNTs towards antraquinone 

 

The encapsulation ability of NaC12/HNTs hybrid towards the antraquinone (AQ) 

was investigated. AQ is an apolar biocide with a killing activity against the sulfate 

reductive bacteria. Figure 5.4.1 shows that the modified HNTs are more efficient 

than pristine HNTs to entrap AQ because of the hydrophobic lumen.  
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Figure 5.4.1. Antraquinone loading efficiency of HNT and HNT/NaC12 as function 
of the biocide/adsorbent material weight ratio 
 

To evaluate the effectiveness of NaC12/HNTs as bionanocontainer release 

experiments of AQ in aqueous media were performed. Figure 5.4.2  evidences that 

the kinetics of AQ release is slower for the hybrid with respect to the pure HNTs. 

Even after 20 hours AQ was released from the hydrophobic lumen of HNT/NaC12. 

This finding was confirmed  by the biological experiments.  

 

 

Figure 5.4.2. Release of AQ as function of time for pristine HNT and HNT/NaC12 
with RAQ:Ads = 0.01. 
 

Antibacterial action towards Desulfovibrio desulfuricans was investigated by means 

of Fluorescein Diacetate (FDA) hydrolysis assay. The results, reported in Figure 5.4. 

3, evidence that the AQ loaded nanotubes present a larger antibacterial action time 

with respect to the pure AQ. This finding is fundamental for potential 



47 

 

biotechnological applications of these nanomaterials. Moreover, accordingly with the 

larger AQ loading, the killing bacterial activity of AQ loaded NaC12/HNTs is 

stronger compared to that of AQ loaded HNTs.  

Currently, further biological experiments at Louisiana Tech University are in 

progress.  

 

 

Figure 5.4.3. FDA hydrolysis assay results at different time for pure AQ, AQ loaded 
NaC12/HNTs and AQ loaded HNTs. 
 

5.5 Oxygen reservoir ability of NaPFC8/HNTs   

 

HNTs functionalized with fluorinated surfactants can be promising as oxygen 

nanoreservoir in aqueous media being that fluorinated solvents are able to solubilize 

large amount of gas. To explore this perspective, aqueous dispersions of both HNTs 

and NaPFC8/HNTs (2.0 wt%) were saturated with oxygen and left to equilibrate with 

air under vigorous stirring (1250 rpm) or static conditions. For the results collected 

under stirring (Figure 5.5.1), the time required for the O2 concentration to halve its 

initial value (t1/2) shows that the hybrid material behaves like an O2 reservoir that 

releases the gas in water over time to contrast the desaturation of the aqueous 

dispersion resulting an efficient tool in retarding the O2 desaturation. 

It is impressive the key role played by the nanotubes on the oxygen release under 

static situations (Figure 5.5.1). Both HNTs and NaPFC8/HNTs are efficient in 

keeping the supersaturation state. Nevertheless, after 6 h the HNTs dispersion 
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released ca. 50 % of O2 while the hybrid nanotubes showed an oxygen loss of only 

ca. 10%. The strong enhancement of oxygen entrapment ability of the modified 

lumen is generated by the presence of only 0.86 wt% of surfactant into the HNTs, 

which corresponds to the concentration value of 5×10-5 mol kg-1 in water that is two 

order of magnitude smaller than the sodium perfluoroctanoate critical micellar 

concentration (0.05 mol kg-1).23 

 

 

Figure 5.5.1. Oxygen concentration as a function of time in water (∆) and in aqueous 
dispersions of HNTs (▲) and NaPFC8/HNTs (●). Data collected under magnetic 
stirring at 1250 rpm (A) and under static conditions (B). 
 

5.6 Microchannels of aligned PSS/HNTs  

 

As preliminary results, Figure 5.6.1 reports SEM photos of microchannels formed by 

PSS/HNTs and pristine HNTs. These structures were obtained by using the droplet 

casting method at 65 °C. It was observed that the functionalization of the HNTs 

cavity with PSS favors the nanotubes’ alignment. The interpretation of these results 

can be made by considering the coffee ring effect and the Onsager theory for charged 

nanorods. Based on this theory the formation of a nematic phase is enhanced by 

increasing the charge of the nanoparticles. As reported in Chapter 3, the presence of 

PSS enhances the HNTs surface negative charge. The complete comprehension of 

these findings is still under investigation.  
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Figure 5.6.1. Scanning electron micrographs of PSS/HNTs structures obtained by 
droplet casting method at 65 °C. 
 

5.7 Solubilization ability of alginate/HNTs gel beads towards crystal violet 

 

The good adsorption efficiency of the composite gel beads is exhibited by the 

change in the adsorption generated by the gel loaded with clay minerals. As Figure 

5.7.1 shows, HNTs enhances the gel beads ability in capturing CV; for instance, at 

the alginate/HNTs mass ratio of 2:1, at stoichiometric concentration of adsorbent 

material (Cs) = 0.25 and 0.50 mass%, the R% value is increased by ca. 55 and 45 %, 

respectively. This sharp increase is even larger than that calculated by assuming the 

simple rule of mixtures (Figure 5.7.1) and it proves that the combination of HNTs 

and biopolymer generates synergistic effects in the adsorption properties of hybrids 

beads based on alginate. 
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Figure 5.7.1 Dependence on HNTs concentration of percent of removed CV from 
aqueous phase calculated from data in Table 2. (●), Cs=0.25 mass% and (▲), Cs=0.5 
mass%. Solid lines are calculated by rule of mixtures. Broken lines are guide for 
eyes. 

 

5.8 Sorption ability of alginate/pectin hybrid gel beads towards Cd(II) and Cu(II) 

 

The sorption process of Cd(II) and Cu(II) ions from solution by mixed 

alginate/pectin gel beads at different concentration ratios was evaluated on the basis 

of kinetic and equilibrium studies. The sorption process follows a pseudo second-

order kinetic model and the adsorption capacity increases with the increasing of 

pectin percentage in the mixed alginate/pectin gel system. The Langmuir isotherm 

model fits equilibrium data better than the Freundlich model. Micrographies from 

SEM analysis (as an example Figure 5.8.1 reports Ca-AP2 gel bead after the Cu2+ 

adsorption) show that the ions sorption makes the surfaces more wrinkled with many 

creases and pores. This peculiar morphology may be attributed to the shrinkage of 

the beads at higher metal concentrations. 

 

Figure 5.8.1 Surface scanning electron micrograph of Ca-AP2 after Cu2+ sorption. 
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6. Bionanocomposites based on nanoclays 
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6.1 Biopolymer/nanoclay composite films   

 

This chapter is focused on the studies of films based on HPC and HNTs (attached 

paper I). The films were prepared by casting method from aqueous solutions. The 

HNTs concentration (Cf) was systematically varied in a very extended range. 

The morphological analysis was helpful to explain the nanomaterial features as well 

as the thermal stability, transparency, wettability and dielectric properties.  

A previous extended physico-chemical study15 on bionanocomposites based on 

nanoclays with different shape (HNTs, laponite nanodisks and kaolinite sheets) and 

pectins evidenced that HNTs are good candidates to form bionanocomposite films 

with interesting properties. The prepared composites exhibited evident differences in 

the macroscopic aspect.  

The biocomposites based on HNTs and kaolinite showed compact mechanical 

features while those based on laponite (Figure 6.1.1) presented a structural 

deterioration.  

 

  

Figure 6.1.1. Films of nanocomposites formed by HM pectin and HNTs (a, Cf = 
60%), kaolinite (b, Cf = 60%) and laponite (c, Cf = 30%). The diameter of the Petri 
dish is 9 cm.  
 

6.2 Thermal and dielectric properties  

 

The presence of small amounts of nanofiller causes the HPC thermal stabilization 

(up to 10 °C) while a further addition of HNTs (above Cf ≈ 20 wt%) enhances the 

thermal degradation that occurs at temperature even 65 °C below degradation 

temperature (Td) of pristine HPC.  
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Figure 6.2.1. Degradation temperature as a function of the filler concentration for 
HPC/HNTs films. 
 

According to the study of pectin/HNTs nanocomposites, the thermal stabilization of 

polymers in the presence of halloysite is generally observed13,25 and ascribed to the 

entrapment of the volatile products (obtained from the polymer thermal 

decomposition) into the HNTs lumen. Moreover, commonly the effect on Td of 

inorganic fillers in the polymeric matrices is discussed in terms of barrier effects 

towards both mass and heat transports; in particular, a composite material with well 

dispersed nanoparticles typically shows a thermal reinforcement. The opposite effect 

generated by HNTs is an indication of the structural change of the material.  

By determining thermograms at variable heating rates the activation energy of 

HPC degradation was determined. Once again we observe two different behaviours 

occurring in the low and high concentration regimes and it was concluded that large 

amounts of nanotubes surprisingly enhance the thermal degradation of HPC. 

The structural change on the HPC based nanocomposites occurring between the 

two regions agree with the dielectric properties. It was established that HPC shows 

the relaxation processes related to the local chain motion via the glucosidic bond (β-

relaxation) and to the motion of the side groups attached to the glucosic unit of the 

polysaccharides (γ-relaxation) both in the range from 106 to 107 Hz.21 Very recently, 

dielectric spectroscopy evidenced free water relaxation at ca. 1010 Hz for wet HPC 

samples.22 To the light of these insights the dielectric constant (εr) and the dispersion 

factor (tanδ) data as functions of the frequency (ν) for HPC in the absence and the 

presence of HNTs evidence the polymer relaxation (examples are in Figure 6.2.2). 

The profile is strongly altered by the HNTs being that the peak is shifted toward 

lower frequencies and it becomes wider. 
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Figure 6.2.2. The dielectric constant and the dispersion factor as functions of the 
frequency for HPC/HNTs films at Cf = 0 wt % (●) , Cf = 25 wt % (○) and Cf = 70 wt 
% (▲). 
 

 Interesting insights are provided by the relaxation frequency at the maximum of 

tanδ (νmax) vs Cf trend. As Figure 6.2.3 illustrates, νmax slightly changes to Cf ≈ 20 

wt% thereafter it sharply decreases upon the HNTs addition. The decrease of νmax is 

ascribable to the increase of the characteristic relaxation time and therefore to the 

reduced mobility of the polymer moiety in the presence of large amount of HNTs.  
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Figure 6.2.3. The relaxation frequency as a function of HNTs concentration for 
HPC/HNTs films. 
 

6.3 Morphology  

 

The morphology study evidenced the correlation between structure of the film 

and its properties. The morphology of the hybrid surfaces at both low and high 

HNTs content is very peculiar in the case of films based on HPC because the surface 

appears homogeneous and the presence of nanoparticles is rare. As evidenced in 

Figure 6.3.1, this morphology is very different from that of LM pectin/HNTs films 

which showed dispersed HNTs into the polymer matrix.13  

 

 

Figure 6.3.1. Scanning electron microscopy images of HPC/HNTs and LM 
pectin/HNTs films. The HNTs concentration is: top, Cf = 10 wt %; bottom, Cf = 60 
wt %. 
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The SEM micrographies (Figure 6.3.2) of the edges of the nanocomposites in high 

filler content show that the nanotubes are well compacted between two smooth thin 

layers of HPC in a sandwich-like structure.  

 

Figure 6.3.2. Scanning electron microscopy images of cross section of HPC/HNTs 
film Cf = 60 wt %. 
 

One may conclude that the cluster formation is inhibited and that the nanotubes 

are well dispersed along to the plane directions of the film in the entire concentration 

range in agreement with SEM insights. 

It has to be noted that in the case of HM pectin/HNTs system,15 the such 

calculations reflected the organization into clusters of nanotubes (wrapped by the 

adsorbed pectin) with apparent radii progressively increasing upon the filler 

addition.  

 

6.4 Surface property: wettability 

 

As observed for LM pectin/HNTs composites, as general result, the water contact 

angle (ϑ) decreases over time while the drop volume and the contact area decreases 

and increases, respectively. Therefore, one can conclude that both spreading and 

water absorption occur during the experiment.  

 The initial water contact angle (ϑi) vs Cf trend evidences a minimum at Cf ≈ 15 

wt% (Figure 6.4.1) that may reflect the variation of the microstructures of the films 

surface generated by the HNTs, which apparently make the surface more hydrophilic 

in the low concentration regime and more hydrophobic at high loading. These results 

agree with the sandwich-like structure composed of two HPC layers incorporating 

the HNTs observed at high filler regime.  
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Figure 6.4.1. Dependence of the water contact angle at t=0 s on the filler 
concentration HPC/HNTs composites. 
 

In principle, one may consider two effects: the HNTs surface concentration and 

the films surface roughness induced by HNTs. From SEM data one rules out the role 

of roughness because within the concentrations regime a very flat surface has been 

imaged. Therefore, the change in the polymer conformations induced by HNTs and 

the concentration of the species at the interface play the key role.  

In the case of LM pectin/HNTs,16 ϑi  decreases with Cf  because of the enhancement 

in the surface hydrophilicity as a consequence of the enrichment of the nanofillers at 

the interface. 
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7. Plasticized nanocomposites 
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7.1 Design of performant plasticized nanocomposites 

 

To the light of the growing interest on the environmental and economic problems, 

nowdays the nanotechnology research has focused its attention on the development 

of bionanocomposites and sustainable polymer blends, namely, hybrid materials 

obtained by combining natural and biocompatible components which can be used in 

many applications, such as in packaging.  

Within this issue, the physico-chemical study on poly(ethylene) glycol 

(PEG)20000/HNTs hybrid system (Attached paper IV) represented the starting point 

to develop plasticized nanocomposite films based on PEG 20000/LM pectin blend 

and HNTs (Attached paper VII). PEG 20000 was used as plasticizer to improve the 

performances of LM pectin/HNTs bionanocomposite films previously studied.15 The 

casting method from water was used to prepare these materials. The filler content 

(Cf) and the LM pectin/PEG 20000 ratio (Rpp) were systematically changed. In 

particular, Rpp = 1 and Rpp = 4 were selected. 

Properties of technological interest, such as thermal stability, wettability, tensile 

properties and water uptake behavior, were monitored and they were correlated to the 

structural features of the nanocomposites.  

 

7.2 Physico-chemical investigation of PEG20000/HNTs 

 

The PEG 20000/HNTs nanocomposites morphology (Figure 7.1.1) shows that the  

the filler is well dispersed into the polymer matrix on both the surface and the core of 

the material. At high Cf content, the nanocomposite clearly appears less compact 

with several irregular craters (having a size of ca. 10 µm) present on both the surface 

and the edge. Such a structure is consistent with results of enthalpy of PEG 20000 

melting (∆Hm) which decreases upon the addition of HNTs indicating a reduction of 

the polymer crystallinity. In fact, these results are interpreted by assuming that: 1) 

some segments of the adsorbed macromolecules are radiating away from the surface 

forming loops and tails; 2) the portion of the polymer in contact with the HNTs 

surface cannot melt because of constraints due to the nanoclay anchoring; and 3) the 

unbound polymer in the nanocomposites behaves like the pristine one.106 
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The addition of HNTs to PEG 20000 generates a monotonic decrease of polymer 

melting temperature (Tm) in the entire range of investigated composition ascribed to a 

good dispersion of the nanofiller into the polymeric matrix.107 

 

 

 

Figure 7.1.1. Scanning electron micrographs for nanocomposites at filler 
concentration of 10 wt% (left hand side) and 50 wt% (right hand side). 
 

The effect of HNTs on the PEG 20000 resistance to thermal degradation is similar to 

that observed for HPC/HNTs films (Figure 7.1.2). 

 

 

Fig. 7.1.2. PEG 20000 degradation temperature as a function of filler concentration. 
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These data were interpreted by invoking the compact structure at low Cf  and a 

deteriorated structure at high Cf content.  

 

7.3 Physico-chemical studies of LM pectin/PEG 20000 blend  

 

The wettability of LM pectin/PEG blend film (Rpp =4) shows that the addition of the 

plasticizer caused a small but significant increase (ca. 5°) of LM pectin θi despite the 

PEG 20000 hydrophilic nature (Table 7.3.1). This effect is ascribable to the increase 

of the surface roughness as evidenced by SEM images (Figure 7.3.1) showing that 

the surface of the LM pectin/PEG 20000 blend is very rough with many craters (size 

of ca. 2 µm), while the LM pectin surface is smooth.   

 

Table 7.3.1. The water contact angle at τ = 0 for LM pectin, PEG 20000 and the LM 

pectin/PEG 20000 blend (Rpp = 4). 

 θi 

LM Pectin 75 ± 1 

PEG 20000 28 ± 1 

LM Pectin/PEG 20000 (Rpp = 4) 80 ± 2 

Unit is: θi, °. 

 

 

Figure 7.3.1. Scanning electron microscopy images for surface of pristine LM pectin 
(a,b) and LM pectin/PEG 20000 blend with Rpp = 4 (c,d). 
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Water uptake (WU%) of the blend at variable relative humidity (Rh%) (Table 7.3.2) 

showed that the water uptake (WU%) are lower than those for the LM pectin. 

 

Table 7.3.2. Water uptake values at different relative humidity. 

WU% 

(Rh = 33%) 

WU% 

(Rh = 75%) 

WU% 

(Rh = 97%) 

LM Pectin 

3.6 ± 0.7 8.2 ± 0.8 14 ± 2 

LM Pectin/PEG 20000 (Rpp=4) 

1.3 ± 0.3 5.0 ± 0.9 8 ± 1 

LM Pectin/PEG 20000/HNTs (Rpp=4, Cf = 50.52 wt%) 

1.3 ± 0.1 4.7 ± 0.8 7 ± 1 

 

The plasticization of LM pectin with PEG 20000 changed the tensile properties of 

the biopolymer. A similar result was also observed for chitosan/PEG 20000 

blends.108 The addition of PEG 20000 (Rpp=4) generated a slight improvement of the 

elastic modulus (ca. 10%) with respect to the pristine polymer,15 while both the 

stress and the elongation at breaking point decreased.  

 

7.4 Physico-chemical studies of plasticized bionanocomposites  

 

The general trend of θi vs Cf (Figure 7.4.1) shows that over the low filler loading 

regime θi is nearly equal to that of the blend and for high regime θi  sharply decreases 

in agreement with the enhancement of the surface hydrophilicity.  

 

 

Figure 7.4.1. Optical images of water drops just after the deposition on 
bionanocomposites with Rpp = 4 and variable filler content.   
 

These results were straightforwardly understood to the light of the morphological 

study (Figure 7.4.2) by taking into account the roughness and the population of 

HNTs at the interface.  
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Figure 7.4.2. Scanning electron microscopy images of surface (a,c) and cross section 
(b,d) of bionanocomposites with Rpp = 4. The filler content is: top, Cf  = 10 wt%; 
bottom,  Cf   = 30 wt%. 
 

The addition of large amount of HNTs to the blend generated biomaterials with 

unaltered WU% (Table 7.3.2) in spite of the hydrophilic nature of the nanoclay. This 

is promising for applications in several field such as coatings for food conservation. 

As concerns the tensile properties, the elastic modulus increases upon HNTs addition 

(Figure 7.4.3) in agreement with the good dispersion of the filler into the polymer 

matrix. 

 

Figure 7.4.3. Elastic modulus of bionanocomposites with Rpp = 4 as function of filler 
content.  

 

Bionanocomposites with Rpp = 1 were not studied by tensile tests because of their 

high fragility. The thermal behavior is rather intriguing. It appears that the LM pectin 

degradation temperature (Td1) increases in the presence of HNTs with a larger slope 

for Rpp=4 (Figure 7.4.4)  in agreement with the lumen encapsulation of the pectin 

degradation products delaying the mass transport. The PEG 20000 thermal 
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destabilization (Figure 7.4.4) generated by the pectin proves that the HNTs hollows 

are no more available to incorporate the PEG 20000 degradation products. 
 

 

Figure 7.4.4. Variation of the degradation temperature of the pectin (top) and PEG 
20000 (bottom) as function of the filler content for bionanocomposites with Rpp = 0 
(▲), Rpp = 1 (○) and Rpp = 4 (●).  
 

The addition of HNTs to the blends essentially did not modify the crystallinity of 

PEG 20000 so that one may conclude that competitive processes of HNTs/pectin and 

HNTs/PEG 20000 interactions take place and that the interactions of pectin with the 

nanoclay surface appears privileged.  
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8. Concluding remarks 
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Biopolymer/nanoclay composite films were successfully prepared by the casting 

method from water. The nature of the matrix and the shape of the filler exercise a 

key role on the morphological and macroscopic properties of the materials. In 

particular, it was observed that HNTs are proper fillers to develop composite films 

based on pectins and HPC. These materials are competitive with many traditional 

plastics from mechanical and thermal view point and, therefore, they are promising 

for packaging applications. Within this issue, the plasticization of pectin/HNTs films 

with PEG allowed us to tune the elastic properties. As concerns the morphological 

characteristics, a sandwich like structure and a uniform filler distribution were found 

for HPC/HNTs and pectin/HNTs nanocomposites, respectively (Scheme 1). A good 

correlation between the morphologies and some macroscopic properties, such as 

transparency and wettability, was observed. 

 

 

Scheme 1. Sketch representation of nanocomposites morphologies. 

 

The physico-chemical studies on the aqueous mixtures used to prepare the 

bionanocomposite films showed that polymers are adsorbed onto the nanoclays 

surfaces endowing the formation of stable dispersions. In particular, an efficient 

stabilization of HNTs in water was evidenced by using anionic polymers, such as 

CMC, alginate, pectins and PSS, that are adsorbed into the lumen. Obtaining HNTs 

with a good aqueous colloidal stability is fundamental for decontamination and 

micromanifacture purposes. This approach was appreciated by companies and 

currently is tested for new applications in petroleum drilling formulations at 

Schumbelger (Texas – US). As concerns laponite, it was demonstrated that the 

adsorption of HPC onto the laponite surface is energetically favored and enthalpy 

driven. This process is triggered by temperature and/or inorganic salts, therefore it 

opens up to new routes for the control of polymer-nanoparticles interactions with the 

aim at obtaining smart materials.  
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New hybrid nanomaterials were prepared exploiting electrostatic forces between 

ionic surfactants with different head group charges and HNTs. It was demonstrated 

that the adsorption of negatively charged surfactant, even if it occurs at the inner 

surface of the HNTs, generates the higher stabilization effect of the nanotubes in 

water while either the cationic surfactant or the salt addition enhance the 

precipitation. Furthermore, the functionalization of the HNTs lumen endowed to 

develop inorganic micelles with an hydrophobic pocket able to solubilize aromatic 

and aliphatic hydrocarbons (Scheme 2). The modification of the HNTs cavity with 

anionic fluorinated surfactants leads to obtain oxygen nanoreservoirs.  The 

incorporation of an apolar biocide into the HNTs lumen is the starting point for the 

development of geopolymers produced by LA Tech University and, currently, tested 

by NASA. Certainly, anionic surfactants/HNTs hybrids are very promising for 

environmental and biotechnological applications.  

 

 

Scheme 2. Sketch representation of surfactant/HNTs structures. 
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’ INTRODUCTION

During the last few decades, materials based on nanoclays have
attracted large interest because their properties and morpholo-
gies may be tuned. Within this field, halloysite nanotubes
(HNTs) are newly emerging clays with unique features1 and
appealing perspectives.2 Halloysite is a naturally occurring hy-
drated polymorph of kaolinite, and it possesses a peculiar hollow
tubular shape, which results from the wrapping of clay layer. The
size of HNTs is quite polydisperse, ranging between 0.1 and
2 μm, whereas the outer and inner diameters are ca. 30�50 and
1�30 nm, respectively.1 The low cost and the environmentally
friendly nature make the HNTs competitive with the carbon
nanotubes in several applications. The HNT use in controlled
release, nanotemplating, and sorption was recently reviewed.1

Loading the HNTs with anticorrosive agents for active coating
protections was successfully done, and self-healing effect was
achieved.2�5 HNTs assembly by sequential adsorption with the
polycations generated ordered multilayers.6 The selective recog-
nition of contaminants was done by using molecular imprinted
polymer based on magnetic HNTs.7 Because HNT is a green
filler and a natural product, its use does not add any risk to the
environment as other nanofillers in principle do.2 Polystyrene8

and polyamide9 filled with well-dispersed HNTs exhibited a
thermal and a mechanical reinforcement of the polymer matrix.
Composites formed by clay tubes with nanoholes on the side-
walls were obtained by in situ mechanochemical polymeriza-
tion of aniline in the presence of HNTs.10 In some cases, the
functionalization of HNTs by grafting appropriate organic
molecules was designed with the aim at obtaining a nanoclay-
based filler with a high compatibility with the polymer matrix.11

Filling polymers from renewable resources with HNTs is a
challenging task in view of designing new packaging materials.

A recent review12 reported that several biopolymeric materials
may form films, but their use would be limited because of fast
degradation and, in some cases, unsatisfactory mechanical
properties.13 To our knowledge, very few insights into biopoly-
mers filled with HNTs are available.14�17

Hydroxypropyl cellulose (HPC) obtained from the chemical
modification of the cellulose may be an interesting biopolymer
matrix of investigation. It was tested in several applications as a
consolidant of waterlogged woods18 and drug delivery.19

Within this work, we prepared biofilms formed by HPC and
HNTs, and we widely studied them by determining thermal
stability, transparency, wettability, and dielectric properties. The
morphology was helpful to explain the nanomaterial features. For
a comparison purpose, some low methoxyl pectin/HNT com-
posites were also investigated.

This work contributes to the knowledge on green nano-
composites, proving that materials with rather different meso-
scopic structure can be designed by changing the biopolymer
nature.

’EXPERIMENTAL SECTION

Materials. Citrus pectin (with a low degree of methyl ester-
ification, 24%, Mw = 30�100 kg mol�1) and HPC (Mw = 80 kg
mol�1) were from Aldrich. HNTs was a gift from Applied
Minerals. All thematerials were used without further purification.
Water was from reverse osmosis (Elga model Option 3) with a
specific resistivity >1 MΩ cm.

Received: July 29, 2011
Revised: September 7, 2011

ABSTRACT: This study focused on the preparation and
characterization of films based on biopolymers (hydroxypropyl-
cellulose and low methoxyl pectin) and halloysite nanotubes
(HNTs). The morphology is strongly dependent on the poly-
mer nature. In particular, we observed a sandwich-like structure
composed of two hydroxypropylcellulose layers incorporating
the HNTs and a homogeneous distribution of the nanotubes
into the low methoxyl pectin matrix. The different mesoscopic properties were invoked to explain the dielectric, thermal, and
wettability properties of the corresponding films. Nanocomposites obtained by combining materials from renewable resources and
HNTs is a challenging task in view of designing green materials with tunable barrier and delivery properties for specific purposes.
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Preparation of Nanocomposite Films. The aqueous poly-
mer+filler mixtures were prepared as described elsewhere.14 In
brief, citrus pectin (LM pectin) or HPCwere solubilized in water
under stirring at 70 �C. The solutions were left to equilibrate at
room temperature under stirring overnight. The final polymer
concentration was evaluated by weight. Then, an appropriate
amount of HNT was added to the polymer solution and kept
under stirring overnight.
The well-dispersed aqueous mixture was poured in glass Petri

dishes and heated at 80 �C for ∼15 h to evaporate water until
weight was constant. The films (with a thickness of ca. 0.06 mm)
were easily removed from the supports and stored in a desiccator
at room temperature; their thickness was measured with a
micrometer ((10�3 mm). The composition of nanofillers (Cf)
expressed as weight percent (grams of filler/100 grams of
nanocomposite) was systematically changed.
Methods. Dielectric Spectroscopy. A Hewlett-Packard impe-

dance analyzer (HP 4294A) equipped with HP 16451B dielectric
test fixtures was used at 25.0 ( 0.1 �C. The frequency was
changed from 50 kHz to 10 MHz. The dielectric constant (εr)
and the dispersion factor (tan δ) were measured, and the
electrical conductivity (σ) was calculated accordingly

σ ¼ εrε0ω tan δ ð1Þ
where ε0 and ω are the vacuum permittivity and the angular
frequency of the alternating current, respectively.
Thermogravimetry. A Q5000 IR apparatus (TA Instruments)

under a nitrogen flow of 25 cm3min�1 for the sample and 10 cm3

min�1 for the balance was used. The weight of each sample was
ca. 10 mg. The measurements were carried out by heating the
sample from room temperature to 900 �C at a rate of 10 �C
min�1. From these experiments, the following parameters were
determined: (1) the water content from the mass loss up to
150 �C; (2) the polymer decomposition temperature (td) taken
at the maximum of the first-order derivative curves of mass loss
to temperature (DTG curves); and (3) the residual weight at
900 �C. The variation of the water content in the film with
different HNT loadings is minute, and the residual weight clearly
depends on Cf. (Data are in the Supporting Information.)
Experiments were also performed to determine the kinetics of

degradation of the polymer in the films. To this aim, two pro-
cedures were followed: (1) the nonisothermal degradation was
studied by changing heating rates (5, 10, 15, and 20 �C min�1)
and (2) the isothermal degradation was investigated by heating the
sample to 310 �C with a fast ramp (500 �C min�1) and keeping
the isothermal condition until a constant weight was registered.
Scanning Electron Microscopy. The morphology of nano-

composites was studied using a microscope ESEM FEI QUAN-
TA 200F. Before each experiment, the surface of the sample was
coatedwith gold in argon bymeans of an Edwards Sputter Coater
S150A to avoid charging under electron beam. Minimal electron
dose condition was set to avoid damage of the sample.
Films Transparency. The experiments were carried out at

25.0 ( 0.1 �C by using an Analytic Jena Specord S 600 BU.
VIS-absorption spectra were recorded in the range from 400 to

800 nm. The attenuation coefficient (k) for each sample was
computed as

k ¼ A=ð2:3� DÞ ð2Þ
where A is the absorbance and D is the thickness of the rectangular
film measured with a micrometer ((10�3 mm). For all of the

investigated systems, the k values are almost independent of λ
(examples are shown in the Supporting Information); therefore,
the k at 750 nm (k750) will be discussed hereafter. The simplest
way to analyze the k750 data is based on the equation derived for
spherical particles20

k � ϕR ð3Þ
where R is the radius of the equivalent spherical particles
scattering light and ϕ is their volume fraction. It has to be noted
that theHNTparticles do not have a spherical shape; therefore,R
assumes a more general meaning of an apparent radius of the
spherical particle with the same scattering property of the
nanotube.
Contact Angles.Contact anglemeasurements were performed

by using an optical contact angle apparatus (OCA 20, Data
Physics Instruments) equipped with a video measuring system
having a high-resolution CCD camera and a high-performance
digitizing adapter. SCA 20 software (Data Physics Instruments)
was used for data acquisition. The films were fixed on top of a
plane solid support and kept flat. The contact angle of water in
air was measured by the sessile drop method. The water
droplet volume was 6.0 ( 0.5 μL. Temperature was set at
25.0( 0.1 �C for the support and the injecting syringe as well.
Images were collected 25 times per second, starting from the
deposition of the drop to 40 s. From the data analysis, the
contact angle, the volume, and the contact area of the drop
were calculated. Five measurements at least were carried out
on each film sample.

’RESULTS

Dielectric Spectroscopy. This technique can provide infor-
mation on the molecular dynamics of polymer systems monitor-
ing the relaxation processes. Moreover, the dielectric properties
of nanohybrids are of technological interest because they repre-
sent the capability to store/dissipate energy under the applica-
tion of an electric field. Dielectric methods were extensively
applied to cellulose and its derivatives.21�23 The dielectric
spectroscopy studies for the HPC/HNTs mixtures showed that
at a certain frequency HNTs addition hardly affect both εr and σ,
which is consistent with theHNTs polar nature and the increased
number of charge carriers in their presence (Figure 1).
It was established that HPC shows the relaxation processes

related to the local chain motion via the glucosidic bond

Figure 1. Dependence of the dielectric constant (b) and the electrical
conductivity (O) of HPC/HNTs films on filler concentration.
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(β-relaxation) and to the motion of the side groups attached to
the glucosic unit of the polysaccharides (γ-relaxation) both in the
range from 106 to 107 Hz.21 Very recently, dielectric spectros-
copy evidenced free water relaxation at ca. 1010 Hz for wet HPC
samples.22 In light of these insights, onemay state that εr and tan δ
data as functions of the frequency (ν) for HPC in the absence
and the presence of HNTs evidence the polymer relaxation
(examples are in the Supporting Information). In particular, a
maximum in the tan δ versus ν trend is evident in the corre-
spondence of the inflection point in the εr versus ν curve. The
profile is strongly altered by the HNTs being that the peak is
shifted toward lower frequencies and it becomes wider. A similar
effect was observed for the dielectric response of TiO2-epoxy
composite, and it was explained in terms of Maxwell�Wagner
interfacial polarization.24 Interesting insights are provided by
the relaxation frequency at the maximum of tan δ (νmax)
versus Cf trend (Figure 2) because νmax slightly changes to
Cf ≈ 20 wt %; thereafter, it sharply decreases upon the HNTs
addition, reflecting a reduced local chain mobility in the
presence of the nanotubes.
Thermal Degradation. Figure 3 reports DTG examples on

the influence of HNTs on the thermal stability of HPC.
Compared with the pristine HPC, the peak reflecting the
polymer decomposition is shifted toward larger and lower
temperatures for low and high Cf values, respectively. Such a
peculiarity is clearly evidenced in the trend of td as a function ofCf

(Figure 4). The presence of small amounts of nanofiller causes
the HPC thermal stabilization (up to 10 �C), whereas a further

addition of HNTs (above Cf ≈ 20 wt %) enhances the thermal
degradation that occurs at temperature even 65 �C below td
of pristine HPC. For LM pectin/HNTs mixtures, td sharply
increases within the regime of very high HNT loading.14

The nanoparticles nature controls the thermal behavior of
polymers.14,25�27 In the presence of HNTs the thermal stabiliza-
tion is generally observed,14,25 and it is ascribed to the entrap-
ment of the volatile products (obtained from the polymer
thermal decomposition) into the HNTs lumen. Commonly,
the effect on td of inorganic fillers in the polymeric matrices is
discussed in terms of barrier effects toward both mass and heat
transports; in particular, a compositematerial with well-dispersed
nanoparticles typically shows a thermal enforcement. For a better
understanding of the thermal degradation issue, we monitored
the isothermal degradation at 310 �C for pristine HPC and
nanocomposites at Cf = 10 and 60 wt %. As Figure 5 shows, the
mass is constant during an induction period; afterward, it
decreases, approaching a plateau. Of course the residual mass
is larger the higher the amount of inorganic nondegradable filler.
Compared with pristine HPC, the thermal decomposition at
Cf = 10 wt % is slightly delayed, whereas it is strongly accelerated
at Cf = 60 wt %; that confirms the td data.
Thermograms were also collected on the same samples at

variable heating rates (β) to determine the activation energy (Ea)
of degradation. The Flynn�Wall�Ozawa approach as well as the
Friedman’s methods are nonisothermal and model-free, allowing
us to calculate Ea as a function of the extent of conversion (α)
without making any assumption on the reaction mechanism. For
this reason, they are widely used14,28�31 in kinetic studies of
thermal decomposition of nanocomposites andmacromolecules.

Figure 2. Relaxation frequency as a function ofHNTs concentration for
HPC/HNTs films.

Figure 3. Thermal degradation rates as functions of temperature for
HPC/HNTs films atCf = 0 wt % (—), 15 wt % (---), and 80 wt % (��).

Figure 4. Degradation temperature as a function of the filler concen-
tration for HPC/HNTs films.

Figure 5. Isothermal degradation at 310 �C for pristine HPC (��) and
HPC/HNTs films at Cf = 10 wt % (� �) and 60 wt % (� • �).
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In brief, the FWO method is based on the following integrated
equation

ln β ¼ AEα
RGðαÞ

� �
� 5:3305� 1:0516

Eα
RT

ð4Þ

whereG(α) is a function of the extent of conversion, A is the pre-
exponential factor, R is the gas constant, and T is the absolute
temperature. At a given α value, from the slope of the ln β versus
1/T plot, one can easily calculate Ea. As concerns the Friedman
approach, the following equation was used

ln β
dα
dT

� �
¼ ln½Af ðαÞ� � Eα

RT
ð5Þ

where dα/dT is the first derivative of α with respect to
temperature and f(α) is a function of the extent of conversion
that depends on the degradation mechanism. In this case, the
Ea values at each α value are obtained from the slopes of the
ln(β dα/dT) versus 1/T plot.
It is worth noting that the results provided by the twomethods

are very similar, supporting the reliability of the data analysis.
(Ea data from the FWOmethod are in the Supporting Information.)
For all of the investigated nanocomposites, Ea does not depend
on α (Figure 6), but it does strongly depend on composition. At
Cf = 10 wt %, Ea is slightly larger than the corresponding value of
the pure HPC, whereas at Cf = 60 wt %, the energetic barrier to
the degradation process drops to almost zero value.

Films Morphology. SEM experiments were carried out to
image the morphology of the film both at the surfaces and at the
transverse section. The morphology of the hybrid surfaces at
both low and high HNTs content is very peculiar in the case of
films based on HPC because the surface appears homogeneous
and the presence of nanoparticles is rare (Figure 7). Being that in
the film preparation, which is a solvent casting method followed
by evaporation of the solvent, one surface of the film was exposed
to air while the other surface was in contact with the glass Petri
dish, in some cases, we performed measurements on both face-
sides of the film, and we did not evidence any difference on the
general structure of the two sides (Figure 7). From these results,
one may deduce that the sandwich-like structure is driven by
interactions between the components of the films. This mor-
phology is very different from that of LM pectin/HNTs films,
which showed dispersed HNTs into the polymer matrix.14

Furthermore, such a difference is magnified when the micro-
graphs obtained for the sameHNTs composition and at the same
sensitivity scale for the HPC/HNTs and LM pectin/HNTs
systems are compared (Figure 8). On one side, the surface film
of LM pectin evidences HNTs that are well-distinguishable and
recognizable; on the other side, the surface film of HPC is in
general very smooth, burying the nanotubes well. The peculiar
morphology of the HPC/HNTs films induced us to perform
measurements onto the edges of the films to check the distribution
of the nanoclay along the lateral profile. Figure 9 shows that the
nanotubes are well-compacted between two smooth thin layers
of HPC in a sandwich-like structure. This amazing result is opposite
to that reported14 for LMpectin/HNTs for which the nanoclay is
equally distributed on the surface as well as along the edges.
In light of these findings, the interpretation of k750 can be easily

done. Figure 10 illustrates that for HPC/HNTs films the k versus
ϕ is a linear trend with a slope proportional toR (eq 3), indicating
that clustering between scattering object is negligible. For the
pectins/HNT nanocomposites, the cluster formation is con-
trolled by percolation, and it is enhanced for pectin with a higher
degree of methyl-esterification.14

Wettability of HPC/HNTs Films.The surface properties of the
HPC/HNTs and LM pectin/HNTs films were determined by
measuring the contact angles (ϑ) of water as a function of time
(τ) at variable HNTs composition. As a general result, ϑ decreases
over time (examples are given in Supporting Information), whereas
the drop volume and the contact area decreases and increases,
respectively (Figure 11). Similar findings were obtained for surfaces

Figure 6. Activation energy as a function of the extent of conversion for
the HPC/HNTs films atCf = 0 wt % (b), 10 wt % (2), and 60 wt % (O)
obtained from the Friedman method. Lines are guide for eyes.

Figure 7. Scanning electronmicroscopy images of HPC/HNTs (Cf = 50 wt %) for surface in contact with air (left-hand side) and glass Petri dish (right-
hand side). The bar is 10 μm.
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containing several biopolymers including pectin.32 By comparing
the volume drop and the contact area data, we conclude that both
spreading and water absorption occur during the experiment.32

A semiquantitative evaluation of the contributions from the spreading
and the absorption can be done by fitting theϑ versus τ curve as32

ϑ ¼ ϑi expðkϑτnÞ ð6Þ
where ϑi is the contact angle at τ = 0, kϑ measures the process
rate, and n assumes fractional values ascribable to the occurrence
of absorption and spreading. Equation 6 successfully fitted our
data, providing n values (Table 1) that reveal that both spreading

and absorption take place; accordingly, n = 0 and 1 for pure
absorption and pure spreading, respectively. The negative values
of kϑ reveal the decrease in contact angle.
The general trends of ϑi versus Cf for both materials are rather

intriguing (Figure 12). For LM pectin/HNT films, ϑi is a
decreasing function of Cf, whereas for HPC/HNTs a peculiarity
is exhibited by the ϑi versus Cf trend, which remarks a well-
defined minimum at Cf = 15 wt %. The large differences between
the behavior of LM pectin- and HPC-based films can be also
easily evidenced by the drop images collected just after deposi-
tion. (See the examples in Figure 13.)

Figure 8. Scanning electron microscopy images of HPC/HNTs and LM pectin/HNTs films. The HNTs concentration is: top, Cf = 10 wt %; bottom,
Cf = 60 wt %. The bar is 30 μm.

Figure 9. Scanning electron microscopy images of cross section of HPC/HNTs film at Cf = 60 wt %. The bar is 5 μm at the right-hand side and 100 μm
at the left and side.
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The changes in ϑi can be related to the surface roughness or to
the chemical hydrophilicity and therefore to the surface compo-
sition. Literature reports33 ascribed the enhancement in the
surface hydrophilicity and surface free energy to the surface
enrichment of the nanofillers (synthetic layered silicate as well as

octaammonium polyhedral oligomeric silsesquioxane) dispersed
in polyamide-6. The spherulite superstructures generating a very
rough surface were indicated to be responsible for the super-
hydrophobic properties of the polypropylene/HNT nanocom-
posite surface; that agrees with the well-known Wenzel model
describing the contact angle on a rough surface, for which the
surface hydrophobicity is strictly correlated to the surface rough-
ness. Furthermore, Marmur34 assessed that hydrophobic surfaces
can be formed by hydrophilic substances if the roughness
topography is multivalued.

’DISCUSSION

The SEM images readily detected the difference on the surfaces
and on the edges for the composite films of HPC and LM pectin.
Moreover, TGA, dielectric, and wettability properties all indicated
that they are affected byHNT loading. For the LM pectin/HNTs
system, rather strong electrostatic interactions between the polymer
and the nanofiller likely take place because of the presence of a
certain number of carboxylic groups. This generates a sort of

Figure 10. Dependence of the attenuation coefficient at 750 nm on the
filler volume fraction for HPC mixed with HNTs.

Figure 11. Water droplet volume and solid/liquid contact area evolu-
tion over time for HPC/HNTs at Cf = 0 wt % (a), 30 wt % (b) and
60 wt % (c).

Figure 12. Dependence of the water contact angle at τ = 0 on the filler
concentration for LM pectin/HNT (O) and HPC/HNT (b)
composites.

Table 1. Fitting Parameters of Equation 6 Applied to the
Contact Angle Dataa

Cf kϑ n

LMpectin

0 �0.0103 0.425

9.88 �0.0118 0.547

29.56 �0.0152 0.431

60.27 �0.0103 0.665

HPC

0 �0.0296 0.482

5.36 �0.0330 0.399

9.85 �0.0076 0.555

14.60 �0.0059 0.661

20.29 �0.0279 0.475

30.01 �0.0283 0.453

50.02 �0.0204 0.380

60.33 �0.0192 0.559
aUnits are: Cf, wt %; kϑ, s

�n. The errors are 1 and 0.3% on kϑ and n,
respectively.
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polymer network where the nanotubes are well-dispersed; once
the percolation regime for the HNT content is approached, the
cluster formation takes place.14 In the HPC/HNTs films,
electrostatic forces are absent; furthermore, the hydroxy-propyl
groups cause the different morphology of the film. It likely occurs
that HPC, due to the presence of the relatively hydrophobic
hydroxypropyl groups, exhibits a smaller affinity toward HNTs;
consequently, it generates a segregation between the HNTs and
the polymer itself. In light of this picture, the other physico-
chemical properties can be understood.

From the dielectric spectroscopy, we evidenced that νmax

exhibits two different behaviors occurring in the low and high
concentration regimes (Figure 2): low amounts of HNTs do not
alter the characteristic relaxation time, whereas a further HNT
addition generates a reduced mobility of the polymer, which is
related to the polymer confinement at the surface layers of the
sandwich-like structure. We observe the enhancement of the
thermal stability of HPC in the low HNTs region and surpris-
ingly the enhancement of the thermal degradation in the high
HNTs region. Furthermore, the activation energy for the degra-
dation process is in line with the degradation temperature trends
and shows that low HNT amounts increase the energetic barrier,
whereas high HNT amounts essentially cancel it, speeding up the
degradation process. These peculiarities cannot be correlated
with a change in the morphology of HPC/HNTs films at
different HNTs loadings because SEM images (Figures 8 and 9)
did not reveal significant differences. For the HPC/HNTs
films, transparency measurements indicated that the cluster
formation is inhibited, and SEM images show that the nanotubes
are well-dispersed along the plane directions of the film in the
entire concentration range and are well-compacted between the
HPC layers. To obtain a compact HNTs layer in the film, a
certain concentration is needed; in fact, even if the nanotubes are
not present at the film surface they may not be enough to
generate a layer. From simple geometrical considerations one
calculates that at Cf = 10 wt % one may generate a HNTs layer
of ca. 2 μm(only two times the nanotube length) if the thickness of
60 μm is considered for the film. On this basis, one can state that
below that concentration the sandwich-like structure cannot exist
because the HNT particle amount is low. Therefore, we argue
that the HNTs layer is obtained above a certain Cf value and the
sandwich-like structuremakes available a reduced number of lumen
able to incorporate volatile products generated by polymer. On the
contrary, the homogeneous distribution of HNTs into the LM
pectin matrix makes the nanofillers very good barriers, reinforcing
the thermal stability of the films at high HNTs loadings.14

Finally, as concerns the wettability properties, the monotonic
decrease of ϑi with Cf observed for the pectin-based materials is
in agreement with the enhancement of the surface hydrophilicity
caused by theHNT enrichment at the interface as shown by SEM
micrographs (Figure 8). The contact angle of 10� for pure HNT
was reported,2 confirming its hydrophilic nature.

For the HPC/HNT films, the peculiar increase of ϑi starting at
ca. Cf = 15 wt % is not ascribable to the roughness of the surface
ruled out by the SEM micrographs but rather to the rearrange-
ment of the polymer structure that exposes the hydrophobic
moieties to the interface as a consequence of the interaction with
the inner HNTs layer. The HPC-based materials generally
provide faster spreading/absorption than the corresponding film
based on LM pectin. The sandwich-like structure is responsible
for this discrepancy because the surface of the film is essentially a
polymer layer.

’CONCLUSIONS

Films composed of HNTs and polymers from renewable
resources were prepared and characterized from the physico-
chemical viewpoint. The nature of the biopolymer exercises a key
effect on the morphology. The hydroxypropylcellulose-based
material forms a sandwich-like structure where the nanoclays are
buried by two polymer layers. The LM pectin-based material is
highlighted by a homogeneous HNTs dispersion on both the
surface as well as on the transverse film section. The different
mesoscopic structures of the film regulate the physicochemical
properties.

Controlling the nanotube allocation within a biopolymeric-
based film can open the route to materials with interesting and
tunable barrier and delivery properties useful for specific purposes.
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The study highlighted the main forces driving the adsorption of hydroxypropyl cellulose (HPC) onto

clay nanoparticles with a disk-like shape (Laponite RD). Modeling the isothermal titration calorimetry

data provided the key thermodynamic properties, which enabled us to discuss the microscopic aspects

contributing to the energetic and the entropic changes of the polymer adsorption at the nanoparticle/

liquid interface. We evidenced that the process is strongly enthalpy-driven and that the interactions lead

to constraints of the HPC configuration at interface. The functionalized nanoparticles enhanced the

polymer solubility in water expanding the one-phase area of the binodal curve. Temperature and salts

change the forces of adsorption and, furthermore, salts generate a dramatic reduction of the HPC

solubility in water in the presence of Laponite RD.
Introduction

Over the last few years several polymers from natural resources

or biocompatible have been investigated because their use in

combination with other additives may form new structures with

potential technological applications.1–6 Designing new nano-

materials composed of biopolymer and nanoparticles environ-

mental friendly is a challenging task. Within this issue,

hydroxypropyl cellulose (HPC) assumes a particular interest. It is

a biopolymer obtained from the chemical modification of the

cellulose and, in particular, the propylene oxide is linked to the

anhydroglucose hydroxyl groups. The physico-chemical

behavior of HPC is well known based also on its rather high

solubility in water although it is hydrophobically modified. HPC

undergoes phase separation upon heating,7 and it is able to form

liquid crystals.8 Interactions between HPC molecules at close

separation were evidenced by means of the osmotic stress method

coupled with X-ray scattering.9 This polymer has been used in

the consolidation of waterlogged woods and it was revealed very

efficient even if optimization of the impregnation process was

necessary.10 HPC is used in preparing organic–inorganic nano-

composites because it ensures the stabilization and the homo-

geneous dispersions of inorganic salts.11 The role of the solvent

nature (water and ethanol) in the performance of the obtained

films was investigated.12 Finally, HPC assembled with poly-

(acrylic acid) onto nanoparticles provided long term stability

microcapsules for controlled drug delivery applications.5
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As concerns the nanoparticles, nanoclays are of some interest

because they are environmentally friendly and available at low

cost. Several studies have been devoted to the physico-chemical

characterization of aqueous nanoclay dispersions in the presence

of adsorbing species.13–16 Laponite RD is a synthetic clay that

forms charge-stabilized colloidal dispersion in water.17 The

net charge of a single particle is negative and it is due to the

negatively charged faces and slightly positive edge.17

We thought that HPC may be adopted to functionalize

surfaces of solid substrates through non-covalent forces and its

interactions with Laponite RD may generate new materials.

Being that HPC was approved by the United States Food and

Drug Administration,18 it is recurrent within the pharmaceutical

technology and films of HPC have been designed accordingly.19

Within this issue, we thought it would be interesting to perform

a thermodynamic, structural and surface tension study on the

aqueous mixtures of HPC and Laponite RD in dependence of the

concentration of both the polymer and the nanofiller. Temper-

ature and inorganic salts were selected as parameters to trigger

the adsorption process. The thermodynamic properties were

obtained from isothermal titration calorimetry and differential

scanning calorimetry studies while the diffusion behaviour of the

nanoparticles was described by the dynamic light scattering

technique. Surface tension experiments evidenced the adsorption

phenomenon occurring in the bulk phase.
Materials and methods

Chemicals

Hydroxypropyl cellulose (weight average molecular mass ¼
80 kg mol�1 and number average molecular mass ¼ 10 kg mol�1)

and NaCl (99.999%) are Sigma products. KCl (99.99%) is from
Soft Matter, 2012, 8, 3627–3633 | 3627
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Merck and LiCl (99.99%) is from Riedel-de-Ho€en, AG. Laponite

RD grade was a gift from Azelis Italia S.r.l. and it was used as

received. It has the molecular formula17 Si8(Mg5.45Li0.4)

O20(OH)4Na0.7 constituting the unitary cell of the disk-like clay

platelet with a diameter of about 25 nm and a thickness of 1 nm.

The molar mass of the Laponite RD unit cell is 764.55 g mol�1.

Water from reverse osmosis (Elga model Option 3) with a specific

resistivity greater than 1 MU cm was used. The water content of

2.9 wt% for the polymer was determined by thermo-gravimetry.
Fig. 1 Dependence on the number of injections of the heats of injection

of the HPC solution into water (:), of water into the Laponite RD

dispersion (�), of the HPC solution into the Laponite RD dispersion (B)

and heat of interaction (C) at 25 �C.
Samples preparation

Laponite RD dispersion was prepared according to the literature

procedure.17 Briefly, nanoclay powder was added to water and

the mixture was kept under stirring for at least 3 hours before

the measurements. Aqueous hydroxypropyl cellulose (HPC)

solution was prepared by mixing under vigorous stirring for ca.

2 hours a certain amount of polymer with water at 60 �C.
The solution was left to equilibrate at room temperature

under stirring overnight. The final polymer concentration was

evaluated by weight.
Differential scanning calorimetry (DSC)

The micro-DSC III 106 (Setaram) under nitrogen flow in the

range from 5 to 80 �C with a scan rate of 0.6 �C min�1 was used.

The stainless steel (1 cm3) sample cell contained ca. 500 mg of

solution while the reference cell was filled with a comparable

amount of water. The calibration was performed by using

naphthalene.

For all the aqueous HPC solution in the absence and the

presence of Laponite RD, a single endothermic phenomenon was

observed and ascribed to the cloud point of HPC in agreement

with the literature.7,20 Examples of thermograms are collected in

the ESI†. The cloud temperature (tC) at the maximum of the peak

as well as the corresponding enthalpy (DHC) from the integration

of the thermogram were determined. The baseline was subtracted

according to the literature.21 The measurements were carried out

at a fixed HPC concentration by systematically changing the

Laponite RD amount. The investigated solvent media are water

and aqueous solutions of NaCl and KCl (both 5 mmol kg�1). The

uncertainty in tC is �0.1 �C and in DHC is 3%.

Experiments performed on some dispersions in a week-range

did not evidence time effects (data are in the ESI†).
Isothermal titration calorimetry (ITC)

The ITC experiments were performed by using the ultrasensitive

nano-ITC200 calorimeter (MicroCal). The amount of approxi-

mately 40 mL of the water + HPC mixture was injected into the

thermally equilibrated ITC cell (200 mL) containing the water +

Laponite RD dispersion. Under the same experimental condi-

tions, the dilution of the aqueous HPC solution and the Laponite

RD dispersion with water were carried out. The temperature was

changed from 5 to 45 �C. The effect of salt addition was inves-

tigated at 15 �C; namely, aqueous solutions of NaCl, KCl and

LiCl (all 5 mmol kg�1) were used as solvents. The concentration

of 5 mmol kg�1 was chosen because, based on the phase diagram,

larger salt amounts generate the nanoclay precipitation.22
3628 | Soft Matter, 2012, 8, 3627–3633
Fig. 1 illustrates an example of the enthalpic effects for

a complete titration experimental set; namely, the dependence on

the number of injections (ni) of the heats of injection of the

aqueous HPC solution into water (QHPC), of water into the

aqueous Laponite RD dispersion (QL) and of the aqueous HPC

solution into the aqueous Laponite RD dispersion (QHPC/L) is

reported. Moreover, QHPC/L corrected for the dilution effects

(QHPC and QL) is also shown (Qi). The heat of interaction per

mole of HPC (DHi) was calculated as Qi/(VaMP) being Va the

volume of each addition and MP the polymer molarity. Both the

dilution heats are slightly negative and almost negligible. QL is

consistent with the negative dilution enthalpies of aqueous

Laponite RD dispersion with water.23
Surface tension

A programmable tensiometer (KSV Sigma 70) equipped with

a Wilhelmy plate was employed at 25.0 � 0.1 �C. A concentrated

polymer solution (being the solvent water or water + NaCl) was

added to the corresponding solvent to obtain various polymer

concentrations. Moreover, the presence of Laponite RD was

investigated as detailed in the following. A concentrated polymer

in the solvent (water or water + NaCl) was added to the Laponite

RD dispersion in the corresponding solvent to obtain several

polymer concentrations. The NaCl and Laponite RD concen-

trations are 5 and 0.4 mmol kg�1, respectively. The additions of

the polymer solution were done to cover a proper range of

polymer/Laponite RD ratio based on the ITC experiments. The

surface tension of each mixture was determined at the equilib-

rium. Each surface tension value is the average of three deter-

minations and its precision is 0.1 dyne cm�1.
Dynamic light scattering

The measurements were performed at 18.0 � 0.1 �C in a sealed

cylindrical scattering cell at a scattering angle of 90� by means of

a Brookhaven Instrument apparatus composed of an BI-9000AT

correlator and a He–Ne laser (75 mW) with a wavelength (l) of

632.8 nm. The solvent was filtered by means of a Millipore filter

with 0.45 mm pore size.
This journal is ª The Royal Society of Chemistry 2012



The field-time autocorrelation functions were well described

by a mono-exponential decay function, which provides the decay

rate (G) correlated to the apparent diffusion coefficient (D)

D ¼ G/q2 (1)

where q is the scattering vector given by 4pnl�1sin(q/2) being

n the water refractive index and q the scattering angle. The

apparent hydrodynamic radius (Rh) was calculated by using

the Stokes–Einstein equation and the water viscosity value.

Examples of mono-exponential fitting are collected in the ESI†.

The hydrodynamic radius of the Laponite RD in water agrees

with the literature.24,25

Results

Isothermal titration calorimetry studies

Fig. 2a shows the effect of the polymer/Laponite RD mole ratio

(RHPC:L) on the heat of interaction per mole of HPC (DHi) from

5 to 45 �C. At a given temperature, the DHi vs. RHPC:L profile

describes a sigmoidal curve that reaches null values at the highest

RHPC:L values. Upon increasing the temperature DHi assumes

more and more negative values generating sharper DHi vs.

RHPC:L S-shaped curves; moreover, the inflection point of each

trend is essentially independent of temperature.

The electrolyte generates relevant effects on the DHi vs.

RHPC:L curves (Fig. 2b). The addition of NaCl shifts the

enthalpic curve towards negative values while it does not alter

the RHPC:L at the inflection point. Differently, both KCl and
Fig. 2 Heat of interaction per mol of HPC as functions of the HPC/

Laponite RD unit cell mole ratio in the absence (a) and the presence (b) of

salts. (a) 5 �C (:), 15 �C (O), 25 �C (C), 35 �C (B) and 45 �C (A). (b)

LiCl (:), NaCl (C) and KCl (O), all 5 mmol kg�1 and 15 �C. Lines are
best fits according to eqn (2)–(6).

This journal is ª The Royal Society of Chemistry 2012
LiCl shift the inflection point toward smaller RHPC:L values and

the observed heat effects are smaller than the corresponding

data in water. These results reveal specificity of the interactions

between the HPC and the Laponite RD triggered by the

presence of electrolytes, which can alter the energetics of

the adsorption process as well as the HPC/Laponite RD

stoichiometry of interaction.

The DHi vs. RHPC:L S-shaped curve reflects a single adsorption

process interpretable by means of simple models, which have

been revealed successful for the adsorption of macromolecules

onto nanoparticles in water.23,26,27 We assume that Laponite RD

exhibits a total moles of adsorption sites per litre of water (St)

given by23

St ¼ Z[ML] (2)

where [ML] is the Laponite RD concentration in formula unit

molarity and Z is the moles of sites contained in 1 mole of

Laponite RD formula unit.

The equilibrium constant is

Kads ¼ S1�
Mpw

�
Sf

(3)

where S1 represents the moles of sites per litre of mixture

occupied by the polymer, whereas Sf is the moles of free sites per

litre of mixture; [Mpw] stands for unbound polymer molarity.

The injection heat for the ith titration step is given by

Qi ¼ Qj � Qj�1 + (Qj + Qj�1)Va/2Vc (4)

For the jth and (jth � 1) states before and after the ith addition

step the corresponding Qj and Qj�1 are

Qj ¼ [MP]jVcDH
�
ads[Xads]j (5)

Qj�1 ¼ [MP]j�1VcDH
�
ads[Xads]j�1 (6)

where DH�
ads is the enthalpy of adsorption per mole of polymer,

Vc is the cell volume and Xads is the fraction of adsorbed polymer

controlled by the equilibrium constant.

Note that the third term at the right hand side of eqn (4) is the

correction for the displaced volume.28

According to eqn (2)–(6) the experimental data (Fig. 2) were

successfully fitted and provided Kads, Z and DH�
ads. The mini-

mizing procedure was performed by means of the non-linear

least-squares fitting based on the Levenberg–Marquardt

algorithm.

The standard free energy and entropy for the adsorption

process were calculated as:

DG�
ads ¼ �RTln Kads, TDS

�
ads ¼ DH�

ads � DG�
ads (7)

From the Z value, the adsorbed amount of HPC (Z*) per

Laponite RD surface area was calculated by using the Laponite

RD specific area of 200 m2 g�1.24,29

The adsorption of the polymer at the solid/liquid interface is

entropy driven. As Fig. 3 shows, DS�
ads and DH�

ads compensate

for each other, and their temperature slope is negative. Such

a compensation is a real phenomenon related to the hydrophobic

effect as proved by a statistical test30,31 applied to our data. As
Soft Matter, 2012, 8, 3627–3633 | 3629



Fig. 3 Standard free energy (C), enthalpy (:), entropy (O) and

stoichiometry (B) for the HPC adsorption onto aqueous Laponite RD at

various temperatures.

Fig. 4 Standard enthalpy and entropy for the HPC adsorption onto

aqueous Laponite RD in the absence and the presence of LiCl, NaCl and

KCl, all 5 mmol kg�1 and 15 �C.
concerns Z*, it exhibits a slight change with temperature with

a maximum at 25 �C (Fig. 3).

The salts do not affect the mechanism of adsorption but they

slightly enhance the adsorption process (see DG�
ads in Table 1)

making the HPC less soluble in water.9 Compared to the values

in water, DH�
ads increases in the presence of LiCl and KCl, while

it decreases in the presence of NaCl (Fig. 4). A similar trend was

observed for the Z* values (Table 1).
Table 1 Standard free energy and stoichiometry for the HPC adsorption
onto Laponite RD in water and in the presence of LiCl, NaCl and KCl,
all 5 mmol kg�1 and 15 �Ca

DG�
ads Z*

Water �26.7 � 0.8 1.88 � 0.06
LiCl �31.1 � 0.9 1.60 � 0.02
NaCl �31.3 � 0.6 1.97 � 0.03
KCl �32.4 � 1.1 1.56 � 0.02

a Units are: DG�
ads, kJ mol�1 and Z*, mg m�2.

3630 | Soft Matter, 2012, 8, 3627–3633
Diffusion of aqueous Laponite RD in the presence of HPC

In the investigated HPC concentration regime, the scattering

intensity of the polymer solution, in the absence of nanoparticles,

was very low and it did not allow us to obtain a reliable corre-

lation function to determine the HPC diffusion coefficient. The

fact that Laponite RD can be easily monitored while HPC

appears invisible is ascribable to the dispersed material–water

contrast differences, given by the refractive indexes. In partic-

ular, for Laponite RD,32 HPC33 and water the refractive index

values are 1.51, 1.34 and 1.33, respectively. Nevertheless, the

results obtained for the aqueous Laponite RD/HPC mixtures are

rather interesting. As Fig. 5 shows, the hydrodynamic radius (Rh)

linearly increases with the RHPC:L. Even if the polymer does not

scatter much in water, one can ascribe such an increase to the

polymer adsorption onto the solid surface. In fact, the Laponite

RD particle covered byHPC has a slower dynamics than the bare

Laponite RD and it maintains a sufficient scattering intensity.

The maximum change in Rh is of ca. 20 nm and it is of the same

order of magnitude of the variation observed25 for adsorbing
Fig. 5 Apparent hydrodynamic radius of HPC/Laponite RD mixtures

in the aqueous phase as a function of their mole ratio.
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poly(ethyleneglycols) with a molecular mass similar to the

present HPC.
Differential scanning calorimetry studies

It is well known that HPC undergoes phase separation upon

heating because the water cages surrounding the hydrophobic

moieties of the polymer molecule melt.6 The addition of Laponite

RD generates a big effect on the cloud behavior of the polymer;

namely, tC increases describing a sigmoidal profile (Fig. 6), which

indicates that the role of the Laponite RD on the HPC solubility

is rather complex. The enlargement of the one-phase region in the

presence of Laponite RD may be a consequence of the HPC

adsorption onto the solid surface; in other words, the amount of

free HPC is decreased and the solubility is increased. We also

monitored the effect of the electrolytes and, in particular, NaCl

and KCl were selected because they exhibited different adsorp-

tion behavior onto the Laponite RD surface. It is rather

intriguing that the presence of just 5 mmol kg�1 of electrolytes

generates a tC which diminishes upon Laponite RD addition

(Fig. 6). It appears that the electrolytes play a relevant salting out

effect in the presence of Laponite RD because not only they

cancel the improvement of the HPC solubility created by the

nanoparticles but also make tC lower than the value in water

(Fig. 6).

Salts lower the HPC cloud-point transition temperature in

water but at a concentration much larger than those investigated

here.9,20,34 Xia et al.34 ascribed such an effect to the weakening of

hydrogen bonding between HPC and water. The mechanism that

salts act indirectly on HPC precipitation through its exclusion
Fig. 6 Dependence on the Laponite RD concentration for temperature

and enthalpy of the HPC phase separation in the absence (C) and the

presence of NaCl 5 mmol kg�1 (B) and KCl 5 mmol kg�1 (:).

This journal is ª The Royal Society of Chemistry 2012
from the condensed phase was also invoked.9,20,34 Our systems

are rather complex and the presence of the nanoclay generates

a more relevant salt effect on the HPC cloud behavior.

As concerns DHC, it diminishes upon the nanoclay addition

and the presence of Laponite RD 2.5 wt% reduces the enthalpy

by one order of magnitude (Fig. 6). The electrolytes do not much

alter DHC whatever is their nature (Fig. 6). The DHC change in

the presence of Laponite RD is consistent with the reduced

number of macromolecules that undergo the phase separation as

a consequence of their interactions with the nanoparticles.
Surface tension of the aqueous HPC solutions in the presence of

Laponite RD and NaCl

To understand in a comprehensive manner the role played by the

electrolyte and the nanoparticles on the HPC behaviour at the

interface, the surface tension (g) investigation was extended to

the HPC + Laponite RD + NaCl + water mixtures by changing

the polymer concentration (CP, wt%) and keeping constant the

concentrations of NaCl (5 mmol kg�1) and Laponite RD

(0.4 mmol kg�1). For a comparison purpose, the HPC + water

and HPC + NaCl + water mixtures as functions of CP were also

studied.

As Fig. 7a illustrates, HPC strongly lowers g of water even at

very low concentration and the values agree with the literature

reports.35 The presence of NaCl does not alter much g values.

The Gibbs equation applied to g data of HPC in water and

water + NaCl mixture allowed us to estimate the HPC surface
Fig. 7 Surface tension of aqueous HPC mixtures as a function of the

polymer concentration: (a) the solvents are water (C) and water + NaCl

(B); and (b) the solvents are water + Laponite RD (C) and water +

Laponite RD + NaCl (B). CL ¼ 0.033 wt%; mNaCl ¼ 5 mmol kg�1. The

line is the fraction of non-adsorbed HPC calculated from ITC data

(see text).
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area (AP), that is, 49.7 � 1.3 and 61.1 � 1.1 m2 g�1, respectively.

From the model-projected surface areas36 the AP value of ca.

1800 m2 g�1 is obtained and therefore one can conclude that the

polymer at the interface presents loops and tails to a large extent.

Such a configuration agrees with the polymer hydrophilic nature.

Similar conclusions were drawn37 by surface light scattering

experiments, which also showed that the HPC molecular mass

does not play a relevant role. Moreover, we can state that the salt

addition generates a slightly more flat polymer layer configura-

tion than that observed in water. This result can be explained

considering that the presence of NaCl reduces the HPC solubility

in water because the salt apparently weakens the hydrogen

bonding between HPC and water34 and the polymer escapes from

the solvent to the interface, consequently.

The Laponite RD addition is very intriguing (Fig. 7b) because

it dramatically alters not only the g values but also the shape of

the g vs. CP trend. Namely, in the low CP regime, it generates g

values larger than those in the corresponding solvent (water or

water + NaCl) without Laponite RD. This finding is consistent

with the HPC adsorption onto the Laponite RD surface, which

lowers the polymer chemical potential in solution and therefore g

increases. Upon the polymer addition, g suddenly decreases

approaching a constant value that is close to the value in the

absence of Laponite RD. As Fig. 7b shows, NaCl does not alter

the g vs. CP trend in the presence of Laponite RD.
Discussion

The adsorption of a polymer at the solid/liquid interface involves

a series of microscopic aspects that can differently contribute to

the energetics of the entire process.

In particular, one observes the partial rupturing of the water–

polymer and water–nanoparticle bonds and the formation of

polymer–nanoparticle interactions. Given that DH�
ads <

0 (Fig. 3), the polymer–nanoparticle interactions are the domi-

nant forces. This finding agrees with reports23 on the adsorption

of poly(ethylene-glycol), poly(propylene-glycol) and Pluronics

onto Laponite RD. The entropy change, in principle, is the result

of three contrasting effects: (i) the loss of configuration freedom

of the polymer in the adsorbed state; (ii) the release of ions from

the Laponite RD surface caused by the polymer adsorption and

(iii) the water release (de-hydration) from the polymer. The

strong entropy change confirms that the constraints of the

polymer motion at the solid/liquid interface are the dominant

entropic factors (Fig. 3). Nowicki38 calculated that the polymer

attached to the colloidal particle decreases its entropy. This result

agrees with the Rh data that indicate a large number of contact

points between the polymer and the nanoparticle. This result is

peculiar for polymer adsorbed onto disk-like nanoparticles as

also evidenced by neutron scattering experiments.27,39 Differ-

ently, spherical nanoparticles lead to a hairy adsorbed polymer

layer and in this case the adsorption was entropy driven.40

Temperature change affects the energetics of the adsorption

process but the entropy–enthalpy compensation generates little

changes in the DG�
ads with temperature. Concerning this aspect it

is noteworthy to highlight the importance of direct measure-

ments of thermodynamic properties. The issue on the compara-

bility of the enthalpy derived from van’t Hoff and calorimetric

methods is still a debated matter.41–43 In our case, based on the
3632 | Soft Matter, 2012, 8, 3627–3633
negative enthalpy change and the van’t Hoff equation, one

would expect a positive DG�
ads vs. temperature slope, that is

opposite to the experimental findings (Fig. 3). The correlation of

DG�
ads to temperature through the classical van’t Hoff equation

might be inappropriate because of the presence of supramolec-

ular interactions (stoichiometry and polydispersity), which might

be largely influenced by temperature variation. For the polymer/

cyclodextrin inclusion complex formation, discrepancy between

the enthalpies derived by the two methods was observed.44 In our

case, we found that the Z* parameter is not constant (Fig. 3) and

therefore the dZ*/dT contribution should be considered in the

van’t Hoff approach. Actually, this correction term cannot be

rigorously calculated and, furthermore, if charged systems are

considered (like Laponite RD) the dZ*/dT contribution can be

the dominant effect due to the large pre-factor of the dZ*/dT

derivative and the non-null derivative value42 as observed here

(Fig. 3). Nevertheless, it is straightforward that only the calori-

metric experiments provide direct and unambiguous insights into

the heat exchange occurring during a given process and this is

particularly important for supramolecular associative processes

in solution.23,44–47

As soon as the thermodynamics of the process in the bulk

phase is well described, the aqueous phase/air interfacial prop-

erties can be quantitatively interpreted. The g vs. CP profile can

be understood to the light of the fraction of free HPC in solution

XHPC,f (calculated from the adsorption isotherm data). Fig. 7b

illustrates that XHPC,f is nearly negligible at low CP while it

increases reaching a nearly unitary value at larger concentration.

It is interesting that the shapes of the curves in Fig. 7b are rather

similar and that to the sharp XHPC,f change corresponds the

sharp g decrease. From this evidence one deduces that the step-

like change in the g vs. CP profile in the presence of Laponite RD

reflects the saturation of the nanoparticles surface and that the

polymer covering Laponite RD is not surface active or, at least, it

is less surface active than the unbound polymer.

The salt addition might represent a strategy to control the

structure of the HPC-covered Laponite RD. It is known that the

HPC solvophilicity in water can be influenced by concentrated

monovalent salts9,20,34 and that the Laponite RD + water mixture

is strongly sensitive to electrolytes.22 We showed that the cloud

point of HPC can be altered by adding the clay nanoparticles and

that, compared to HPC in water, HPC in water + Laponite RD

has a cloud behavior very sensitive to the salt addition.

The HPC adsorption isotherms in the presence of salts showed

a peculiarity of NaCl (Table 1). This effect reflects neither the

change of the hydrated ionic radii of the cations nor the chaot-

ropic series. On the other hand one has to consider that the

Laponite RD nanoparticles are charged because they release Na+

ions from the disk-face surface into the aqueous phase. Thus, one

may suppose that the NaCl effect is ascribable to the sodium

common ion. To clarify this aspect one can calculate that under

our experimental conditions and considering a charge of �700e

for each disk,22 the Laponite RD dissociation generates a sodium

concentration in solution of ca. 4 mmol kg�1. Being that this

value is comparable to the concentration of the added salt, one

expects that the ion release from Laponite RD is reduced in the

presence of NaCl due to the common ion effect. To the light of

this calculation one supposes a slightly small contribution of the

Laponite RD dissociation to DH�
ads. Consequently, the decrease
This journal is ª The Royal Society of Chemistry 2012



of DH�
ads in NaCl is explained as well as the opposite results of

other salts for which the common ion effect cannot be invoked.

The common ion phenomenon takes into account the Z* values

that evidence the NaCl peculiarity (Table 1). Accordingly, LiCl

and KCl decrease the maximum amount of HPC adsorbed per

Laponite RD cell unit mole while NaCl does not alter the stoi-

chiometry of the adsorption process. The negligible influence of

NaCl on the aqueous phase/air surface properties agrees with the

unchanged polymer/Laponite RD stoichiometry upon NaCl

addition as evidenced by ITC experiments.

Conclusions

The aim of the work was designing nanostructures in aqueous

media that are inexpensive, biocompatible, environmentally

friendly and advanced for potential specific purposes. Calori-

metric experiments allowed us to determine the thermodynamics

of the adsorption of a thermosensitive polymer HPC onto the

nanoclay surface in aqueous solution. From the ITC data anal-

ysis it emerged that the adsorption process is favored and

enthalpy driven. The HPC freedom at the nanoparticle/aqueous

phase interface is reduced compared to that in the bulk phase.

The knowledge of the adsorption equilibrium in the bulk allowed

us to explain the air/solution interface properties. The role played

by the salt addition is also interesting because the HPC cloud

point in the presence of Laponite RD is highly affected and the

polymer adsorption onto the nanoparticle is sensitive to the

nature of the electrolyte showing a peculiarity for sodium ion

that is the one released by Laponite RD.

The importance of direct measurements of the thermodynamic

properties in supramolecular systems is remarked for a correct

interpretation of the energetics of the involved processes.

We conclude that the nanoparticles functionalization triggered

by temperature and/or inorganic salts opens up new routes for

the control of the solid surfaces with the aim of obtaining smart

materials.
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ABSTRACT: Halloysite clay nanotubes are functionalized by
exploiting the different charges between the inner positive and
the outer negative surfaces; accordingly, a selective adsorption
is pursued by employing anionic and cationic surfactants. The
obtained hybrid materials dispersed in aqueous phase are
studied from the physicochemical viewpoint to investigate the
colloidal stability that is a crucial parameter for applications. It
is demonstrated that the adsorption of anionic surfactant into
the HNTs lumen increases the net negative charge of the
nanotubes enhancing the electrostatic repulsions and con-
sequently the dispersion stability. The solubilization capability
of these functionalized nanotubes toward hydrophobic
compounds is demonstrated. This paper puts forward an easy strategy to prepare hybrid materials, like inorganic micelles,
that can be used in water for solubilization and delivery of a hydrophobic compound by taking advantage of the sustainable and
biocompatible properties.

■ INTRODUCTION

The demands of applications in several fields (pharmaceutical,
optical, and environmental) have induced research in the past
decade to manipulate the chemico-physical properties of
nanostructures through the control of the chemistry of the
constituents as well as the morphology of these structures. The
functionalization of inorganic nanoparticles has been explored
to improve the nanoparticles dispersal and properties in
aqueous media.1−3 Emerging nanoparticles are carbon nano-
tubes (CNTs) to which consistent research has been addressed;
accordingly, in the past decade thousands of papers have been
published with a continuous trend and several of them were
devoted to the stabilization of aqueous CNTs dispersions.4

Indeed, other interesting nanotubes that are promising
components for various hybrid materials are represented by
clays: imogolite5 and natural halloysite6 (HNTs). In recent
papers,6,7 Lvov stated that HNTs are cheap, abundant, durable,
and biocompatible, but at the same time, they are not yet well
investigated in view of exploring the chemistry of the inner and
outer surfaces, which differ in the charge. The HNT external
surface is composed of Si−O−Si groups, whereas the internal
surface consists of a gibbsite-like array of Al−OH groups
conferring the negative and positive charge at the outer and
inner surfaces in a wide pH range in water.6,8 HNTs are quite
polydisperse in size; their length is between 0.1 and 2 μm, and
the outer and inner diameters are ca. 30−50 and 1−30 nm,
respectively.6 In the past decade, the number of papers
published within this topic is relatively low (ca. 100, half of
which are from the last five years) compared to those dealing
with the carbon nanotubes. Nevertheless, studies demonstrated

the potential applications of these nanomaterials over different
fields. The TiO2/HNTs composite showed high photocatalytic
activity on the degradation of methanol.9 HNTs were used as
nanoreactors for biomimetic reactions10,11 and to synthesize
insulated silver nanorods employed as antimicrobial additives
for polymer composites.12 The release control with end
stoppers was exploited to obtain healing anticorrosion
coatings.13 HNTs was employed in the preparation of
composites with humidity control ability.14 The catalytic
performance of Ru/HNTs was not comparable to that of
Ru/carbon nanotubes but the natural HNTs make them
advantageous being available at low price and abundant over
the world.15 The HNTs were magnetized with the view of
separating them upon application of an external magnetic field,
leading to a fast and selective recognition of contaminants from
aqueous phases.16 The inner and the outer surface chemistry of
clay nanotubes were selectively modified, and the modified
lumen adsorbed more ferrocene than the pristine nanotube
leading to a new class of inorganic micelles.17 Dispersions of
HNTs in water were prepared and their stabilization was
improved by adding polymers such as amylose,18 DNA,19 and
pectin.20 Even if a deep comprehension of the stabilization
mechanism is absent, Shamsi et al.19 claim that the DNA wraps
the HNTs generating a steric barrier toward their aggregation
in water and therefore the stabilization of the dispersion.
Moreover, the preparation of HNTs/surfactant supramolecular
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hybrids can lead to inorganic micelles that are, in principle,
smart materials useful for solubilization and delivery of
hydrophobic compounds. This route can be an alternative to
the use of a polyelectrolyte/surfactant mixture to obtain self-
assembled ones with a tuned structure and the required
properties for specific applications.21,22

■ EXPERIMENTAL SECTION
Materials. Sodium dodecanoate (NaL), decyltrimethylam-

monium bromide (DeTAB), n-decane, and KCl are Sigma
products. The structure of the surfactants are given in Chart 1.

Halloysite nanotubes (HNTs) was a gift from Applied
Minerals. All of the materials were used without further
purification. Water from reverse osmosis (Elga model Option
3) with a specific resistivity greater than 1 MΩ cm was used.
Preparation of HNTs Functionalized with Surfactants.

The aqueous solutions of NaL and DeTAB were prepared at
0.1 mol kg−1, which roughly corresponds to 20 mg cm−3 in

both cases. To a given aliquot of each surfactant solution was
added a certain amount of HNTs. The obtained dispersion was
magnetically stirred for ca. 48 h and left to equilibrate for ca. 10
days. The dispersions were centrifugated to separate the solid
phase that was rinsed several times with water. The supernatant
was dried at 80 °C by obtaining the solid phase. Both solids
were investigated by means of thermogravimetric analysis (TG)
to estimate the surfactant/HNTs ratio.

Methods. Turbidity experiments were performed on an
Analytic Jena Specord S 600 BU at 600 nm using a quartz
cuvette. To determine the kinetics of sedimentation, the HNTs
and surfactant functionalized HNTs dispersions (1 wt %) were
prepared and stirred vigorously for 15 s before the starting the
experiment. The composition of the hybrid materials was
RS/HNTs = 0.09 weight ratio for NaL/HNTs and RS/HNTs = 0.01
weight ratio for DeTAB/HNTs. FT-IR spectra were
determined at room temperature in the spectral region 400−
4000 cm−1 using a Frontier FT-IR spectrometer (Perkin-
Elmer). The spectral resolution is 2 cm−1. The dynamic light
scattering (DLS) measurements were performed at a scattering
angle of 90° by means of a Brookhaven Instrument apparatus
composed of an BI-9000AT correlator and a He−Ne laser (75
mW) with a wavelength (λ) of 632.8 nm. The field-time
autocorrelation functions were well described by a mono-
exponential decay function, which provides the decay rate (Γ)
of the single diffusive mode. For the translational motion,23 the
collective diffusion coefficient at a given concentration is Dt =
Γ/q2 where q is the scattering vector given by 4πnλ−1 sin(θ/2),
where n is the water refractive index and θ is the scattering
angle. ζ-potential measurements were carried out by means of a

Chart 1. Structural Formula for Sodium Dodecanoate (NaL)
and Decyltrimethylammonium bromide (DeTAB)

Figure 1. FTIR spectra of HNTs, surfactants, and surfactant + HNTs hybrid materials.
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ZETASIZER NANO ZS90 (Malvern Instruments). For DLS
and ζ-potential experiments the HNTs/surfactant ratios are
NaL/HNTs (RS/HNTs = 1.78 weight ratio) and DeTAB/HNTs
(RS/HNTs = 21.2 weight ratio). It has to be noted that the
surfactant concentration in water is kept far below the critical
micellar concentration reported in the literature.24,25

The functionalized nanotubes were imaged by using a
microscope ESEM FEI QUANTA 200F. The HNTs/surfactant
ratios for SEM measurements are same as above. Before each
experiment, the sample was coated with gold in argon by means
of an Edwards Sputter Coater S150A to avoid charging under
electron beam.
The thermogravimetric analyses were done by using a Q5000

IR apparatus (TA Instruments) under the nitrogen flow of 25
cm3 min−1 for the sample and 10 cm3 min−1 for the balance at
the heating rate of 10 °C min−1. Temperature spanned from
ambient to 900 °C. The surfactant/HNTs ratio was determined
from the residual matter at 900 °C following a well established
procedure in the literature.20,26 Thermogravimetric volatiliza-
tion of liquids method was used to determine the loading ability
of functionalized and pristine HNTs toward decane. To this
purpose, the dried powders were kept in pure decane for ca. 10
h under vacuum and then separated by centrifugation. The
solid material was then dried on filter paper and analyzed.
The surface tension experiments were carried out by using a

programmable tensiometer (KSV Sigma 70) equipped with a
Wilhemy plate at 25.0 ± 0.1 °C. The platinum plate was
lowered to the surface of the solution, and the downward force
to the plate was measured. Surface tension was obtained as the
force divided by the perimeter of the plate.27 A concentrated
surfactant solution was added to either water or aqueous HNTs
dispersion to obtain various surfactant concentrations. Each
surface tension value is the average of three determinations and
its precision is 0.1 dyn cm−1.

■ RESULTS AND DISCUSSION
We intend to design, prepare, and characterize Halloysite clay
nanotubes (HNTs) functionalized with anionic and cationic
surfactants, which are selectively adsorbed at the inner and the
outer surface of the nanotube, respectively. The surface
modification was done with the motivation of (1) controlling
the colloidal stability of HNTs in aqueous media and (2)
obtaining hybrid material with potential capability to solubilize
hydrophobic compounds.
Adsorption of Surfactant onto Halloysite Nanotubes:

Preparation of Inorganic Micelles. The inner positive and
the outer negative surfaces of HNTs can be exploited for a
selective functionalization operated by surfactants and therefore
for a perfect tailoring of the structure/properties of the
obtained hybrid material. To this aim we selected sodium
dodecanoate (NaL) and decyltrimethylammonium bromide
(DeTAB), which possess negative and positive head groups,
respectively.
The FTIR measurements proved the surfactant adsorption

onto the HNTs as they evidence the characteristic bands of
surfactant and HNTs into the solid samples (see figure in ESI).
Moreover, these experiments provided insights on the
interactions between surfactant and HNTs. In the case of
NaL (Figure 1), it is interesting to analyze the stretching band
of the carboxylate group that for the pristine surfactant shows a
single sharp peak at 1559.2 cm−1, whereas for the NaL/HNTs
mixture, the stretching of the carboxylate group is split into two
peaks (1541.4 and 1578.1 cm−1). It likely occurs that NaL

entrapped into the lumen by attractive electrostatic forces
interacts preferentially with one oxygen atom, and the
delocalization of the negative charge along the carboxylate
group of NaL is no longer present. Consequently, the band at
1541.4 cm−1 reveals the O−C stretching in the presence of the
HNTs interactions, and the band at 1578.1 cm−1 is related to
the stretching of CO not interacting with the surface. As
concerns DeTAB, the bands for the CH2 asymmetric stretching
mode and symmetric stretching mode28 (at 2927 and 2855
cm−1) are shifted to 2918 and 2851 cm−1, respectively, (Figure
1) in the presence of HNTs. A similar effect was observed for
cetyltrimethylammonium bromide intercalated into the gallery
of montmorillonite clay and was related to the surfactant
loading level and interlayer packing density.29 Therefore, the
molecular environment of the adsorbed DeTAB assumes a
more solid-like packed feature.30

The ζ-potential experiments revealed interesting consequen-
ces of the adsorption of both surfactants onto HNTs. The net
negative charge of HNTs in water generates the ζ-potential
value of −19.4 mV in agreement with the literature.31 DeTAB
produces an inversion of the HNTs charge with a potential of
+8.9 mV, whereas NaL enhances the negative ζ-potential up to
−66.6 mV. These changes agree with the effective surfactant
headgroup charge as positive alkylammonium bromide groups
neutralize a certain number of negative sites of the external
surface generating a total positive charge. The NaL entrapment
into the HNTs lumen cancels out the inner positive charges
and creates an increase in the total negative charge of HNTs;
the latter new nanomaterials are expected to be stabilized in
aqueous dispersion as a consequence of electrostatic repulsions.
The diffusion dynamics of functionalized HNTs in water

evidenced clear differences between the two kinds of
functionalized HNTs. The NaL/HNTs nanostructures present
values for the average translational diffusion coefficients (Dt)
close to those reported20 for bare HNTs in water (9.4 × 10−13

m2 s−1) indicating that they possess the same diffusion dynamic
behavior in water of single diffusive nanotubes (Figure 2). The

differences between the two hybrid systems can be explained by
remembering that the DeTAB adsorption generates a
dispersion with a stability lower than that based on NaL.
Moreover, the tendency to form large aggregates in the
presence of DeTAB is also favored by the presence of
hydrophobic attractive interactions generated by the chains of
the cationic surfactant adsorbed onto the HNTs outer surface.
Going further, by considering the friction coefficient for a
cylindrical object,32 one can calculate the average number of
HNTs assuming a certain geometry for the DeTAB/HNTs

Figure 2. Diffusion coefficient as a function of the aqueous HNTs
concentration in water of hybrid surfactant/HNTs.
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system and the experimental Dt value. In particular, a diffusion
coefficient 3 times smaller than those for a single nanotube
(Figure 2) can be obtained by considering either an end-to-end
arrangement of ca. five nanotubes or one nanotube surrounded
by ca. three HNTs layers in a close compact side-by-side
arrangement. Of course a combination of the two config-
urations is possible being the side-by-side arrangement the
most likely case due to the hydrophobic interactions.
To quantify the adsorption efficiency, different amounts of

HNTs (CHNTs) were added to a given surfactant solution, and
the surfactant/HNTs weight ratio (RS/HNTs) in the solid phase,
obtained from precipitation, was determined by means of
thermogravimetric analysis (TG). The adsorbed amount for
NaL is much larger than that for DeTAB (Figure 3) despite the

larger outer surface area of the halloysite. Nevertheless, by
simple geometric considerations based on the different charges
of HNTs surface and the headgroup areas for DeTAB33 (1.15
nm2) and NaL34 (0.1 nm2) and assuming a monolayer
adsorption of the cationic and anionic surfactant at the outer
and inner surface, respectively, one calculates that the expected
adsorbed amount of NaL is 3.5 times larger than that of
DeTAB in agreement with our experimental results.
The adsorption of NaL and DeTAB onto the HNTs in

aqueous dispersion was monitored also by means of surface
tension experiments. In this case, a certain amount of HNTs
was dispersed in water and the surface tension (γ) measured as
a function of the surfactant concentration (Figure 4). The
presence of HNTs generates an increase of γ that is consistent
with the surfactant adsorption onto the HNTs surface and the
consequent lower surfactant chemical potential in the aqueous
phase. By comparing these curves with those in water, one can
conclude that NaL is adsorbed more efficiently than DeTAB in
agreement with the TG data.
Direct observation of the surface morphology of surfactant/

HNTs materials was carried out by SEM (Figure 5). A fibrous
mesoscopic structure is obtained for NaL/HNTs, whereas a
compact material is imaged for DeTAB/HNTs. The NaL based
sample showed very clearly the presence of several HNTs
(Figure 5a,b) with sizes comparable to those observed for the
pristine HNTs sample.20 In the case of DeTAB, the HNTs
presence at the surface is rare as only a few nanotubes have
been imaged (Figure 5c,d). This result can be explained by
assuming that HNTs are mainly hidden in the bulk of the
DeTAB/HNTs material, and it is also in agreement with the
smaller HNTs content in this composite as it is shown by the

RS/HNTs values of 1.78 and 21.2 obtained for NaL/HNTs and
DeTAB/HNTs, respectively, from TGA data.
Based on all of the above results, HNTs charge distribution,

and surfactant headgroup nature, one may define the
consequent structure for the hybrid nanomaterials illustrated
in Figure 6.

Properties of Functionalized Halloysite. The selective
manipulation of HNTs allows us to modify the hydrophilic/
hydrophobic character of the nanostructures which can be
exploited for specific purposes. With this in mind, we explored
(i) the stability of the hybrid nanomaterials in water and (ii) the
adsorbent ability of pristine and functionalized HNTs toward a
hydrophobic compound.

Figure 3. Surfactant/HNTs weight ratio in the solid phase separated
from 0.1 m surfactant solution containing variable amounts of HNTs.

Figure 4. Surface tension as a function of the surfactant concentration
in the absence and the presence of HNTs.

Figure 5. Scanning electron microscopy images of NaL/HNTs (a and
b) and DeTAB/HNTs (c and d). The bars are 2 μm (a, c, and d) and
500 nm (b).
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i. Stability of Surfactant-Functionalized Halloysite Dis-
persion in Water. Obtaining stable HNTs dispersions in water
is a crucial issue in view of their applications like nano-
containers, delivery systems, and so on. The aqueous phase
obtained after equilibration of HNTs dispersions, in the
presence of NaL and DeTAB both at 0.1 mol dm−3, was
investigated by TG to determine the eventual residual
concentration of HNTs (CHNTs,w). Data in Table 1 show that
the HNTs amount dispersed in solution is significantly higher
in the presence of NaL.

To evaluate the mechanism controlling the stabilization of
the dispersion, the kinetics of sedimentation of pristine and
surfactant functionalized HNTs in water was studied by means
of turbidimetry. Figure 7 shows that the sedimentation is highly
influenced by the surfactant nature being strongly slowed down
by NaL. The turbidity value after equilibration follows the order
NaL > water > DeTAB indicating that the anionic surfactant is
the proper and efficient stabilizing agent for the HNTs
dispersion whereas DeTAB enhances the sedimentation.
The colloidal stability can be explained by considering the

hydrophobic interactions as well as the electrostatic effects. As
observed by DLS experiments, the DeTAB/HNTs system has
the tendency to form aggregates due to the hydrophobic
attractive interactions generated by the cationic surfactant
adsorbed onto the HNTs outer surface. This phenomenon is
absent in the presence of NaL that adsorbs at the HNTs lumen,
and therefore, the NaL/HNTs dispersion stability in water is
higher.
The electrostatic interactions evidenced by ζ-potential

measurements lead to the same conclusions. Namely, the
larger stability in the presence of NaL is explained in terms of
enhancement of the repulsive electrostatic forces between NaL
functionalized HNTs. Moreover, the lower ζ-potential value for
the DeTAB based system agrees with the worst dispersion
stability.
The DLVO theory establishes that the stability of a colloidal

suspension depends on the balance between attractive van der
Waals forces and electrostatic repulsion caused by the double
layer surrounding each particle.35 Therefore, both ζ-potential
and width of the electric double layer contribute to the total
repulsive force. Based on this theory one predicts that higher
ionic strength leads to a screening of the electrostatic repulsion

due to the contraction of the double layer width. This theory
was successful in interpreting the dispersion stability of carbon
nanotubes in aqueous media.36,37

To investigate the key role of the electrostatic interactions in
controlling the stability of aqueous HNTs hybrid materials
dispersions, we measured the turbidity under variable ionic
strength conditions. NaL modified HNTs are strongly
destabilized by KCl according to the salt screening effect.
The DeTAB modified HNTs sedimentation is only slightly
affected by the ionic strength because the system is already
destabilized in water (Figure 7).

ii. Exploiting Surfactant-Functionalized Halloysite in
Entrapping a Hydrophobic Compound. The sample of each
nanostructure (dried powder) was equilibrated with pure
decane; after separation, the solid material was analyzed by
thermogravimetric volatilization method to monitor the
eventual presence of decane. The volatilization rates (Figure
8) clearly illustrate that neither HNTs nor DeTAB/HNTs are
able to entrap the decane, whereas NaL/HNTs incorporates
the hydrophobic oil. The pristine HNTs have polar internal and
external surfaces and therefore a low affinity to decane is
expected. Comparing the structure of the two hybrid HNTs, it
emerges that NaL/HNTs is the only one with a hydrophobic
compartment evoking the formation of inorganic micelles
(Figure 6). The confinement of the decane into the
functionalized HNTs cavity can be confirmed by the temper-
ature at the maximum volatilization rate (Tm). Our results show
a Tm decrease of ca. 40 °C. According to the Gibbs−Thomson
effect, a shift of Tm to a value lower than that of pure decane is
expected in a confined environment. Therefore we conclude
that most of the decane is confined inside the cavity of the NaL
functionalized HNTs (ca. 7 wt %). Considering that the HNTs
cavity is ca. 10% of the full volume, the large loading value

Figure 6. Illustration of the hybrid surfactant/HNTs materials.

Table 1. Residual Concentration of HNTs in Aqueous
Suspension (CHNTs,w) in the Presence of Surfactants 0.1 m at
Variable Stoichiometric Nanotubes Concentration (CHNTs)

CHNTs (wt %) CHNTs,w (wt %)

NaL 1.60 0.18
4.29 0.19

DeTAB 2.45 0.023
4.16 0.023

Figure 7. Photographs and transmittance as a function of time for
HNTs and functionalized HNTs dispersions (1 wt %) in water and in
a water + KCl mixture 100 mm.
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indicates that all of the nanotubes are fully filled with decane.
We observed that the NaL/HNTs mixture contains also a very
small amount of the oil outside the cavity (ca. 0.3 wt %) as a
small peak in the volatilization rate is observed at a temperature
coincident with that observed for pure decane.

■ CONCLUSIONS

We prepared new hybrid nanomaterials by exploiting electro-
static forces between ionic surfactants with different headgroup
charges and halloysite nanotubes. A physicochemical study
straightforwardly proved the formation and the stability of
these hybrid materials. We demonstrated that the adsorption of
a negatively charged surfactant, even if it occurs at the inner
surface of the HNTs, generates the higher stabilization effect of
the nanotubes in water while either the cationic surfactant or
the salt addition enhances the precipitation. The HNTs possess
a net negative charge, as a result of the inner positive and the
outer negative surface, and consequently, the selective
adsorption of cationic or anionic surfactants can tune the
electrostatic interactions between particles. The findings on the
colloidal stability are consistent with the DLVO theory. In light
of these results, one can asses that the same mechanism is
behind the stabilization of HNTs aqueous dispersions by means
of negative polyelectrolytes such as DNA19 and pectin20 and
the extended knowledge of HNTs dispersion properties is
fundamental for the applications. Namely, anionic polyelec-
trolytes can be loaded into the cationic lumen and the overall
stability increases as demonstrated in this work.
The functionalization of HNTs with the anionic surfactant

not only generates stable dispersions but also hybrid material
with hydrophobic lumens. Due to this structure, this material
behaves as a sponge, strongly increasing the adsorption capacity
of HNTs toward n-decane.
We provided a valuable platform for the development of new

strategies to prepare smart materials, like inorganic micelles,
easily dispersible in water with a hydrophobic pocket for
current and future solubilization and delivery applications.
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Abstract Nanocomposites of poly(ethylene) glycol

(PEG) 20000 filled with clay nanotubes (HNTs) were

prepared. The thermal properties obtained from thermo-

gravimetry and differential scanning calorimetry were

correlated to the morphology imaged by scanning electron

microscopy. Low amounts of HNTs generate compact

structure while large amounts of HNTs create craters and

voids. The decrease of polymer degradation temperature in

the presence of large amount of nanoclay (ca. 80 wt%) is a

consequence of the morphology at the mesoscale range.

The thermal opposite effect observed in the HNTs low

regime (up to ca. 20 wt%) is due to the gas entrapment into

the nanoparticles lumen. The quantitative analysis of the

PEG 20000 enthalpy of melting in the presence of HNTs

allowed us to characterize the polymer adsorption onto the

nanoclay surface.

Keywords Halloysite � Nanotube � PEG �
Nanocomposite � TG � SEM � DSC

Introduction

Polymer–nanoclay composites are well known in the

nanotechnology and engineering fields. These nanomate-

rials have attracted increased interest in recent years

because of their improved properties with respect to the

pristine polymer, and therefore, their designing may be a

challenging task for applications in several fields. Batteries,

[1] packaging films [2] and membranes for proton

exchange [3] are some examples of potential applications.

In general, thermal properties of materials are crucial to

establish their use in a certain field; a recent review [4]

reported that several polymeric materials are disadvanta-

geous because of fast degradation. Filling polymers with

nanoclays may be a proper strategy to obtain a thermal

stabilization of a polymer and it may produce new

nanomaterials with tunable properties [5].

Among nanoclays, halloysite nanotubes (HNTs) are

newly emerging fillers with interesting properties [6] and

appealing perspectives [7]. Halloysite is a non-toxic [8]

natural alluminosilicate with an unitary cell composed of

Al2Si2O5(OH)4�2H2O and a peculiar hollow tubular shape

(the outer and inner diameters are ca. 30–50 and 1–30 nm,

respectively) [6]. Cancer cell separation, bone implants,

cosmetics, and controlled drug delivery [9] are interesting

examples of HNTs medical applications. Well-dispersed

HNTs into polypropylene [10] and polyamide [11] deter-

mined a thermal stabilization and a mechanical reinforce-

ment of the polymer matrix. The macromolecule nature and

the amount of filler play a key role on both the physico-

chemical properties of nanocomposites and their morphol-

ogy [2, 12]. In this study, we investigated poly(ethylene)

glycol (PEG) as polymeric matrix that is well known for its

several applications and biocompatibility [13]. Keeping in

mind [14] that PEGs may be used as consolidants of

archaeological woods, their filling with HNTs may generate

new advanced nanomaterials for Cultural Heritage applica-

tions. Moreover, the HNTs ability to entrap chemical species

into the lumen was exploited to design anticorrosive films for

metal protection [7].
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Calorimetry and thermal analysis are well-established

techniques for diagnostics of art-work materials [15–17]

because they have been revealed sensitive to even small

intermolecular forces [18, 19]. We properly designed DSC

and TG experiments to obtain direct information on the

thermal behavior of these nanomaterials and, by means of

suitable models, conclusions on the interactions at the

mesoscopic scale were drawn [20, 21]. Performing exper-

iments at variable heating rates (b) is fundamental for a

correct interpretation of the mechanism behind the thermal

response of a polymer [20, 22, 23].

Finally, the morphological insights from scanning

electron microscopy combined with the thermal properties

will elucidate the correlation between structure and

properties.

Experimental

Materials

Polyethylene glycol (PEG) 20,000 g mol-1 is from Fluka.

HNTs is a gift from Applied Minerals Inc. All the materials

were used without further purification. Water from reverse

osmosis (Elga model Option 3) with a specific resistivity

higher than 1 MX cm was used.

Preparation of nanocomposites

The nanocomposites were prepared by the casting method

[2, 12]. In brief, PEG 20,000 g mol-1 was solubilized in

water under stirring at room temperature for 2 h. Then, an

appropriate amount of HNTs was added to the polymer

solution and kept under stirring over night. The well-

dispersed aqueous mixture was poured into glass Petri

dishes under vacuum to evaporate water until weight was

constant.

The composition of nanofiller (CHNTs) expressed as

weight percent (g of filler/100 g of nanocomposite) was

systematically changed.

Methods

Thermogravimetric analysis

The measurements were performed by means of the TGA

Q5000 IR apparatus (TA Instruments) under nitrogen

flow of 25 cm3 min-1 for the sample and 10 cm3 min-1

for the balance. The investigated temperature range was

25–900 �C at b = 10 �C min-1. The sample weight was

ca. 15 mg. The calibration was carried out by means of

Curie temperature of nickel, cobalt, and their alloys stan-

dards. The degradation temperature (Td) of PEG 20000 was

taken at the peak of the first-order derivative curves of

mass to time (DTG curves).

Experiments were also performed to determine the

kinetics of degradation of the polymer into the nanocom-

posites. To this aim, the non-isothermal degradation was

studied by changing b in a very large range (from 2.5 to

500 �C min-1).

Differential scanning calorimetry

The enthalpy (DHm) and the temperature (Tm) of melting

for PEG 20000 were determined using the TA Instruments

DSC (2920 CE) under nitrogen flow atmosphere (flow

rate = 60 cm3 min-1) in the range from 0 to 80 �C at

b = 10 �C min-1. The used pans are in aluminum and

contain ca. 5 mg of the compound. The calibration was

carried out using indium standard. The Tm value was

defined as the onset of the melting endothermic peak. Note

that the DHm value of PEG 20000 (199.6 J g-1) is in a

good agreement with the literature value (197.4 J g-1)

[21]. Furthermore, we investigated the kinetics of crystal-

lization process under non-isothermal conditions by

changing the cooling rate. To this purpose, the sample was

heated to 90 �C and kept for 10 min to eliminate any

previous thermal history; then, it was cooled down to 0 �C

at 2.5, 5, 10, and 15 �C min-1.

Scanning electron microscopy

The morphology of nanocomposites was studied using a

microscope ESEM FEI QUANTA 200F. Before each

experiment, the surface of the sample was coated with gold

in argon by means of an Edwards sputter coater S150A to

avoid charging under electron beam. Minimal electron dose

condition was set to avoid damage of the sample.

Results and discussion

Microscopic structure of nanocomposites PEG

20000/HNTs

SEM micrographs of PEG 20000/HNTs nanocomposites

showed that the filler concentration plays a crucial role in

the microscopic structure of these materials (Fig. 1). In

particular, for CHNTs = 10 wt% the material is compact

with a rough surface where HNTs are clearly evident. The

filler appears well dispersed into the polymer matrix on

both the surface and the core of the material as the

micrograph of the edge shows. The structure is consistent

with the preferential interactions between polymer and

nanofiller, and in particular with the HNTs external
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surface. This argument is based on the consideration that

the entrapment of a macromolecule into the nanotube

cavity would lead to confinement and, therefore, to a

remarkable loss in configurational freedom of the polymer

chain. On the other hand, the entrapment of molecules into

the cavity is expected when preferential electrostatic

interactions with the inner surface of HNTs are possible.

This is, for instance, the case of poly(anions), such as pectin

[2]. Moreover, it is reported that the incorporation of a non-

ionic molecule into the HNTs cavity is obtained if vacuum

is applied to facilitate the release of air from the lumen [24].

For CHNTs = 50 wt% the nanocomposite clearly appears

less compact with several irregular craters (having a size of

ca. 10 lm) present on both the surface and the edge. Such

an open structure favors a faster gas diffusion trough the

material.

Melting of PEG 20000 filled with HNTs

DHm was determined for pristine polymer and nanocom-

posites to evaluate the effect of HNTs on the crystallinity

of PEG 20000. The trend DHm versus the reciprocal of

polymer weight percent (CPEG
-1 ), reported in Fig. 2, shows

that DHm decreases upon the addition of HNTs indicating a

reduction of the polymer crystallinity. At a certain con-

centration (CPEG = 20 wt%) DHm is no more affected by

further HNTs addition. These results are interpreted by

assuming that: (1) some segments of the adsorbed macro-

molecules are radiating away from the surface forming

loops and tails; (2) the portion of polymer in contact with

the HNTs surface cannot melt because of constraints due to

the nanoclay anchoring; and (3) the unbound polymer in the

nanocomposites behaves like the pristine one [20, 21, 25].

Fig. 1 Micrographies for

nanocomposites at filler

concentration (CHNTs) of

10 wt% (left hand side) and

50 wt% (right hand side)
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As a consequence DHm can be expressed by the following

equation:

DHm ¼ xfDH�m þ ð1� xfÞ xtDH�m ð1Þ

where DH�m is the enthalpy of melting of pure PEG 20000,

xf is the fraction of the free polymer, and xt is the fraction

of the segments away from the HNTs surface with respect

to the total adsorbed molecule. The xt value is constant for

a given system while xf depends on both the composition of

the nanocomposite and the CPEG at the saturation point

(cac). The largest amount of PEG 20000 (in g) that can be

associated to 1 g of HNTs (x) was calculated as cac/(100-

cac). The x and xt values obtained from the fitting proce-

dure of data in Fig. 2 are 0.351 and 0.47, respectively.

These values are different than those of PEG 20000/lapo-

nite RD nanocomposites (x = 0.301, xt = 0.12) [21]

because of the diverse specific surface area (Asp) of the two

nanoclays. From geometric consideration, by assuming

x � Asp�xt for a given polymer, we calculated that the

ratio between the specific surface of laponite RD and

that of HNTs is 3.4; that is very close to the value (3.0)

obtained using the Asp determined experimentally by BET

measurements [26].

The addition of HNTs to PEG 20000 generates a

monotonic decrease of Tm in the entire range of investi-

gated composition (Fig. 2). Such a trend can be ascribed to

a good dispersion of the nanofiller into the polymeric

matrix [27, 28].

Non-isothermal crystallization of PEG 20000 filled

with HNTs

DSC measurements at different cooling rates allowed us to

investigate the role of HNTs on the crystallization kinetics

of PEG 20000. Examples of DSC thermoanalytical curves

for a nanocomposite (Fig. 3) evidence that the crystalli-

zation temperature (Tc) of the polymer is slightly higher at

lower cooling rate. From this Tc shift, one can calculate the

activation energy of crystallization (Ec) using the Kissinger

approach [29].

The Ec values slightly decrease by increasing the CHNTs

from -250 kJ mol-1 to -440 kJ mol-1 (Table 1). These

results can be understood by taking into account that

generally Ec for a polymer depends on: (1) a negative

contribution due to the diffusion of the polymer at the

crystalline/amorphous interface [30] and (2) a positive

contribution that reflects the energy requested for the

nucleation of the polymer crystals. Our experimental data

suggest that in the presence of the HNTs, the crystallization

process is more diffusion controlled than in the pristine

polymer.

Thermal degradation of nanocomposites PEG

20000/HNTs

TG experiments were performed to investigate the thermal

degradation of nanocomposites in a wide range of compo-

sition by systematically changing CHNTs. Figure 4 reports

some examples of TG and DTG curves in the investigated

temperature range obtained at b = 10 �C min-1. The poly-

mer resistance to thermal degradation is enhanced in the

presence of HNTs up to a certain CHNTs. This is clearly

evidenced in the trend of Td versus CHNTs (Fig. 5), which

exhibits a maximum at CHNTs & 20 wt% with a thermal
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enhancement of ca. 13 �C. At very large CHNTs, Td drops

reaching values even 12 �C lower than the pristine polymer.

The influence of inorganic nanofillers on the thermal deg-

radation of polymeric matrix is correlated to the nature [10,

21, 25] and morphology [2, 20] of the nanoparticles and it is

discussed in terms of barrier effects toward both mass and

heat transports [12]. In general, the resistance to thermal

stabilization is mainly due to a barrier effect toward the mass

transport of the volatile products when the nanoparticles are

well dispersed into the polymer matrix. The peculiar hollow

tube morphology of HNTs can also generate the entrapment

of degraded products into the lumen [10], and therefore, an

increase of Td. The TG data are well interpreted in the light

of the morphological studies evidencing that at CHNTs &
10 wt% (below the Td maximum), the nanocomposite has a

compact structure with the HNTs uniformly dispersed into

the matrix while a further addition of HNTs (above the Td

maximum) generates a structural deterioration of the mate-

rial with the presence of craters evidenced by SEM experi-

ments. The decrease of the resistance to thermal degradation

observed at high CHNTs could be explained by this open

structure that favors the diffusion of the volatile products of

degradation as observed for PEGs/silica nanocomposites

with a similar morphology [20].

Kinetic studies on the thermal degradation of PEG

20000

The non-isothermal thermal degradation kinetics of PEG

20000 was investigated by TG experiments under differ-

ent b at CHNTs = 0, 35 and 80 wt%. DTG curves show

that an increase of b causes a shift of the peak toward

larger temperatures in agreement with the literature

reports [31, 32]. The kinetic parameters of a process can

be determined from non-isothermal data using many

isoconversional procedures, such as KAS (Kissinger–

Akahira–Sunose) [33], FWO (Flynn–Wall–Ozawa) [34],

other integral methods [35, 36], and their combinations

[37]. These methods provide the activation energy (Ea)

without making any assumption on the reaction mecha-

nism [38, 39]. We determined Ea for the degradation

of PEG 20000 by means of KAS method, which is based

on Eq. 2

ln
b
T2
¼ ln

AR

EagðaÞ �
Ea

RT
ð2Þ

where g(a) is the integral conversion function, A is the pre-

exponential factor while R is the gas constant, and T is the

absolute temperature. The Ea values at each conversion

degree (a) value are calculated from the slope of ln b
T2

versus 1/T plot. Data at b[ 20 �C min-1 were excluded

from this calculation because they are not under thermal

equilibrium conditions. Figure 6 shows the dependence of

Ea on a for pristine polymer and some nanocomposites. We

observed that Ea is not constant with a, and this is an

indication of complex mechanisms for the polymer deg-

radation [40]. Even if the Ea variation with CHNTs is quite

small, in agreement with the Td data, we observed that at
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Table 1 Activation energy of the PEG 20000 crystallization for

pristine polymer and nanocomposites at different CHNTs

Cp (wt%) Ec (kJ mol-1)

100 -250 ± 14

93.96 -280 ± 30

88.20 -310 ± 30

50.58 -440 ± 90
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CHNTs = 35 and 80 wt% the polymer thermal stability is

likely enhanced and reduced, respectively.

Going further we focused on the thermal response under

very fast heating ramp, which can provide information on

the material behavior exposed to thermal shock. It has to be

noted that the DTG curves present a shoulder at ca. 300 �C

for b = 100, 250, and 500 �C min-1 generating a reduc-

tion of the initial onset temperature (Ti) for the polymer

degradation. The time requested for the complete degra-

dation (s) is given by

s ¼ DT

b
ð3Þ

where DT is the difference between the final and initial

onset degradation temperature and corresponds to the

temperature interval within the degradation takes place.

For a given system, under thermal equilibrium conditions,

s depends only on b.

Therefore, the equilibrium DT value was extrapolated

for b ? 0 and the trend s versus b was calculated by

means of Eq. 3 in the entire b range (data are reported in

Supporting Information). One observes that the experi-

mental s data deviate from those computed in the higher b
regime for all the investigated systems. The upper limit of

b that allows thermal equilibration is shifted toward lower

values in the presence of HNTs that is in agreement with

the lower thermal conductivity of the clay compared to the

polymer [41, 42].

Conclusions

Nanocomposites PEG 20000/HNTs were successfully pre-

pared by casting method, and their thermal behavior was

characterized by TG and DSC experiments. The bulk

properties were correlated to the morphology of the materials

obtained by SEM analysis. Small amounts of HNTs generate

a compact nanomaterial, while larger amounts create the

formation of craters and voids. These different morphologies

at the mesoscale range were invoked to be responsible of

the thermal degradation response of the polymer. Namely, the

compact nanocomposite is thermally more stable than the

pristine polymer while the opposite occurs in the high HNTs

loading regime because of the more open structure. DSC

measurements allowed us to characterize the polymer

adsorption onto the HNTs surface. Combining PEG, which is

well known in several fields such as consolidant for archae-

ological wood samples and drug delivery, and innovative

biocompatible clay nanotubes may represent a new route to

develop smart materials useful in advanced applications.
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39. Rotaru A, Brătulescu G, Rotaru P. Thermal analysis of azoic

dyes: Part I. Non-isothermal decomposition kinetics of [4-(4-

chlorobenzyloxy)-3-methylphenyl](p-tolyl)diazene in dynamic

air atmosphere. Thermochim Acta. 2009;489:63–9.
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Novel hybrid gel beads with a well defined and controlled size formed by alginate biopolymer and halloysite
(Hal) nanotubes were designed, prepared and characterized from the physico-chemical viewpoint. The
thermogravimetry made it possible to determine the water content, the total as well as the local composi-
tions of Hal into the gel beads. Dielectric spectroscopy evidenced that Hal reduced the fluctuation of ions.
The SEM micrographs showed that the dried beads exhibit a rough surface, with pores in the micrometer
range. In addition, the concentration of nanotubes was higher into the bead core at a higher overall loading.
The performance of these materials was verified with the specific purpose of adsorbing crystal violet from
aqueous phase. The alginate gel beads populated by Hal improved their ability to capture the dye so that
they can have important implications in the enhancement of controlled adsorptions.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Nanoparticles are widely used because of their unique properties
related to the large surface/volume ratio. Their selection is done in
reference to their nature (hydrophobic or hydrophilic), shape (spherical,
disk-like or tubular), and specific surface area.

Halloysite (Hal) nanotubes are natural occurring clay minerals.
The tubular structure shows typically the inner diameter from 15 to
100 nm, and the length from 500 to 700 nm (Lvov et al., 2008). Hal
presents inner and outer hydroxyl groups, which are located be-
tween layers and on the surface of the nanotubes, respectively.
These nanomaterials have hydrophilic character but, due to their
size, they do not form kinetically stable dispersions in water. Recent-
ly, a large range of new exciting applications for these cheap and
abundantly available natural clay minerals with nanoscale lumens
were discovered and developed (Cornejo-Garrido et al., 2012; Kiani
et al., 2011; Luo et al., 2011; Pasbakhsh et al., 2010; Vergaro et al.,
2010; Xie et al., 2011). Hal is expected to be ideal materials for con-
trolled or sustained release of substances, which may be encapsulated
into the lumen. Similarly, the cyclodextrins, forming stable aqueous solu-
tions, are used for this purpose being that they are able to generate inclu-
sion complexes (Gradzielski et al., 2011; Lazzara and Milioto, 2008;
Terekhova et al., 2010). Both hydrophobic and hydrophilic agents were
encapsulated into the cavity of Hal after appropriate treatments of the
surface (Shchukin et al., 2005). Halloysite nanotubes functionalized
with polyelectrolyte multilayers loaded corrosion inhibitors, which
may be released under a controlled way (Shchukin et al., 2008). A
wide range of active agents and biopolymers interact with the external
surface and the lumen of Hal (Cavallaro et al., 2011a, 2011b; Levis and
x: +39 091 590015.
a).

rights reserved.
Deasy, 2003; Lvov et al., 2002). Interestingly, a novel method was pro-
posed for enhancing the capture of viable circulating tumor cells in a
selectin-functionalized microtube by altering the surface topography
with immobilized Hal (Hughes and King, 2010). Recently, inorganic mi-
celles were prepared by the selective modification of the Hal cavity
(Cavallaro et al., 2012).

These arguments straightforwardly prove the versatility and the
potential use of Hal within several fields. The Hal encapsulation into
matrices with dimensions of the order of millimeters may represent
an advancement towards a multidisciplinary impact on many fields,
like the environmental one, where new adsorbent materials are re-
quired to make efficient, effective and quantitative the removal of
contaminants. Biopolymers as well as gel beads composed of polymers
or polymer mixtures with sequestrant capabilities were proposed to
capture contaminants from the aqueous phase (Escudero et al., 2009;
Lin et al., 2005; Nurchi and Villaescusa, 2012; Peretz and Cinteza,
2008). Gel beads with controlled size can be obtained bymixing a solu-
tion of biopolymer containing carboxylate functional groups with Ca2+

that bridges the polymer chains generating an increase of the viscosity.
Clay/polymer hybrid materials provided advanced drug delivery sys-
tems (Alcantara et al., 2010; Huang et al., 2012; Wang et al., 2009,
2010). The use of gel beads may render the process more efficient and
practical; for instance, gel beads (with diameters of ca.1 mm) were re-
vealed to be appropriate for use in a column system for heavy metal re-
moval (Cao et al., 2010).

The aim of this work was at designing, preparing and characteriz-
ing from the physico-chemical view-point new gel beads of alginate
filled with nanosized clay mineral with themotivation to design new
nanomaterials at a low environmental impact being composed of
Hal, that is environmental friendly, and alginate that is a biopolymer
from natural resources. The adsorption capability of hybrid gel beads
was investigated. To this aim crystal violet was selected because it is

http://dx.doi.org/10.1016/j.clay.2012.12.001
mailto:giuseppe.lazzara@unipa.it
http://dx.doi.org/10.1016/j.clay.2012.12.001
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giuseppe
Testo digitato
Attached V



Fig. 1. Optical images for hybrid gel beads at variable Hal content: a, PHal
o =0 mass%;

b, PHal
o =33.2 mass%; c, PHal

o =48.5 mass%; d, PHal
o =60.2 mass%. The bar is 1 cm.
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commonly used as additive for fertilizers, anti-freezes, detergents,
and it has also somemedical applications as antibacterial, antifungal,
and anthelmintic (Docampo and Moreno, 1990).

2. Experimental

2.1. Materials

The alginic acid sodium salt (Mw=70–100 kDa) and crystal violet
(CV) are Sigma products. Halloysite (Hal) nanotubes are a gift from Ap-
plied Minerals Inc. The calcium chloride (CaCl2·2H2O) is from Merck.
All thematerials were usedwithout further purification. Thewater con-
tent of Hal is 1.1 mass% as determined by thermogravimetric analysis.
This value was taken into account in the concentration calculations.
Water was from reverse osmosis (Elga model Option 3) with a specific
resistivity greater than 1 MΩ cm.

2.2. Preparation of gel beads

The sodium alginate solution (2 mass%) was prepared by dissolving
the polymer in water undermagnetic stirring for several hours at 60 °C.
The alginate gel beads were prepared by using the dropping technique.
Namely, with the aid of a peristaltic pump, a tube with a nozzle of
0.4 mm in diameter extruded the aqueous polymeric solution into an
aqueous calcium chloride solution (0.1 mol dm−3) which was gently
stirred at room temperature. The distance from thenozzle to the surface
of the calcium chloride solution was 5 cm. The beads stand in the CaCl2
solution for several hours, afterwards they were washed with water
until the excess of chloride ions was removed. This methodology was
followed to prepare the hybrid gel beads composed of alginate and
Hal; in this case, Hal was dispersed into the polymeric solution. The
alginate/Hal mass ratios were 1:1, 2:1 and 2:3. Larger Hal concentra-
tions were avoided to ensure the formation of a stable dispersion.

2.3. Methods

2.3.1. Dielectric spectroscopy
A Hewlett Packard impedance analyzer (HP 4294A) equipped with

HP 16451B dielectric test fixtures was used at 25.0±0.1 °C. The dielec-
tric constant (εr) and the dispersion factor (tanδ) weremeasured in the
frequency range from 50 kHz to 10 MHz. The sample thickness was
0.50 mm.

2.3.2. Thermogravimetry
A Q5000 IR apparatus (TA Instruments) under the nitrogen flow of

25 cm3 min−1 for the sample and 10 cm3 min−1 for the balance was
used. The mass of each sample was ca. 10 mg and the heating rate was
set at 10 °C min−1. Two kinds of experiments were performed as de-
scribed in the following. The first one was addressed to the determina-
tion of thewater content of the hydrated gel beads and the temperature
scanned from room temperature to 300 °C. The second one was aimed
at determining the amount of the polymer and Hal present in the gel
beads; to this purpose, the experiments were carried out on dried
spherules heating up the sample from room temperature to 900 °C.

2.3.3. Scanning electron microscopy
The morphology of the composite gel beads was determined by

using a microscope ESEM FEI Quanta 200F. Before each experiment,
the gel beads were dried and the surface of the sample was coated
with gold in argon by means of an Edwards Sputter Coater S150A to
avoid charging under an electron beam. Minimal electron dose condi-
tion was set to avoid damage of the sample.

2.3.4. Spectrophotometry
Themeasurements were carried out at 25.0±0.1 °C by using an Ana-

lytic Jena Specord S 600 BU. The spectra of absorbancewere registered in
thewavelength (λ) 420–800 nmrange. The aqueous CV solution exhibits
themaximumof the absorption band at 592 nm. The cuvettes in polysty-
rene material instead of those in the quartz were used to avoid errors
caused by the dye sorption on thequartzwalls. The determinedmolar ex-
tinction coefficient of CV in water is (68±1)×103 dm3 mol−1 cm−1.

The kinetics of adsorption of CV onto the adsorbents were followed
over 60 h to estimate the equilibration time. In particular, a given amount
of the adsorbent material (0.5 mg of pure Hal or 20 mg of hydrated gel
beads) was added to 2 ml of aqueous dye solution 1×10−5 mol dm−3

and, under a gentle stirring, the absorbance of the dye was registered
over time.

The percent of removed dye was calculated as R%=102(C0−Ct)/C0
where C0 is the stoichiometric concentration while Ct is that at a given
time. The alginate beads exhibit a constant R% value after ca. 30 h and
the presence of Hal hardly changes the adsorption kinetics.

Based on these studies, the dispersions were equilibrated for
1 week and the absorbance of the dye in the supernatant was mea-
sured. The adsorption of CV (1×10−5 mol dm−3) onto pure Hal and
gel beads was studied as a function of the adsorbent amount.

Examples of the spectra determined as functions of the wave-
lengths are reported in the Supplementary information.

The R% value was calculated as R%=102(C0−Ce)/C0 where Ce is
the value of the concentration at the equilibrium.
3. Results

3.1. Alginate gel beads filled with Hal

The formation of alginate gel beads occurs also in the presence of
Hal. The gel beads' size is not significantly influenced by the Hal con-
tent while the transparency is reduced upon the addition of the clay
mineral amount (Fig. 1).

Similarly, the size of the gel beads composed of chitosan and laponite
are not affected by the addition of the nanoclay (Yang et al., 2011). The
drops of the aqueous Hal/alginate dispersion in contact with the calcium
chloride solution do not generate opalescence leaving transparent and
homogeneous bulk electrolyte phase; therefore, one may deduce that
Hal is fully incorporated into the beads' structure.

To verify this aspect, the gel beads were characterized by means of
thermogravimetry that made it possible to determine the water con-
tent as well as the amount of Hal and biopolymer entrapped into the
gel network. Fig. 2a shows the experimental Hal mass fraction in the
dried gel beads (PHal) against the stoichiometric value calculated from
the actual polymer and nanotube concentrations (PHalo ). The very good
linear correlation between PHal and PHalo shows that Hal is quantitatively
entrapped into the gel beads and that the gel formation is faster than
the Hal diffusion into the calcium chloride solution.

The Hal presence influences the gel beads' water content (WC),
which decreases upon incorporating the clay mineral into the beads
(Table 1).

The SEM micrographs show that the dried bead possesses a rough
surface with pores in the micrometer range (Fig. 3a–c) that is similar
to what was observed in the absence of Hal (Peretz and Cinteza,
2008).



Fig. 2. Hal percent (a) and its relative variation between the core and the peel (b) of
hybrid gel beads at various compositions.
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In addition, the nanotubes appear at the bead surface even if they
are well incorporated into the polymer network. Investigating the
core structure of the dried gel bead (Fig. 3d–f), the Hal particles are
more numerous than those at the surface. To better highlight this as-
pect, we carried out TGA experiments on samples collected from the
core and the peel (1 mm thick) of the beads, respectively. The per-
centage variations of the Hal concentration in the core with respect
to the outer peel (Fig. 2b) agree with the SEM results, which indicate
an enrichment of Hal into the bead core; moreover, by increasing the
Hal amount generates a more uniform distribution of the nanotubes
through the gel beads. The higher content of Hal into the spherule
core is ascribed to the presence of a larger amount of water where
the functionalized nanotubes are well dispersed and stabilized.

Dielectric spectroscopy provides information on the molecular dy-
namics of systems by monitoring the relaxation processes. Polyelectro-
lyte solutions (Muller et al., 1974; Umemura et al., 1980; Van Der Touw
andMandel, 1974) show two relaxation processes in the regions of kHz
and MHz, respectively. The low-frequency relaxation reflects either the
oriental polarization of the polymer or the fluctuation of counterions
bound along the polyelectrolytes. The high-frequency relaxation is
Table 1
Physico-chemical parameters of gel beads loaded with Hal.a

PHalo WC νmax

0 96.8 938
33.2 95.4 726
48.4 94.4 533
60.2 91.6 468

a Units are: PHalo and water content (WC), wt.%; νmax, kHz. Uncertainties are:
±0.1 mass% and ±5 kHz.
related to the bound counterion fluctuationwithin the range of the cor-
relation length along (Mandel and Odijk, 1984; Minakata and Imai,
1972) or perpendicular (Oosawa, 1971) to the polyelectrolyte. The gel
beads showed a relaxation process in theMHz domain that is well iden-
tified as themaximum in the tanδ vs ν plot (Fig. 4) corresponding to the
inflection point in the εr vs ν curve. Upon Hal addition the peak position
is shifted toward lower frequencies but the general profile is not altered.
The relaxation frequency at the maximum (νmax) shows a linear de-
crease with PHalo (Table 1) in agreement with a reduced ions fluctuation
generated by the nanotubes. Finally, the steep increase of the dielectric
constant at low frequencies can be related to ionomer multiplets
forming large aggregates with high polarizability observed in gels
based on polyelectrolytes (Osada and Khokhlov, 2002).

3.2. Adsorption studies

The trends of R% vs the stoichiometric concentration of the adsor-
bent material (alginate+Hal, Cs) at the various Hal loading into the
beads are shown in Fig. 5.

The monotonic profiles were fitted by assuming the availability of
a certain number of equivalent adsorption sites (De Lisi et al., 2005,
2006) into the gel beads. The following equation was used

R% ¼ 102 qmCsK C0−Cadsð Þ
K C0−Cadsð Þ þ 1½ �C0

ð1Þ

where qm is the maximum adsorbed amount of the dye per gram of
adsorbent, Cs is the stoichiometric adsorbent concentration, C0 and
Cads are the stoichiometric and the adsorbed dye concentrations, re-
spectively, and K is the equilibrium constant for the adsorption process.

By remembering that R%=102Cads /C0, from Eq. (1) one obtains

Cads ¼ −
�

Cs
2K2qm

2 þ 2qmCsK 1–KC0ð Þ þ K2C0
2 þ 2KC0

h i0:5
–qmCsK–K C0–1ð Þ

�
=2 K:

ð2Þ

Eqs. (1) and (2) which are applied to the experimental data provided
the qm andKparameters as functions of PHalo collected in Table 2. The best
fits are illustrated in Fig. 5.

The presence of Hal into the gel beads improves the adsorption
process; qm increases with PHalo in agreement with the larger adsorp-
tion capability of the hybrid gel beads conferred by Hal. As concerns
the K values, they are only slightly affected by Hal; notwithstanding,
it is noteworthy that the dye affinity toward the hybrid beads is greater
than that for the alginate gel beads.

For comparison, the adsorption isotherm of CV onto Hal was mea-
sured obtaining (40.3±0.4)·104 dm3 mol−1 and 28±3 mg g−1 for
K and qm, respectively.

4. Discussion

Gel beadspresent several advantages for controlled adsorption and re-
lease of substances (contaminants, drugs, and so on) thanks to the fact
that they are easy to prepare, to collect and to dispose. With this in
mindwe loaded the alginate gel beadswith efficient adsorbent nanotubes
with the aim of obtaining new environmental friendly nanomaterials,
which on one side have improved adsorption ability and on the other
side make easy and practical the removal process.

The extended physico-chemical studies made it possible to extract
significant and relevant insights on the versatility and novelty of the
new designed nanomaterials.

The hybrid gel beads with well defined and controlled size (of the
order of millimeters) were easily prepared owning to the stable dis-
persion of nanotubes in the presence of the polymer. According to
the dissociation equilibrium of the alginic acid (Crea et al., 2009),
under our experimental conditions (pH≈6), the biopolymer is present

image of Fig.?2


Fig. 3. Scanning electron microscopy images of gel beads loaded with Hal at PHalo =33.2 mass%. a, b, c refer to the surface; d, e, f refer to the core.
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only in the dissociated form. The adsorption of the alginate ion can
occur through twomechanisms: 1) the encapsulation of the carboxylate
group into the lumen due to the interactions with the aluminol groups
and 2) the dipole/dipole interactions between the uncharged siloxane
and the hydroxyl groups of the biopolymer. The total net charge of the
wrapped nanotube is more negative than the pristine nanotube as a re-
sult of the neutralization of the lumen positive charge. The chelant abil-
ity of the carboxylate groups towards the Ca2+ ions is not suppressed
by the negative surface of the nanotubes which, indeed, can assume
the role of bridges favoring the network formation. The key role of Hal
is corroborated by the formation of gel beads under conditions where
Fig. 4. Dispersion factor as a function of the frequency for hybrid gel beads with vari-
able Hal content. (––), PHalo =0 mass%; (– –), PHalo =33.2 mass%; (- – -), PHalo =
48.5 mass%; (---), PHalo =60.2 mass%.
Hal is in excess with respect to the biopolymer (Hal/polymer mass
ratio was as large as 3:2). Independent dielectric spectroscopy studies
confirm such a picture, which describes an evident reduction of mobil-
ity of ions upon an increasing amount of Hal.

The ability of the hybrid nanomaterials was tested by studying the
adsorption of the crystal violet dye. The good performance is exhibited
by the change in the adsorption generated by the gel population with
clayminerals. As Fig. 6 shows, Hal enhances the gel beads' ability in cap-
turing CV; for instance, at the alginate/Halmass ratio of 2:1, at Cs=0.25
and 0.50 mass%, the R% value is increased by ca. 55 and 45%, respective-
ly. This sharp increase is even larger than that calculated by assuming
the simple rule of mixtures (Fig. 6) and it proves that the combination
of Hal and biopolymer generates synergistic effects in the adsorption
properties of hybrid beads based on alginate.

The benefit of the nanofiller on the CV affinity towards the hybrid
material reveals the key role of the interactions between CV and the
Hal. To interpret the Hal effect, one has to consider that CV has the
pKa value of 1.0 and therefore under our experimental conditions
(pH≈6) the cationic form is dominant; in addition the external sur-
face and the internal cavity of Hal are negatively and positively
charged, respectively. Consequently, one can argue that electrostatic
interactions between CV and the outer surface of Hal are present.
5. Conclusions

Novel materials were designed and prepared by encapsulating
halloysite nanotubes into hydrogel composed of electrostatically cross-
linked biopolymer network. The dynamics, the structure and the compo-
sition of the hybrid gel beads were well described through SEM,
thermogravimetry and dielectric spectroscopy studies. These materials
are promising for controlled adsorption/release applications where the
tube lumen can be properly loaded with functional molecules. The

image of Fig.?3
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Fig. 5. Percent of removed CV as functions of the stoichiometric adsorbent material. a,
PHalo =0 mass%; b, PHalo =33.2 mass%; c, PHalo =48.5 mass%; d, PHalo =60.2 mass%. Lines
are best fits according to Eqs. (1)–(2).

Fig. 6. Dependence on Hal concentration of percent of removed CV from aqueous phase
calculated from data in Table 2. (●), Cs=0.25 mass% and (▲), Cs=0.5 mass%. Solid
lines are calculated by rule of mixtures. Broken lines are guide for eyes.
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advantages of using easy to handle and biocompatible gel beads are
straightforward. The hybrid gel beads are very effective and efficient
for removing positively charged dye from aqueous phase with enhanced
properties compared to the unloaded gel beads.
Table 2
Physico-chemical parameters for the adsorption of dyes onto hybrid gel beads.a

PHalo K qm

0 (39.3±0.8)·104 8.5±1.0
33.2 (42.4±0.6)·104 12.7±1.0
48.4 (41.7±0.6)·104 15.5±1.1
60.2 (42.9±1.7)·104 17±3

a Units are: PHalo , mass%; K, dm3 mol−1; qm, mg g−1.
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A B S T R A C T

Kinetic and equilibrium studies have been carried out to evaluate Cd(II) and Cu(II) sorption from aqueous

solution by calcium alginate and new synthesized hybrid calcium alginate/pectate gel beads with

different alginate/pectate concentration ratios. Physical and chemical properties of the beads were

characterized by different techniques (SEM, EDX, TGA). The best experimental pH conditions were

selected on the basis of a study on the acid–base properties of pectin and alginate in aqueous solution

and their ability to act as sequestering agents for copper(II) and cadmium(II) ions. Calcium released

during the sorption process was determined in order to elucidate a possible ion exchange mechanism

between calcium of the beads and metal ions in solution. Sorption kinetics and metal sorption capacity of

gel beads were investigated in batch mode. Measurements of Cd2+, Cu2+ and Ca2+ concentration were

carried out by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). Results obtained

showed that for all the studied systems the sorption process follows a pseudo-second order kinetic

model and the sorption rate increases when increasing pectin concentration in gel beads. The

equilibrium data were fitted by using both Langmuir and Freundlich isotherms models. The highest

copper and cadmium sorption yields were obtained for beads containing a mixture of 2% alginate and 2%

pectate. Ion exchange is the major mechanism governing the sorption process though other mechanisms

are also taking place.

� 2013 Elsevier Ltd. All rights reserved.
Introduction

The possible use of low cost and environmental friendly
materials to remove toxic metal ions from aqueous solutions has
been widely investigated with the aim to set-up new sorption and
biosorption technologies [1–7], alternative to the conventional
electrochemical, flotation and precipitation treatments [8–14].
The most investigated sorbent materials are derived from natural
biomass, especially fungi [15–18], algae [19–23], humic sub-
stances from soil [24] and byproducts from industrial processes,
such as wood and food industries, agriculture, fishery and textile
manufacturing [25–32]. Also some inorganic materials (zeolites,
clays, etc.) are used for the same purpose [7,8,33,34]. These
sorbent materials all exhibit characteristics of being low cost,
causing low environmental impact, presenting high degradabili-
ty, great availability and high sorption capacity towards metal
* Corresponding author. Tel.: +39 09123897954.
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ions [35–37]. The sorption ability of these materials is strictly
related to their chemical composition containing high percen-
tages of macromolecules with a great number of binding groups
such as –O, –N, and –S donors [4,37] able to form stable species
with the metal ions to be removed [38–40]. Several investigations
have been carried out using a variety of materials for wastewaters
and contaminated sites treatment. Reviews and textbooks cited in
Refs. [1–8,36,37] give a general picture of potential sorbent
materials used. In particular, algae and fruits have been widely
tested as sorbents for metal removal, including copper and
cadmium [19–23,30,41–47], from polluted aqueous solutions.
Most of these studies refer to metal sorption capacity of raw
materials and only few of them report results on the sorption by
alginate and/or pectin in gel phase [41,45,48–53]. Alginic acid is a
polysaccharide constituted by monomer units of mannuronic and
guluronic acids [54,55]. It is the main component of brown algae
where it is present up to 40% dry weight [56]. Pectin, mostly
constituted by polygalacturonic acid with different extent of
acetylation [57], is the main component of peel and pulp of several
fruits. Both these materials are able to form hydrogels in the
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presence of small amounts of divalent cations, especially calcium
ion [58,59]. The removal capacity of both these biopolymers can
be attributed to the presence of several ligand carboxylic groups
per molecule. Therefore, it can be assumed that they are the main
responsible for the sorption process of metal ion by algae and
fruits. For the above reasons we carried out the present study with
the aim to test the removal capacity of cadmium(II) and copper(II)
from aqueous solutions using directly alginate and pectin in gel
phase. To that end, the biopolymers under investigation, mixed in
various concentration ratios to form a new hybrid alginate/pectin
sorbent material, were used as calcium gel beads which are more
easily to handle and give more accurate results than the raw
biomaterials. The sorption capacity of mixed materials was
compared to that of calcium alginate beads, used as a reference
material. Several studies report that ion exchange is the
predominant mechanism in metal sorption by algal biomass
[40,54,55,60] and a pseudo-second order kinetic model is
generally used to describe the sorption process when the chemical
sorption is the rate – controlling step [32,61]. In order to confirm
the hypothesis, i.e., if the sorption process occurs via ion exchange
between calcium ion of sorbent materials and copper(II) or
cadmium(II) ions present in the solution, the amount of calcium
released by gel beads during the kinetic experiments was
determined. The effect of contact time, initial metal concentration
and different alginate/pectate concentration ratios on the kinetics
of metal adsorption was investigated by batch experiments.

A pseudo second-order model was used to quantify the sorption
capacity of gel materials under investigation. Both Langmuir and
Freundlich isotherm models were used to fit the equilibrium data.
A comparison with some results reported by different authors
using the same models and similar experimental conditions is also
given.

To obtain the best metal removal efficiency, the most suitable
conditions of pH, ionic strength and medium of solutions
containing the metal ion to be removed, were assessed on the
basis of the results of previous speciation studies [62–64]. In these
studies the acid–base properties of alginate [62,63] and pectin [64]
and the ability of these polymers to bind copper(II) and
cadmium(II) ions in aqueous solution were defined over a wide
pH range.

Materials and methods

Chemicals

Cadmium(II), copper(II) and calcium(II) nitrate salts solutions
were prepared by diluting standard (1000 mg L�1 in HNO3

0.5 mol L�1) Merck solutions. Commercial pectin, as potassium
salt extracted by citrus peel, was supplied by Aldrich (lot.
077K1583). Commercial alginic acid (AA, molecular weight in
the range 70–100 kDa), as sodium salt extracted from Macrocystis

pyrifera, with an average content of mannuronic and guluronic
acids of 61% and 39%, respectively, was supplied by Sigma (lot.
60K1443). Nitric acid and sodium hydroxide solutions used to
adjust the pH of the metal ion standard solutions were prepared by
diluting concentrated Fluka ampoules and standardized against
sodium carbonate and potassium hydrogen phthalate, respective-
ly. Calcium chloride dehydrate (Fluka) was used to prepare calcium
alginate and mixed calcium alginate/pectate gel beads. All the
solutions were prepared using freshly prepared CO2-free ultra pure
water (r � 18 MV cm) and grade A glassware.

Preparation and characterization of sorbent materials

Calcium alginate and mixed calcium alginate/pectate gel beads
were prepared using the dropping technique. A peristaltic pump
(GILSON, Minipuls 3) was used to dispense the suspension in a
stirred reservoir containing 200 mL of a CaCl2 0.1 M solution used
for gel formation. At the end of the dispensing tube a micropipette
tip (yellow type 5–200 mL) cut out to get a final diameter of 1 mm
was attached and positioned approximately 1 cm above the
surface of the fixing solution. The beads formed were allowed to
cure, under continuous stirring, in the same CaCl2 solution for
24 h; they were rinsed three times with distilled water to ensure
the removal of unbound calcium(II) ion. The following gel beads
were prepared: 2% calcium alginate (Ca-A), 2% calcium alginate 1%
calcium pectate (Ca-AP1), 2% calcium alginate 1.5% calcium
pectate (Ca-AP1.5) and 2% calcium alginate 2% calcium pectate
(Ca-AP2).

To define the physico-chemical and mechanical properties of
gel beads, different analysis were carried out. The density of gel
beads was measured by a helium pycnometer (AccuPyc 1330) at
T = 20 8C. A digital calliper (MITUTOYO, model 500-181-U) was
used to measure the diameter of beads and the mean value was
calculated on 50 beads together with the relative standard
deviation. The water content was evaluated by Thermo Gravimet-
ric Analysis using a Q5000 IR apparatus (TA Instruments).
Experiments were carried out in a temperature range 25–300 8C,
under the nitrogen flow of 25 cm3 min�1 for the samples and
10 cm3 min�1 for the balance. The weight of each sample was
10 mg and the heating rate was set at 10 8C min�1. The mechanical
resistance of gel beads was measured by using a Texture Analyser
(model TA-XTS2i, Stable Micro Systems, England). This parameter
represents the mean force necessary to generate the 10%
compression on a bead placed under a cylinder probe P10 (Batch
2370, Stable Micro Systems, England). The measurements of
mechanical resistance were repeated 40 times for each type of gel
beads and the mean value was calculated together with the
standard deviation. The morphology of sorbent materials was
investigated by an electronic microscope ESEM FEI QUANTA 200F
coupled with an EDX (Energy Dispersive X-ray spectroscopy)
system. Before the analysis the gel beads were dried at T = 105 8C
and their surface was coated with gold in the presence of argon by
an Edwards Sputter Coater S150A in order to prevent charging
under electronic beam. The electron beam was opportunely set in
order to avoid the damage of the samples. SEM micrographs were
registered within the micrometer range.

Experimental procedures for kinetic and equilibrium investigations

Batch kinetic experiments were carried out by placing twenty
gel beads in Erlenmeyer flasks containing each one 15 mL of
Cu(NO3)2 or Cd(NO3)2 salt solutions (CM

2þ ¼ 200 mg L�1) at room
temperature and at pH � 5.5. The solutions were shacked for
different time in the range 1–300 min by using an orbital Stuart
Scientific-Rotator Drive STR4 (Instruments s.r.l., Bernareggio, MI)
apparatus and then filtered with filters WHATMAN (grade 520 a1/
2). No precipitation occurs during the filtration. The equilibrium
study was also carried out by means of batch experiments, placing
a variable number of spheres (from 5 to 100) in 25 mL of solution
containing Cu(NO3)2 or Cd(NO3)2 at the same concentration and at
the same experimental conditions as for kinetic experiments. The
solutions were shaken for 24 h by using the same orbital rotator
apparatus and then filtered. The residual concentration of metal
ions (Cu2+, Cd2+ and Ca2+) in the filtrates from both kinetic and
equilibrium experiments were determined by Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) using a Perkin
Elmer Model Optima 2100 spectrophotometer equipped with
auto-sampler (model AS-90).

The hydrogen ion concentration of the solutions was checked
by a potentiometer (Metrohm, Model 654) equipped with a
combined ISE-H+ glass electrode (Ross type 8102). Metal
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adsorption and/or calcium release at different contact times t (qt,
mmol bead�1) were calculated considering:

qt ¼
VðC0 � CtÞ

nbeads
(1)

where V, C0 and Ct are the volume and the metal concentration in
solution expressed as mmol L�1 at t = 0 and t = t, respectively. All
sorption experiments were carried out in duplicate and the
averaged results are presented.

Computer programs

Linear and non linear regression data analysis as well as the
determination of kinetic and equilibrium parameters were carried
out using Origin Professional 8.6 software.

Results and discussion

Characterization of sorbent materials

The results obtained for the characterization of sorbent
materials investigated are reported in Table 1.

From the results shown in Table 1 the following considerations
can be made. The density values of the mixed polymers gel beads
(Ca-AP1, Ca-AP1.5 and Ca-AP2) are similar (differences are within
the experimental errors). The lowest density value was observed
for calcium alginate gel beads (Ca-A).

The mechanical resistance of gel beads containing pectin (0.21–
0.22 N/bead) is a little higher than that of Ca-A gel beads (0.19 N/
bead). This can be evidently attributed to the higher concentration
of biopolymers which contributes to make more compact the
structure of the gel due to the higher number of cross-linking
among the molecules of alginate, pectate and Ca2+ ions.

Micrographs from Scanning Electron Microscopy (SEM) analy-
sis show wrinkled surfaces of gel beads with creases and pores,
especially in the presence of Cd2+ and Cu2+ ions. This morphology
may be attributed to the shrinkage of the beads at higher metal
concentrations [59]. As an example, SEM surface micrographs of
Ca-A and Ca-AP2 biopolymers before and after contacting with
200 mg L�1 copper(II) and cadmium(II) solutions for 48 h are
depicted in Figs. 1 and 2, respectively.

All the sorbent materials investigated show analogous behav-
ior. As pointed out before, SEM analysis was coupled with EDX
measurements which allow to obtain semi-quantitative results on
the metal content in the different dried gel beads.

EDX results, reported in Table 2, clearly show that calcium
percentage in gel beads lowers when the calcium–biopolymer
system is in contact with the solutions containing cadmium(II) or
copper(II) ions. In particular, the loss of calcium ion from mixed Ca-
AP2 gel beads is comparable with the amount of copper(II) or
cadmium(II) ions adsorbed by the sorbent material.

This evidence supports the hypothesis according to which ion
exchange is the main mechanism governing the metal ions
Table 1
Physico-chemical and mechanical properties of gel beads.

Properties Gel beads

Ca-A

Bead diameter (mm) 3.45� 0.05a

Bead density (g/mL)b 1.023� 0.003

Dry weight of one bead (mg) 0.7�0.1

Water content (%) 97.3

Mechanical resistance (N/bead) 0.19� 0.02

a �Std. dev.
b Density of wet gel beads at T = 20 8C.
removal from aqueous solution by pectin–alginate biopolymers
in gel phase.

Preliminary speciation analysis

The sorption process mechanism is based on the possibility that
metal ions present in solution interact with carboxylic binding
groups of polymer biomaterials to form stable species. In order to
facilitate this interaction and to obtain the best metal sorption
performance, the most suitable experimental conditions of
solutions were fixed on the basis of a speciation analysis previously
carried out on the Cu–Cd/alginate/pectate systems in aqueous
solution [62–64]. The results of speciation analysis showed that a
pH value of about 5.5 is the most appropriate one to avoid or
minimize the hydrolysis of metal ions under investigation as well
as the protonation of biopolymers. Moreover, at this pH, fairly
stable metal complex species are formed with alginate and pectate,
as confirmed by the following formation constants values: log KCu-

AA = 3.626 and log KCd-AA = 3.072 [63]; log KCu-Pect = 5.278 and
log KCd-Pect = 3.636 [64] in NaNO3, at I = 0.1 mol L�1 and
T = 25 8C. As expected, copper(II) complex species formed with
both alginate and pectate are more stable than the corresponding
species of cadmium(II).

Kinetic study of cadmium(II) and copper(II) sorption and calcium(II)

release by gel beads

Kinetics of Cd(II) and Cu(II) sorption onto the beads and Ca(II)
released from alginate/pectate gel beads can be appropriately
described by a pseudo second order rate law according to the
following equation [61]:

dqt

dt
¼ k2ðqe � qtÞ

2 (2)

where qe and qt are the values of the amount of metal ion (Cd2+ or
Cu2+) adsorbed (mmol bead�1) at equilibrium and at different
contact times (t), respectively; k2 is the pseudo-second order rate
coefficient (mmol�1 min�1 bead).

The integrated form of Eq. (2) for the boundary conditions (t = 0
to t = t and qt = 0 to qt = qt) is:

1

qe � qt

¼ 1

qe

þ k2t (2a)

that can be rearranged to obtain:

qt ¼
t

1=k2q2
e þ t=qe

(2b)

By fitting the experimental data to Eq. (2b), the second order
rate constant (k2) and qe were determined. The values of both
parameters for Cu(II) and Cd(II) sorption onto Ca-A, Ca-AP1, Ca-
AP1.5 and Ca-AP2 systems and the corresponding calcium release
are reported in Tables 3 and 4. The plots of qt as function of t for
cadmium(II) and copper(II) sorption and calcium(II) release are
Ca-AP1 Ca-AP1.5 Ca-AP2

3.75�0.06a 4.18� 0.05a 4.16�0.04a

1.031�0.002 1.032� 0.002 1.035�0.003

0.9� 0.1 1.1� 0.1 1.3� 0.1

97.2 95.4 95.3

0.22�0.02 0.21�0.02 0.21� 0.02
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Fig. 1. Scanning electron microscopy images at 10000� of magnification and EDX spectra of Ca-A before and after sorption of Cd2+ or Cu2+ ions.
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shown in Figs. 3 and 4 for all the systems investigated, including
calcium alginate (Ca-A) polymer gel used here as a reference
sorbent material. As expected, the removal ability of the simple
calcium alginate gel beads is less than that of the mixed alginate/
pectate gel beads, especially when the pectin concentration in
mixed gel beads increases according to the following sorption
ability trend: Ca-AP1 < Ca-AP1.5 < Ca-AP2. The quite high values of
correlation coefficients R2 show that the pseudo-second order
model fits satisfactorily to the experimental data for all the
systems examined.

The higher amount of Cu2+ adsorbed as compared with Cd2+

(see the qe values in Tables 3 and 4) is in accordance with the
stability trend of complex species formed by alginate and pectate
with the two metal ions in aqueous solution (see Section
‘‘Preliminary speciation analysis’’).

Since alginate and pectate are used as calcium salts in gel phase,
it is presumable that the removal process of metal ions from
solution occurs via ion exchange between calcium of gel beads and
metal ions present in solution.

With the aim to check this hypothesis, the kinetics of the release
of Ca2+ ion in solution by the different gel beads was also
investigated, in the presence and in absence of Cu2+ and Cd2+ ions,
under the same experimental conditions. The results of this
investigation are shown in Figs. 3b and 4b (presence of Cu(II) and
Cd(II) ions) and Fig. 5 (absence of Cu(II) and Cd(II) ions). The kinetic
parameters are reported in Tables 3 and 4.

The amount of Ca2+ ion released by the alginate and hybrid
alginate/pectate gel beads in distilled water is very low as confirmed
by the values of qe calculated: qe ca2þ release ¼ 0:001� 0:001; 0:008�
0:001; 0:012� 0:002 and 0:016� 0:003 mmol bead�1 for Ca-A, Ca-
AP1, Ca-AP1.5 and Ca-AP2 gel beads, respectively.

The results obtained confirm the above hypothesis. Indeed, the
amount of Ca2+ released by gel beads increases in the presence of
metal ions (Cu2+ or Cd2+) in solution; for example, the kinetic
parameter qe for the calcium release by Ca-AP1 gel beads is:
q

e release of ca2þ ¼ 0:80 and 0:008 mmol bead�1 in presence and in
absence of Cu2+, respectively.

In general, the amount of copper(II) or cadmium(II) adsorbed is
slightly higher than the calcium(II) released by gel beads. This
apparently anomalous behavior may be attributed to other factors,
such as, for example, the presence of other calcium-free binding
groups present in the alginate and pectate structure [65].

The low variation of pH (within � 0.2 log units), monitored by
potentiometry during the kinetic experiments, lets us to affirm that:
(i) no hydrolysis of metal ions in solution occurs, and (ii) the release of
Ca2+ from gel beads partially depends on the ion exchange with H+

and, therefore, it must be mostly attributed to the ion exchange with
metal ions present in solution.
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Fig. 2. Scanning electron microscopy images at 10000� of magnification and EDX spectra of Ca-AP2 before and after sorption of Cd2+ or Cu2+ ions.
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Isotherms for Cd2+ and Cu2+ sorption by gel beads

Equilibrium data were analyzed using Langmuir and Freundlich
isotherm models. According to the Langmuir model, the sorption is
assumed as a chemical process occurring on homogeneous binding
sites of the sorbent material and is generally expressed by the
following non-linear equation:

qe ¼
qmaxKLCe

1þ KLCe
(3)

where qe (mmol bead�1) is the metal concentration adsorbed by
gel beads at equilibrium; qmax (mmol bead�1) represents the
monolayer sorption capacity of the sorbent; KL (L mg�1) is the
Table 2
Weight percentage (wt%) of elements in gel beads surface by semi-quantitative EDX

analysis.

C O Ca Cd Cu

Ca-A 33.08 14.92 51.99

Ca-A/Cd 24.56 13.04 25.14 25.01

Ca-A/Cu 28.61 15.16 25.47 30.76

Ca-AP2 29.96 12.62 58.42

Ca-AP2/Cd 26.51 10.73 21.99 40.75

Ca-AP2/Cu 21.88 12.75 19.66 45.71
Langmuir constant that provides information on the sorption
process free energy; Ce (mg L�1) is the metal ion concentration in
solution.

The Freundlich isotherm model is an empirical relationship
based on the assumption that the sorption process takes place on
the surface of sorbent by heterogeneous sites with different heat of
sorption. The Freundlich isotherm model is expressed by the
following exponential equation:

qe ¼ KFC1=n
e (4)

where KF (mmol L mg�1 bead�1) is the Freundlich constant related
to the sorption capacity and 1/n is an empirical parameter
correlated to the sorption intensity depending on the heterogene-
ity of sorbent material. The Langmuir and Freundlich isotherm
plots for the sorption of Cu2+ and Cd2+ by Ca-A, Ca-AP1, Ca-AP1.5 and
Ca-AP2 are reported in Figs. 6 and 7. The values of parameters for
Langmuir and Freundlich models are given in Table 5. From the
plot of Fig. 6 and also considering the correlation coefficient values
R2, the Langmuir model seems to fit the equilibrium data slightly
better than the Freundlich model.

In Fig. 8 the qmax values obtained for copper(II) and cadmium(II)
sorption by using Langmuir model (Eq. (3)) are plotted vs. the
percentage of pectin in gel beads. As can be seen, the sorption
capacity of gel beads shows a linear increase when increasing the
pectin percentage. According to the experimental conditions used



Table 4
Pseudo-second order kinetic parameters for Cd2+ sorption into and Ca2+ release from alginate and alginate/pectin gel beads at pH = 5.5 and at room temperature.

Sorbent Parameters for Cd2+ sorption Parameters for Ca2+ release

qe
a k2

b R2 qe
a k2

b R2

Ca-A 0.63� 0.01 0.74�0.09 0.9502 0.43�0.01 1.05�0.16 0.9365

Ca-AP1 0.75� 0.02 0.46�0.08 0.9229 0.76�0.03 0.21�0.04 0.9403

Ca-AP1.5 0.82� 0.02 0.38�0.07 0.9216 0.77�0.02 0.22�0.04 0.9450

Ca-AP2 0.89� 0.02 0.36�0.05 0.9549 0.79�0.03 0.23�0.04 0.9357

a mmol bead�1.
b min�1 mmol�1 bead.

Table 3
Pseudo-second order kinetic parameters for Cu2+ sorption into and Ca2+ release from alginate and alginate/pectin gel beads at pH = 5.5 and at room temperature.

Sorbent Parameters for Cu2+ sorption Parameters for Ca2+ release

qe
a k2

b R2 qe
a k2

b R2

Ca-A 0.73� 0.02 0.66�0.15 0.8666 0.64�0.01 0.54� 0.08 0.9469

Ca-AP1 0.84� 0.02 0.48�0.08 0.9243 0.80�0.02 0.26� 0.04 0.9539

Ca-AP1.5 0.96� 0.02 0.35�0.04 0.9669 0.84�0.02 0.27� 0.04 0.9633

Ca-AP2 1.03� 0.03 0.55�0.11 0.8660 0.90�0.02 0.28� 0.04 0.9595

a mmol bead�1.
b mmol�1 min�1 bead.
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in this work, this relationship can be expressed by the equation:

qmax ¼ qmaxðCa�AÞ þ gPx (5)

where qmax(Ca-A) is the maximum sorption capacity exhibited by
calcium alginate beads towards Cu2+ or Cd2+ ions; g is an empirical
parameter (equal to 0.549 � 0.006 and 0.795 � 0.003 for copper and
cadmium, respectively) accounting for the correlation between
sorption capacity and Px is the percentage of pectin in gel beads.
[(Fig._4)TD$FIG]

Fig. 4. Kinetics of Cd2+ sorption (4a) and Ca2+ release (4b) by alginate [Ca-A (*)] and algi

(pH = 5.5; initial metal concentration 200 mg L�1).
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Fig. 3. Kinetics of Cu2+ sorption (3a) and Ca2+ release (3b) by alginate [Ca-A (*)] and algi

(initial pH = 5.5; initial metal concentration 200 mg L�1).
Literature analysis and data comparisons

Relatively few studies have been carried out on cadmium and
copper sorption by alginate and pectate gel only [48–53,59,66–
72], i.e. in absence of other molecules or substances encapsu-
lated inside or mixed. Results reported show much discrepan-
cies owing to the different experimental conditions used, such
as pH, initial metal concentration, size and dry weight of gel
nate/pectate [Ca-AP1 (&); Ca-AP1.5 (*); Ca-AP2 (~)] gel beads at room temperature

nate/pectate [Ca-AP1 (&); Ca-AP1.5 (*); Ca-AP2 (~)] gel beads at room temperature
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Fig. 5. Kinetics of Ca2+ release [mmol of Ca2+ released/bead] by alginate [Ca-A (*)]

and alginate/pectate [Ca-AP1 (&); Ca-AP1.5 (*); Ca-AP2 (~)] gel beads in absence of

Cu(II) and Cd(II) ions, at room temperature and pH = 5.5.
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Fig. 7. Langmuir (full line) and Freundlich (dotted line) isotherm plots for the

adsorption of Cu2+ by Ca-A (*), Ca-AP1 (~), Ca-AP1.5 (*), Ca-AP2 (&) at room

temperature (pH = 5.5; initial metal concentration 200 mg L�1; contact time: 24 h).

Table 5
Sorption isotherm parameters of Cadmium (II) and Copper(II) by alginate and

alginate/pectate gel beads at room temperature.

Sorbent Langmuir model Freundlich model

Cadmium(II)
Ca-A qmax

a 1.71�0.05c KF 0.23� 0.02c

KL
b 0.031�0.002 n 2.7� 0.2

R2 0.9958 R2 0.96286
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beads and the amount of sorbent biomaterial. The large
heterogeneity of data reported in the literature is confirmed
by the values of qmax (expressed as mmol g�1) found by the
different authors for copper and cadmium adsorption onto
calcium alginate gel beads, ranging between 1.20 and 2.04 for
copper [49,50,52,68,69] and between 0.21 and 2.09 for cadmium
[50,52,66–68,70,71]. Moreover, no studies are reported in the
literature on the sorption by mixed alginate/pectate gel
material. Therefore, no direct comparison can be made between
the literature data and the results obtained in this work using a
new hybrid calcium alginate/pectate gel system. A rough
comparison can be made only between the results on the
sorption capacity of calcium alginate beads towards the two
metal ions by considering, as far as possible, the similarity of
experimental conditions and models used by the different
authors. Papageorgiou et al. [52] reported a qmax = 2.09 and
1.50 mmol g�1 at pH 4.5 for sorption onto calcium alginate gel
beads of Cd2+ and Cu2+ ions, respectively. Deze et al. [68] found,
at the same pH and for the same metal ions, qmax = 1.53 and
1.78 mmol g�1. Chen et al. [49] found for cadmium ion a
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Fig. 6. Langmuir (full line) and Freundlich (dotted line) isotherm plots for the

sorption of Cd2+ by Ca-A (*), Ca-AP1 (~), Ca-AP1.5 (*), Ca-AP2 (&) at room

temperature (pH = 5.5; initial metal concentration 200 mg L�1; contact time: 24 h).
qmax = 2.04 mmol g�1 at pH = 4. These results are the more close
to those obtained in this work, i.e. qmax = 2.44 and 2.71 mmol g�1

for cadmium and copper sorption by calcium alginate gel beads,
respectively, at pH = 5.5. In particular, a fairly good accordance
can be noted between the qmax values found for cadmium ion. As
pointed out before, the differences can be attributed to the
different experimental conditions used, with particular refer-
ence to pH values.
Ca-AP1 qmax 2.27�0.09 KF 0.35� 0.03

KL
b 0.049�0.006 n 2.8� 0.1

R2 0.98819 R2 0.98174

Ca-AP1.5 qmax 2.58�0.09 KF 0.46� 0.05

KL 0.068�0.001 n 2.9� 0.2

R2 0.98820 R2 0.99020

Ca-AP2 qmax 2.79�0.04 KF 0.55� 0.08

KL 0.083�0.004 n 3.0� 0.3

R2 0.99796 R2 0.98992

Copper(II)
Ca-A qmax 1.9�0.1 KF 0.05� 0.01

KL 0.009� 0.001 n 1.6� 0.1

R2 0.99335 R2 0.97809

Ca-AP1 qmax 2.39�0.09 KF 0.10� 0.01

KL 0.012�0.001 n 1.82�0.08

R2 0.99698 R2 0.99326

Ca-AP1.5 qmax 3.06�0.19 KF 0.11� 0.02

KL 0.012�0.001 n 1.7� 0.1

R2 0.99227 R2 0.98281

Ca-AP2 qmax 3.4�0.1 KF 0.14� 0.02

KL 0.014�0.001 n 1.76�0.09

R2 0.99750 R2 0.99068

a mmol bead�1.
b L mg�1.
c Std. dev.
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and Cd2+ (&) sorption at room temperature and pH = 5.5.
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Conclusions

New mixed alginate/pectate sorbent materials were used in gel
phase for cadmium(II) and copper(II) removal from aqueous
solutions. Physical and mechanical properties of these materials
were characterized by different techniques, such as thermo-
gravimetrical analysis and SEM–EDX.

The sorption process of Cd(II) and Cu(II) ions from solution by
mixed alginate/pectate gel beads at different concentration
ratios was evaluated on the basis of kinetic and equilibrium
studies.

The results obtained from kinetic investigations show that:
(i) the removal of cadmium(II) and copper(II) ions from the
solution occurs prevalently by ion exchange with calcium(II) ion
present in the gel beads and useful correlations were found
between the amount of Cu2+ and/or Cd2+ absorbed and the Ca2+

released; (ii) the sorption ability of mixed alginate/pectin gel
beads is higher in comparison with the calcium alginate polymer
gel; (iii) the sorption process follows a pseudo second-order
kinetic model and the sorption capacity increases with the
increasing of pectin percentage in the mixed alginate/pectate gel
system, according to the trend Ca-AP2 > Ca-AP1.5 > Ca-AP1; (iv)
the Langmuir isotherm model fits equilibrium data better than
the Freundlich model.

The results of preliminary speciation analysis [62–64] allowed
us to assess the pH value of about 5.5 as the most appropriate one
(i) to avoid or minimize the hydrolysis of metal ions under
investigation as well as the protonation of biopolymers, (ii) to favor
the formation of stable metal–biopolymer complex species. The
higher stability of copper species in comparison with cadmium
species, as shown by aqueous speciation analysis, is confirmed also
by the sorption trend (Cu > Cd) obtained using the biopolymers in
gel phase.

A literature data analysis was made on the cadmium and copper
sorption by calcium alginate and a comparison of results obtained
in this work was also given. No results are reported in the literature
on the metal sorption by the mixed alginate/pectin gel system
investigated in this work.

The results obtained from this study show that the hybrid
alginate/pectate system in gel phase, never before tested, can be
considered a good material to be used as low cost and
environmental friendly sorbent for cadmium(II) and copper(II)
removal from aqueous solution.
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This study was focused on the preparation and characterization of biofilms based on pectin/polyethylene
glycol 20000 (PEG) blend and halloysite nanotubes (HNTs). The obtained blends loaded with a natural
nanoclay are proposed as sustainable alternative to the polymers produced from non-renewable re-
sources such as fossil fuels. Properties of technological interest have been monitored and they were
correlated to the structural features of the nanocomposites. It turned out that the wettability of the films
can be tuned by changing the composition and the distribution of HNTs into the material as well as the
surface roughness. The tensile properties of the blend are enhanced by the presence of the nanoclays.
The PEG crystallinity is reduced by the nanoparticles and preserved if a certain amount of pectin is
added.

This work represents a starting point to develop new green composite material, which can be used for
purposes such as in packaging, by employing the strategy of adding plasticizers and fillers within a full
biocompatible approach.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The largely used petroleum based plastics in several fields, such
as in packaging, generates a relevant environmental impact in ur-
ban areas because of their non degradability. The disposal of plastic
wastes by incineration produces an increase of carbon dioxide and,
in some cases, toxic products which contribute to the global
warming and the city pollution.

To the light of this situation, nowadays there is a growing in-
terest on the development of biodegradable materials, sustainable
alternative to the plastics produced from fossil fuel. Researchers
have focused their attention on biopolymers and clay nanoparticles
as renewable resources to process innovative green materials, such
as polymer blends and bionanocomposites.

Pectin is a biodegradable polymer which is used to develop
smart green materials useful for specific purposes. Blend based on
pectin and chitosan may be used as carrier of pharmaceutical
products [1]. Biofilms based on pectin and starch can be potentially
employed in the food conservation because of their good me-
chanical properties [2] and oxygen barrier capability [3]. Gelatin-
All rights reserved.
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pectin films showed improved tensile characteristics and water
resistance than the pristine polymers [4].

Polyethylene glycol (PEG) is a biocompatible, nontoxic polymer
with good water solubility. It is an efficient plasticizer for bio-
polymers and nanocomposites. The mechanical properties of chi-
tosan were improved by the addition of an appropriate amount of
PEG [5,6]. The PEG content (CPEG) is crucial to determine the
effectiveness of the plasticization; a decrease of the glass transition
temperature (Tg) of Poly(lactic acid) (PLA) was observed in polymer
blends with CPEG ¼ 20 wt% [7]. PLA/PEG blends with CPEG up to
30 wt% showed a decrease of the elongation at the break point [8]
and an increase of Tg [9] because of the phase separation of PEG in
the composite system.

Filling a polymer blend with clay nanoparticles represents an
alternative route to develop new nanomaterials with unique
properties from the physico-chemical view point [10e12].

Among the clay nanoparticles, halloysite nanotubes (HNTs) are
newlypromisingfiller. The size ofHNTs is ratherpolydisperse ranging
between0.1 and2mmwhile the outer and innerdiameters are ca. 30e
50 nm and 1e30 nm, respectively [13]. The biocompatibility of HNTs
makes these nanoparticles appropriate to develop composite mate-
rials with appealing perspective in several applications, such as
biotechnology [14e17], water decontamination [18,19], anticorrosive
coatings [20,21] and packaging [22,23]. Composite materials with
humidity control ability were prepared by using HNTs as filler [24].

mailto:g.lazzara@unipa.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymdegradstab.2013.09.012&domain=pdf
www.sciencedirect.com/science/journal/01413910
http://www.elsevier.com/locate/polydegstab
http://dx.doi.org/10.1016/j.polymdegradstab.2013.09.012
http://dx.doi.org/10.1016/j.polymdegradstab.2013.09.012
http://dx.doi.org/10.1016/j.polymdegradstab.2013.09.012
giuseppe
Testo digitato
Attached VII



Fig. 1. Photos of bionanocomposites at variable Cf for Rpp ¼ 1 (on the left) and Rpp ¼ 4 (on the right). The bar is 10 mm.

Table 1
The water contact angle at s ¼ 0 for pectin, PEG 20000 and the
pectin/PEG 20000 blend (Rpp ¼ 4).

qi (�)

Pectina 75 � 1
PEG 20000 28 � 1
Pectin/PEG 20000 (Rpp ¼ 4) 80 � 2

a From Ref. [22].

G. Cavallaro et al. / Polymer Degradation and Stability 98 (2013) 2529e25362530
Literature reports that the addition of HNTs prevents the
cracking in the drying latex films [25]. Filling pectins with HNTs
caused an improvement of the thermal and the mechanical prop-
erties in a large clay loading regime. [23] The hydrox-
ypropylcellulose/HNTs showed an enhancement of the polymer
degradation temperature only for small nanoclay concentration,
while the peculiar sandwich-like structure observed at the high
filler loading caused a thermal destabilization [22]. It was observed
[26] that PEG/HNTs is thermally more stable than the pristine
polymer in the low filler regime where the nanomaterial presents a
compact morphology, while the opposite thermal behavior
occurred over the high HNTs loading region because of the more
open structure.

Furthermore, it is known that the physical properties of blend
polymers [27] and nanocomposites [26,28] depend on their su-
pramolecular morphology that is controlled by the crystallization
process in melt processing for crystalline and semicrystalline
polymers. In many cases the nucleation and the overall crystalli-
zation may be enhanced by the presence of nanofillers which act as
a nucleating agent [28]. Nevertheless, it was found that for plasti-
cized PEG/PLA/cloisite nanocomposites [29] and for the PEG/hal-
loysite nanotubes (HNTs) nanocomposites [26] the nanoclay did
not play such a role.

In this work, we prepared blend films based on pectin and PEG
20000 as precursors of new plasticized bionanocomposites con-
taining also HNTs. All biofilms were extensively investigated from
the physico-chemical view point by determining the thermal and
mechanical properties, the wettability and the water uptake
behavior. The morphological study was crucial to explain the
nanomaterial features.

The acquired knowledge represents a basic point for designing
new hybrid sustainable materials.

2. Experimental

2.1. Materials

Pectin (degree of methyl esterification, 24%, Mw ¼ 30e
100 kg mol�1), halloysite nanotubes (Al2Si2O5(OH)4$2H2O, HNTs)
are from Aldrich. Polyethylene glycol (PEG) 20,000 g mol�1 is from
Fluka. All the materials were used without further purification.
Water from reverse osmosis (Elga model Option 3) with a specific
resistivity greater than 105 U m was used.



Fig. 2. Scanning electron microscopy images for surface of pristine pectin (a,b) and pectin/PEG 20000 blend with Rpp ¼ 4 (c,d).

Fig. 3. Top: the water contact angle extrapolated at s ¼ 0 as a function of the filler
content for bionanocomposites with Rpp ¼ 4. Bottom: optical images of water drops
just after the deposition on bionanocomposites with Rpp ¼ 4 and variable filler content.
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2.2. Preparation of bionanocomposites

We prepared a 2 wt % aqueous pectin solution under stirring at
70 �C. Then, an appropriate amount of plasticizer (PEG 20000) and
nanofiller (HNTs) were added to the pectin solution and kept under
stirring over night. Thewell dispersed aqueous mixture was poured
into glass Petri dishes under vacuum at 35 �C to evaporate water
until weight was constant and to obtain biofilms with a thickness of
ca. 60 mm. We selected the weight ratio pectin/PEG 20000 (Rpp)
values of 1 and 4. The composition of nanofiller (Cf) expressed as
weight percent (grams of HNTs/100 g of plasticized nano-
composite) was systematically varied.

The prepared bionanocomposites evidenced clear macroscopic
differences. As Fig. 1 shows, the nanomaterials with Rpp ¼ 1 appear
fragile and with several voids, while those with Rpp ¼ 4 exhibit
compact mechanical features.

2.3. Methods

2.3.1. Contact angle measurements
Contact angle studies were performed by means of an optical

contact angle apparatus (OCA 20, Data Physics Instruments)
equipped with a video measuring system having a high-resolution
CCD camera and a high-performance digitizing adapter. SCA 20
software (Data Physics Instruments) was used for data acquisition.
Rectangular (5 cm � 2 cm) films were fixed on top of a plane solid
support and kept flat throughout the analysis. The contact angle (q)
of water in air was measured by the sessile drop method by gently
placing a droplet of 6 � 0.5 mL onto the surface of the film. Tem-
perature was set at 25.0 � 0.1 �C for the support and the injecting
syringe as well. Images were collected 25 times per second, starting
from the deposition of the drop to 60 s. The evolution of q, the
volume (V) and the surface area (A) of droplet was monitored using
a software-assisted image-processing procedure. A minimum of 5
droplets were examined for each film sample. Only the biofilms
with Rpp ¼ 4 were analyzed.

2.3.2. Scanning electron microscopy
The morphology of nanocomposites was studied using a mi-

croscope ESEM FEI QUANTA 200F. Before each experiment, the
surface of the sample was coated with gold in argon bymeans of an
Edwards Sputter Coater S150A to avoid charging under electron



Fig. 4. Scanning electron microscopy images of surface (a,c) and cross section (b,d) of bionanocomposites with Rpp ¼ 4. The filler content is: top, Cf ¼ 10 wt%; bottom, Cf ¼ 30 wt%.

Table 2
Water uptake values at different relative humidity.

WU% (Rh ¼ 33%) WU% (Rh ¼ 75%) WU% (Rh ¼ 97%)

Pectin
3.6 � 0.7 8.2 � 0.8 14 � 2
Pectin/PEG 20000 (Rpp ¼ 4)
1.3 � 0.3 5.0 � 0.9 8 � 1
Pectin/PEG 20000/HNTs (Rpp ¼ 4, Cf ¼ 50.52)
1.3 � 0.1 4.7 � 0.8 7 � 1
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beam. The measurements were carried out in high vacuum mode
(<6 � 10�4 Pa) for simultaneous secondary electron, the energy of
the beamwas 30 kV and the working distance was 10 mm. Minimal
electron dose condition was set to avoid damage of the sample.

2.3.3. Water uptake
The water uptake (WU) experiments were done on the rectan-

gular films with the same dimensions used for DMA measure-
ments. The samples were supposed to be thin enough so that the
molecular diffusion was considered to be one dimensional.

Samples were first dried under vacuum at 25 �C for ca. 2 h. After
weighing, they were conditioned at certain relative humidity (RH%)
in a climate chamber. To obtain a stable equilibrium RH% of 33, 75
and 97% saturated salt solutions of MgCl2, NaCl and K2SO4 were
used. The temperature of the climate chamber was set at
25.0 � 0.5 �C. The samples were removed after two weeks and
weighed (�0.00001 g). The WU % of the films was calculated as
follows:

WU% ¼ 100� ðMt �M0Þ=Mt (1)

where M0 and Mt are the weights of the sample before and after
two weeks exposure to a certain RH%, respectively.

2.3.4. Tensile properties
Tensile properties were determined by means of DMA Q800

instrument (TA Instruments). For all mechanical measurements,
the samples were films of rectangular shape
(10.00 mm � 6.00 mm � 0.060 mm). Tensile tests were performed
with a stress ramp of 1 MPamin�1 at 26.0 � 0.5 �C. We determined
the values of the elastic modulus (E), the tensile strength (defined
as the tensile stress at which the material fractures (sr)) and the
percent elongation at break (ε%). Each nanocomposite was
measured five times and the average values are reported.
The characteristics of the bionanocomposites with Rpp ¼ 1 did
not allow us to perform tensile experiments (Fig. 1).

2.3.5. Thermogravimetry
The experiments were performed by means of a Q5000 IR

apparatus (TA Instruments) under the nitrogen flow of
25 cm3 min�1 for the sample and 10 cm3 min�1 for the balance. The
weight of each sample was ca. 10 mg. The calibration was carried
out by means of Curie temperature of standards (nickel, cobalt and
their alloys). The measurements were conducted by heating the
sample from room temperature to 900 �Cwith a rate of 10 �Cmin�1.
The degradation temperature of pectin (Td1) and PEG 20000 (Td2)
were taken at the maximums of the first order derivative curves of
mass loss to temperature (DTG curves). Examples of DTG curves are
reported in the ESI.

The thermal degradation of pectin (ca. 240 �C) and PEG 20000
(390 �C) are well resolved in all bionanocomposites. The materials
with very high HNTs content clearly showed a DTG peak at ca.
490 �C due to the expulsion of the two water molecules from the
nanoclay interlayer. At very large Cf, DTG curve exhibited (see ESI) a
peak at ca. 180 �C and a shoulder at ca. 340 �C, which are probably
correlated to PEG 20000 thermal degradation.
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2.3.6. Differential scanning calorimetry
The differential scanning calorimeter TA Instrument 2920 CE

was used under nitrogen flow atmosphere (flow
rate ¼ 60 cm3 min�1). The apparatus was calibrated with indium.
The used pans are in aluminum and contain ca. 5 mg of the com-
pound. The enthalpy (DHm) and the temperature (Tm) of melting for
PEG 20000 were determined by the experiments performed in the
range 0e90 �C with a heating rate of 10 �C min�1. The Tm and DHm
values were defined as the onset and the area of the melting
endothermic peak, respectively. The DHm values were calculated
per gram of PEG 20000 in the composite material. Moreover, we
studied the kinetics of crystallization process of PEG 20000 under
non-isothermal conditions by changing the cooling rate. To this
aim, the sample was heated to 90 �C and kept for 10 min to elim-
inate any previous thermal history; then, it was cooled down to 0 �C
at 2.5, 5, 10 and 15 �C min�1.

3. Results and discussion

3.1. Morphology, wettability and water uptake of bionanomaterials

The wettability of pectin/PEG blend film (Rpp ¼ 4) and the cor-
responding bionanocomposites at variable Cf was determined.

For all biofilms, both V and q decrease with time (s) while A
increases (see ESI). These values indicate that both spreading and
water absorption occur during the measurements as reported for
several biopolymers [30] and bionanocomposites based on pectin
[22]. Farris et al. [30] analyzed the q vs s trends with an exponential
function to extrapolate the q value at s ¼ 0 s (qi). Examples of the
best fits are given in ESI. We observed that the PEG 20000 addition
caused a small but significant increase (ca. 5�) of qi despite the PEG
20000 hydrophilic nature (Table 1). Hydrophobic surfaces can be
formed by hydrophilic substances if the roughness of the surface is
enhanced [31]. For composite materials, the presence of an
Fig. 5. Scanning electron microscopy images of surface (a,c) and cross section (b,d) of biona
hydrophilic additive into a matrix can generate an increase of qi
because the surface composition is modified [22]. To the light of
these insights the peculiar effect generated by PEG 20000 on the
wettability of the biomaterial is ascribable to the increase of the
surface roughness. This hypothesis is confirmed by SEM images
(Fig. 2) showing that the surface of the pectin/PEG 20000 blend is
very rough with many craters (size of ca. 2 mm), while the pectin
surface is smooth.

More intriguing appears the wettability of the bio-
nanocomposites. The general trend of qi vs Cf (Fig. 3) shows that over
the low filler loading regime (Cf � 10 wt%), qi is nearly equal to that
of the blend; for Cf > 10 wt% qi sharply decreases in agreement with
the enhancement of the surface hydrophilicity. Such a phenomenon
is straightforwardly evidenced by the drop images collected after
just the deposition (Fig. 3). These results can be univocally under-
stood in the light of themorphological study (Figs. 4 and 5) by taking
into account the factors influencing the surface properties: 1) the
roughness; and 2) the population of HNTs at the interface. Fig. 4
shows that for Cf ¼ 10 wt%, the surface of bionanocomposite is
still rough, with the presence of craters (size of ca. 2 mm), burying
the HNTs. The SEM micrography of the transverse section shows
that the filler is confined along the edges of the biofilm. For
Cf ¼ 30 wt% the surface roughness appears decreased and the HNTs
are homogeneously dispersed on the surface as well as along the
edges. Thus, the strong decrease of qi observed over the HNTs high
loading region is explained by both the enrichment of the nanoclay
at the interface and the reduction of the roughness because these
morphological changes simultaneously contribute to enhance the
surface hydrophilicity of the biofilms.

To the surface properties is correlated the tendency of the ma-
terials to incorporate water from environmental moisture that is of
relevant interest for applicative purposes of biopolymers [32e34];
with this in mind, water uptake experiments were performed on
the blend and the bionanocomposite film with Rpp ¼ 4 and after
nocomposites with Rpp ¼ 1. The filler content is: top, Cf ¼ 10 wt%; bottom, Cf ¼ 30 wt%.



Fig. 6. Tensile properties of bionanocomposites with Rpp ¼ 4 as function of filler
content.
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conditioning at variable RH% (Table 2). We observed that the WU%
values of the pectin/PEG 20000 blend are lower than those for the
pectin. The addition of large amount of HNTs to the blend generated
biomaterials with unalteredWU% in spite of the hydrophilic nature
of the nanoclay that is promising for applications in several field
such as coatings for food conservation.
Fig. 7. Scanning electron microscopy images of bionanoco
3.2. Tensile properties of bionanocomposites

The plasticization of pectin with PEG 20000 changed the tensile
properties of the biopolymer. A similar result was also observed for
chitosan/PEG 20000 blends [6]. The addition of PEG 20000
(Rpp¼ 4) generated a slight improvement of E (ca. 10%) with respect
to the pristine polymer [23], while both sr and ε% decreased.

The effect of HNTs on the tensile properties of the blend pectin/
PEG 20000 (Rpp ¼ 4) films was investigated. Some examples of the
stressestrain curves for plasticized bionanocomposites at variable
Cf are reported in the ESI. The E increase upon HNTs addition (Fig. 6)
is a clear indication of the good dispersion of the filler into the
polymer matrix as reported for other plasticizes polymer/clay
composites [35e38]. In fact, the uniform distribution of HNTs into
the nanocomposite enhances the affinity and the adhesion of the
polymers to the filler surface. The highest E value was observed for
Cf ¼ 30 wt% (the increase was of 50% respect to the blend film
pectin/PEG 20000 (Rpp ¼ 4) and of ca. 75% respect to the pristine
pectin) [23].

The tensile strength is not influenced by the nanoclay while ε%
decreases with Cf as reported in literature for starch/poly vinyl
alcohol/Montmorillonite nanocomposites [35]. The latter finding
was explained in terms of clayepolymer interactions that avoid the
sliding of polymer chains against each other.

Finally, bionanocomposites with Rpp ¼ 1 were not studied by
DMA because of their high fragility. Such a loss mechanical strength
is consistent with the morphology at the mesoscopic scale. In fact,
for Cf ¼ 30 wt% and Rpp ¼ 1 a phase separation and a formation of
globules (size of ca. 10 mm) take place at the interface generating an
inhomogeneous and fractured surface (Fig. 7). For the sample at
Cf ¼ 30 wt% and Rpp ¼ 4, HNTs are uniformly dispersed at the
surface that appears rather compact (Fig. 7).

3.3. Thermal characterization of bionanomaterials

The thermal degradation and crystallization behavior of the
materials were also determined. Both Td1 and Td2 in the pectin/PEG
20000 blends have similar values to those of the pristine polymers.
Fig. 8 reports the effect of the filler on the degradation tempera-
tures of both polymers for bionanocomposites. Td1 increases in the
presence of HNTs with a larger slope for Rpp ¼ 4. This finding cor-
roborates with the reports [23] that the HNT lumen can encapsulate
the pectin degradation products delaying the mass transport. Of
course, such a phenomenon is enhanced by increasing the pectin
concentration. Furthermore, the thermal stabilization of the
biopolymer agrees with the good dispersion of the filler into the
polymeric matrix [39e41]. The degradation of pectin (Td1 < Td2)
mposites at Cf ¼ 30 wt% with Rpp ¼ 1 (a) and 4 (b).



Fig. 9. Temperature (top) and enthalpy (bottom) of PEG 20000 melting as function of
the filler content for bionanocomposites with Rpp ¼ 1 (B) and Rpp ¼ 4 (C).

Fig. 8. Variation of the degradation temperature of the pectin (top) and PEG 20000
(bottom) as function of the filler content for bionanocomposites with Rpp ¼ 0 (:),
Rpp ¼ 1 (B) and Rpp ¼ 4 (C). Data at Rpp ¼ 0 are from Ref. [26].
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influences the thermal stability of PEG 20000. As Fig. 8 illustrates,
while the Td2 vs Cf profile remains unchanged, the maximum is
shifted towards lower values upon the pectin addition. The PEG
20000 thermal destabilization generated by the pectin proves that
the HNTs hollows are no more available to incorporate the PEG
20000 degradation products.

The crystallinity of the blend may derive from PEG 20000 hav-
ing a certain degree of crystallinity. Such a property was evaluated
by studying the melting process through the DSC. The DHm values
(Table 3) of the blends indicate that the interactions with the pectin
reduce the crystallinity fraction of the PEG 20000. This effect is
more important with the Rpp increase. Literature reports that the
addition of electrolytes to the PEGs generate a decrease of the
polymer crystallinity [42].

The addition of HNTs to the blends essentially did not modify
the crystallinity of PEG 20000 as the DHm and Tm values of all the
bionanocomposites show (Fig. 9). It was demonstrated that the
interactions between PEG 20000 and HNTs reduce the polymer
crystallinity [26] so that one may conclude that competitive pro-
cesses of HNTs/pectin and HNTs/PEG 20000 interactions take place
and that the interactions of pectin with the nanoclay surface ap-
pears privileged. The crystallization process of PEG 20000 was
studied under non-isothermal conditions. The crystallization tem-
perature (Tc) for all of the nanocomposites decreased linearly with
the cooling rate (see Figure in ESI). The Tc values extrapolated at
Table 3
Temperature and enthalpy of PEG 20000 for pectin/PEG 20000 blends and pristine
PEG 20000.

DHm (J g�1) Tm (�C)

Pectin/PEG 20000 (Rpp ¼ 1) 168.4 62.8
Pectin/PEG 20000 (Rpp ¼ 4) 50.5 59.8
PEG 20000 199.4a 60.8a

a From Ref. [26].
null heating rates are reported as functions of the nanofiller
amount (Fig. 10). It has to be noted that the nanotubes did not in-
fluence the crystallization temperature of PEG 20000 in the pres-
ence of pectin while the opposite occurs if HNTs/PEG 20000 is
considered [26]. Therefore, one can conclude that the pectin pro-
tects the nanoparticles and the melting and crystallization prop-
erties of PEG 20000 in the blend nanocomposites are preserved.

4. Conclusions

We prepared biofilms based on pectin/PEG 20000 blend filled
with inorganic natural nanoparticles. Halloysite nanotubes (HNTs)
are very promising in material science because, besides the inter-
esting properties conferred by the peculiar hollow tubular shape,
they are largely available and at low cost. The obtained nano-
composite blends represents a sustainable alternative to the plastic
materials synthesized from fossil fuels. The structural features are
tunable and therefore a variety of materials with controlled prop-
erties were obtained. A comprehensive characterization of the
Fig. 10. PEG 20000 crystallization temperature at null cooling rate for Pectin/PEG
20000/HNTs bionanocomposites at Rpp ¼ 1.
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materials was carried out through wettability, water uptake, crys-
tallinity, thermal degradation and tensile properties, which were
correlated to the mesoscopic structure.

With this study we successfully propose to employ the strategy
widely used for polymeric materials, such as the addition of plas-
ticizers and inorganic fillers, with a green biocompatible approach.
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Halloysite clay nanotubes were selectivity modified by adsorbing perfluoroalkylated anionic surfactants
at the inner surface. The modified nanotubes formed kinetically stable dispersions due to the enhanced
electrostatic repulsions exercised between the particles. We proved that the modified nanotubes can be
used as non-foaming oxygen nanocontainers in aqueous media. The gas release from supersaturated dis-
persions can be controlled by external stimuli and system composition. In conclusion, we managed to put
forward an easy strategy to develop smart materials from natural nanoclays, which can endow important
applications like the storage and delivery of gas.
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1. Introduction

Covalent or non-covalent nanoparticle modification is a well
known strategy to design new target properties. Sustainable nano-
particles are represented by clays available with different shapes,
sizes and surface chemical properties. Most common clay nanopar-
ticles possess a nanolayered morphology, such as kaolin and
montmorillonite. Notwithstanding, there are natural nanoclays
with hollow tubular shape [1,2] of great scientific interest due to
potential applications. Promising nanoclays as nanocontainers
with controlled release properties are imogolite [1] and natural
halloysite (HNT) [2]. Besides the interesting properties, imogolite
presents a certain toxicity [3]. Halloysite mineral is well known
[4] since 1946 but its application in smart sustainable materials
has been proposed only a few years ago [2]. HNT is abundant, dura-
ble and biocompatible and, furthermore, it is cheap compared to
synthetic nanomaterials with similar morphology. HNT is gener-
ated by rolling-up a kaolin sheet with a still unknown mechanism;
its size ranges between 0.5 and 1 lm in length and between 15 and
100 nm in the inner diameters [2].

The different chemistry of the inner and the outer surfaces makes
HNT a tremendous tool. Being that the external surface is composed
of Si�O�Si groups and the internal surface of a gibbsite-like array of
Al–OH groups, the aqueous acid–base equilibria confer negative and
positive charges, at the outer and inner surfaces respectively, in a
wide pH range [5,6]. Consequently, selective adsorption of ionic
species may strategically control the charge. The hydrophobic mod-
ification of HNT lumen with anionic surfactant stabilized success-
fully nanotubes in water [7] as a consequence of canceling the
positive charges at the surface due to the entrapment of the anionic
molecule into the HNT lumen generating a large net negative charge.
Nanotube applications have been proposed for controlled release in
healing anticorrosion [8,9], water purification [10], polymer
composites [11,12] and antimicrobial coatings [13]. The covalent
modification of the inner surface generated HNT able to incorporate
more ferrocene than pristine nanoclay [14]. To the light of the phase
behaviors of HNT dispersion, those nanoparticles are considered
strategic for fabrication of long-range ordered nano-objects [15].
Thus, development of tube-like materials with tunable properties
is one of the most scientific challenges.

We report the modification of HNT lumen by incorporating per-
fluoroalkylated anionic surfactants. This was done with the intent
at obtaining rather stable colloidal dispersions in water with
enhanced oxygen solubilization ability. Fluorinates are well estab-
lished for chemical and biological inertness, fire extinguishing and
flame retardant materials [16]. Finally, fluorinated biocompatible
surfactants have been proposed as oxygen carriers in biomedical
applications [17].

2. Experimental section

2.1. Materials

Halloysite nanotubes (HNTs) and kaolin are Sigma products.
Perfluorooctanoic acid (PFC8H), Perfluoroheptanoic acid (PFC7H)
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and Perfluoropentanoic acid (PFC5H) from Fluka were crystallized
from carbon tetrachloride and dried at room temperature. Their
sodium salts (NaPFC8, NaPFC7 and NaPFC5) were prepared by
neutralization with an aqueous sodium hydroxide solution. The
products were crystallized twice from an ice-cold solution and
dried in a vacuum oven at 60 �C for at least 4 days before their
use. The structure of the surfactants is given in Chart 8.

Water from reverse osmosis (Elga model Option 3) with a
specific resistivity greater than 1 MX cm was used.

2.2. Preparation of surfactants functionalized HNTs

To aqueous surfactant solutions (0.1 mol kg�1) 0.02 g cm�3 of
HNTs was added. The obtained dispersions were magnetically stir-
red for ca. 1 day. Afterward, they were taken in a vacuum oven at
50 �C and at 100 mbar overnight. The solid was separated by cen-
trifugation and rinsed several times with water until the surface
tension of the supernatant was close to the value for pure water
(ca. 72 mN m�1). This ensures the absence of unbound surfactant.
All of the solids dried at 80 �C were investigated by means of ther-
mogravimetric analysis (TG) to estimate the surfactant loading into
the HNT lumen.
Table 1
Surfactant loading, diffusion coefficient and f-potential for HNT/surfactant hybrid
materialsa.

Surfactant loading D� � 1012 f-potential

HNT 1.5; 0.94b �21; �19.6b

HNT/NaPFC5 0.29 1.2 �27
HNT/NaPFC7 0.62 1.0 �29
HNT/NaPFC8 0.86 0.90 �32

a Units are: surfactant loading, wt%; D�, m2 s�1; f, mV. Errors are: surfactant
loading, 4%; D�, 5%; f, 4%.

b From Ref. [7].
2.3. Methods

f-potential and dynamic light scattering (DLS) measurements
were carried out by means of a Zetasizer NANO-ZS (Malvern
Instruments). The field-time autocorrelation functions were well
described by a single decay, which provides the decay rate (C) of
the diffusive mode. For the translational motion, the collective dif-
fusion coefficient at a given concentration is Dt = C/q2 where q is
the scattering vector given by 4 pnk�1 sin(h/2) being n the water
refractive index, k the wavelength (632.8 nm) and h the scattering
angle (173�).

The functionalized nanotubes were imaged by using a micro-
scope ESEM FEI QUANTA 200F. The measurements were carried
out in high vacuum mode (<6 � 10�4 Pa) for simultaneous second-
ary electron, the energy of the beam was 30 kV and the working
distance was 10 mm. Before each experiment, the sample was
coated with gold in argon by means of an Edwards Sputter Coater
S150A to avoid charging under electron beam.

The thermogravimetric analyses were done by using a Q5000 IR
apparatus (TA Instruments) under the nitrogen flow of 25 cm3 -
min�1 for the sample and 10 cm3 min�1 for the balance at the heat-
ing rate of 10 �C min�1. Temperature spanned from ambient to
900 �C. The surfactant:HNT ratio was determined from the residual
mass by taking into account for the water content as reported in
the literature [16,12].

The densities (±1 � 10�6 g cm�3) and speed of sound
(±0.1 m s�1) of the liquid dispersion were determined at 25.000
± 0.001 �C by using a density and sound velocity meter (DSA
5000 M, Anton Paar).

The specific volume of pristine or modified HNTs (vsp) was
calculated as follows

vsp ¼ 1=d� 102ðd� d0Þ=ðCS � d� d0Þ ð1Þ

where d and d0 are the dispersion and water densities, respectively;
CS is the concentration of solid material into the dispersion in g/
100 g of solvent. The isentropic compressibility coefficients of the
dispersions (b) were obtained as 100/(u2 � d) being u the ultrasonic
velocity of the dispersion. The specific isentropic compressibility
(ks) was calculated using the following equation.

ks ¼ vspbþ 102ðb� b0Þ=ðCS � d0Þ ð2Þ
where b0 is the isentropic compressibility coefficients of water and
the other symbols have the same meaning as above.

The sedimentation volume of pristine and modified HNTs was
determined by using tubes of borosilicate glass with an inner
diameter of ca. 2.3 mm and length of ca. 125 mm. The tubes were
filled with the dispersion and left to equilibrate in vertical position.
Two phases were observed, an upper transparent phase and a low-
er milk-like phase. The transparent upper phase is water according
to the density value. On this basis, the concentration of either HNTs
or functionalized HNTs in the lower phase (CLP) was determined as
CLP = CS/RLP:T, where CS is the stoichiometric initial concentration of
material in water, RLP:T is the VLP/VT ratio being VT and VLP the total
and the lower phase volumes, respectively. The tubes were imaged
and RLP:T was estimated from the height of the meniscus in the cap-
illary by using an image analyzer software (ImageJ 1.43u).

The oxygen desaturation curves were obtained by using a
HD22559.2 apparatus (Delta Ohm). Water, HNT and modified
HNT aqueous dispersions (ca. 15 cm3) were saturated with oxygen
by bubbling the pure gas for ca. 1 h. The oxygen concentration was
registered every 2 min. The experiments were carried out under
static conditions and under magnetic stirring at 1250 rpm. The
oxygen concentration was normalized for the solubility of the
gas in water, [O2]sat, at the experimental conditions (25 �C and
1 atm).

3. Results and discussion

The alumina inner surface of the nanotube was selectively mod-
ified with perfluorinated anionic surfactants rendering the total
charge of the nanotube significantly changed. The as prepared hy-
brid nanotubes exhibit an enhancement of stability in water and a
core to successfully entrap oxygen in aqueous media.

3.1. Physico-chemical characterization of functionalized Halloysite
nanotubes

The amount of surfactant adsorbed onto the HNT (Table 1) was
estimated from the thermogravimetric analysis from the residual
mass by taking into account for the water content as reported in
the literature [16,12]. These values are far below the maximum
loading ability of HNTs being that the hollow cavity represents
ca. 10% of the nanoclay volume. By assuming an adsorbed surfac-
tant monolayer and considering 760 m2 g�1 for the occupied area
of NaPFC8 at the alumina/water interface [19], one calculates the
surfactant loading of 0.90 wt% that is in straightforward agreement
with the experimental value (Table 1). These calculations cannot
be extended to NaPFC7 and NaPFC5 because, to the best of our
knowledge, no adsorption data at the alumina/water interface
are available; nevertheless, it is expected a behavior rather compa-
rable in terms of area per molecule if an extended chain configura-
tion is considered [19]. From experimental loading data one can
conclude that NaPFC7 and NaPFC5 did not fully cover the HNT
lumen.



Fig. 1. Scanning electron micrographs of HNT/NaPFC5 (left hand side) and HNT/NaPFC8 (right hand side).

Fig. 2. Specific volume and isoentropic compressibility for aqueous dispersion of
HNT (�) and HNT/NaPFC8 hybrid materials (N) as a function of concentration.

Table 2
Volume and compressibility dataa.

HNT HNT/NaPFC8

v� 0.388 ± 0.002 0.380 ± 0.002
Bv (1.0 ± 0.2) � 10�4 (3.3 ± 0.2) � 10�4

k� �(5.57 ± 0.07) � 10�6 �(5.7 ± 0.3) � 10�6

Bk (1.62 ± 0.08) � 10�8 (5.6 ± 0.5) � 10�8

a Units are: v�, cm3 g�1; k�, cm3 g�1 bar�1; Bv, cm3 g�2 kg; Bk, cm3 g�2 kg bar�1.
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The SEM micrographs (Fig. 1) showed that the tubular shape of
halloysite is preserved after the adsorption of perfluorinated
surfactants and the characteristic lengths are comparable to those
observed for the pristine HNT samples in agreement with the
monolayer formation [18]. The dried samples did not show any
orientation of the anisotropic particles ruling out preferential
interactions. This aspect is fundamental as far as the aqueous
dispersions stability is concerned.

To shed more light to this aspect, the translational diffusion
coefficient and the charge of the hybrid materials were determined
in dilute aqueous dispersions. The measurements were carried out
at various contents of the dispersed material but the concentration
effect was negligible. The diffusion coefficient (D�) and the f-poten-
tial (f) extrapolated at infinite dilution are reported in Table 1. The
data show that the hybrid materials did not aggregate in water and
they diffuse as single nanotubes. The f-potential data (Table 1)
indicate that the net negative charge of the nanotubes is raised
up by the surfactant adsorption in agreement with the neutraliza-
tion of the positive charges of the inner surface.

To definitely rule out the presence of aggregates and to evi-
dence eventual particle–particle interactions, the specific volume
(vsp) and the isoentropic compressibility (ks) of HNT and HNT/NaP-
FC8 dispersed in water were determined (Fig. 2). Both vsp and ks are
linearly dependent on the concentration of the material and can be
fitted according to the Mc-Millan-Mayer approach

vsp ¼ v� þ BvCS ks ¼ k� þ BkCS ð3Þ

where v� and k� are the specific volume and compressibility at infi-
nite dilution, respectively, while Bv and Bk are the particle–particle
interaction parameters for volume and compressibility, respec-
tively. Within the experimental errors, the properties extrapolated
at infinite dilution do not reflect differences between HNT and the
hybrid material (Table 2). By using the surfactant loading from Ta-
ble 1, the v� value for NaPFC8 (0.458 cm3 g�1) [20] and HNT, one can
calculate v� for the composite material by means of the rule of mix-
tures. As a result, the change in v� for HNT/NaPFC8 with respect to
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the value for HNT is predicted to be less than 0.1% in agreement
with the experimental findings. As concerns the particle–particle
interaction parameters it is reported [21] that hydrophobic forces
provide negative values for Bv while the electrostatic interactions
render the water molecules less compressible [21] so that, Bv and
Bk are expected to be positive. Therefore one may deduce that the
nanoparticle-nanoparticle electrostatic interactions are enhanced
in the hybrid material in agreement with the f-potential results.
Fig. 4. Dependence of the ratio between the volume of lower phase and total
3.2. Sedimentation volume of pristine and functionalized Halloysite
nanotubes

The sedimentation of the clay nanotubes assumes a key role in
understanding the colloidal stability. To quantitatively explore
such a phenomenon, concentrated dispersions of pristine and func-
tionalized HNT in water were prepared and left to equilibrate in a
glass tube. After 1 week, two phases were clearly identified;
namely, a bottom milk-like phase and an upper transparent phase.
The systems remained unaltered for 6 months at least. The lower
phase is the sedimentation volume and its value increased with
the initial total concentration of the material as examples shown
in Fig. 3. For most concentrated samples, the upper transparent
phase was not observed at all. It is noteworthy that such a peculiar
sedimentation was not observed for kaolin, which possesses the
same chemical composition as HNT but a sheet-like morphology.
In such a case a complete sedimentation even at 8 wt%, the maxi-
mum concentration investigated for HNT, was observed. Different
morphologies confer different properties to the particles.

The sedimentation volume is a very complex parameter; never-
theless, at least in water, it is controlled by the repulsive forces
exercised between particles [22]. For instance, the electrostatic
repulsions are caused by the double layer surrounding each parti-
cle and the particle charge. Consequently, if the particles repel to
each other they remain independent until they reach the closest
packing, which will represent the concentration in the sedimenta-
tion volume. If the particles do not strongly repel to each other,
they are sticking together generating a smaller sedimentation
volume.

Fig. 4 shows the dependence of RLP:T on the stoichiometric con-
centration of the nanotubes. For all of the investigated systems, we
observed a linear increase in RLP:T up to the limit of 1, beyond
which it is constant. These data indicate that the sedimentation
does not take place over the concentrated regime regardless of
Fig. 3. Optical images of sedimentation volume in glass tubes. The tube length is
125 mm.

volume on stoichiometric concentration of the dispersed material.
the presence and the nature of the surfactant. From the inverse
of the positive slope of the linear trends shown in Fig. 4, we
calculated the concentrations of the lower phase ðC�LPÞ, which are
reported in Table 3. Such values are a sort of critical concentration
above which the dispersion is stable because the highest packing of
the nanotubes is approached and shorter distances between the
nanoparticles are hindered by the electrostatic repulsions. The
Table 3
Critical concentration of the lower phase for HNT and HNT/surfactant hybrid
materials in watera.

C�LP

HNT 6.3
HNT/NaPFC5 5.4
HNT/NaPFC7 4.3
HNT/NaPFC8 3.8; 4.5b

a Units are: C�LP, wt%. Error for C�LP is less than 3%.
b In KCl 0.1 mol kg�1.
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C�LP is highly altered by the presence of the anionic surfactant (Ta-
ble 3) that is in agreement with the large net charge of the hybrid
HNT compared to pristine HNT.

Although a quantitative interpretation of this phenomenon
from a microscopic view-point might be very challenging we
thought it would be interesting to compare the experimental C�LP

with the computed value. This was done by assuming a simple cu-
bic model and a contact distance given by the average length of the
nanotubes (see Fig. 5). Briefly, when the concentration generates
some overlapping, the rotation of each individual nanoparticle be-
comes restricted and the cylinders are entangled [23]. From such a
geometrical model, one obtains the critical volume fraction u� for
cylinders
Fig. 6. Critical concentration as a function of the surfactant loading for HNT hybrid
materials.
u� ¼ pR2=L2 ð4Þ
where R and L are the external radius and the length of the nano-
tubes (Fig. 5). By introducing in Eq. (4) the average outer radius
(73 nm) and the length (770 nm) of HNT [18], the u� value of
0.028 was obtained. By taking into account for the specific volume
of HNT (Table 2) the C�LP value of 6.9 wt% was calculated. An excel-
lent agreement between the computed and the experimental (Ta-
ble 3) values of pristine nanotubes was found. On this basis one
can state that the sedimentation volume of HNTs is driven by
hard-cylinder interactions, and the aqueous dispersion looks stable
when the contact distance between nanoparticles is approached.

As concerns the hybrid materials, f-potential data evidenced an
increase in the net charge in the modified HNT. Therefore, the par-
ticle–particle repulsive interactions shift to longer range increasing
the closest average distance between the functionalized nanoparti-
cles. This description explains the C�LP decrease for functionalized
HNTs. It is noteworthy the straight correlation between C�LP and
the amount of loaded surfactant into the hybrid material (Fig. 6).
This reveals that each mole of adsorbed surfactant neutralizes an
equivalent number of positive charges of the nanotubes inner sur-
face generating a linear increase in the net negative charge of HNT
and therefore longer range interactions. To highlight the signifi-
cance of the electrostatic forces on the sedimentation behavior,
0.1 mol kg�1 of KCl was added to the 2.97 wt% NaPFC8/HNT
dispersion. The determined C�LP increases in agreement with the
reduction in the mean distance between particles generated by
the salt screening effect, as expected by the DLVO theory, for which
higher ionic strength screens electrostatic repulsions due to the
contraction of the double layer width [24].
Fig. 5. Sketch representation of the simple cubic model for the interpretation of the
sedimentation volume.
3.3. Hybrid HNT/surfactant: non-foaming nanoreservoir for oxygen
storage

The nanotubes with highly hydrophobic cores might allow
encapsulation of molecules of interest within fields like nanotech-
nology, drug delivery and gas storage. These prepared hybrid
materials can be promising as oxygen nanoreservoir in aqueous
media being that fluorinated solvents are able to solubilize large
amount of gas. To explore this perspective, aqueous dispersions
of both HNT and HNT/NaPFC8 (2.0 wt%) were saturated with
oxygen and left to equilibrate with air under two very different
situations, i.e. vigorous stirring (1250 rpm) and static conditions.
For comparison purposes, experiments in pure water were also
carried out. In case of fluorinated surfactant based HNT, foam
was not generated during the gas bubbling as well as during stir-
ring conditions in contrast to solution containing conventional
fluorinated micelles. As concerns the results collected under
stirring (Fig. 7A), an induction time is required before the O2 con-
centration starts to monotonically decrease to reach the equilib-
rium. The induction time follows the order water < HNT < HNT/
NaPFC8 (Table 4). Moreover, the time dependence of the O2
Fig. 7. Oxygen concentration as a function of time in water (D), in aqueous
dispersions of HNT (N) and HNT/NaPFC8 (�). Data collected under magnetic stirring
at 1250 rpm (A) and under static conditions (B).



Chart 8. Structure of the fluorinated surfactants.

Table 4
Parameters for oxygen release from supersaturated systemsa.

Induction time t1/2

Under stirring condition
Water 12 31
Water/HNT 14 42
Water/HNT/NaPFC8 22 68

Under static condition
Water 11 37
Water/HNT 83 242
Water/HNT/NaPFC8 126 >400

a Units are min for induction time and t1/2. Error is ± 2 min.
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concentration in the aqueous phase is rather smooth in the pres-
ence of HNT/NaPFC8. From the curves in Fig. 7A the time required
for the O2 concentration to halve its initial value (t1/2) was calcu-
lated and reported in Table 4. The t1/2 value for HNT/NaPFC8 (twice
that for pure water) shows that the hybrid material behaves like an
O2 reservoir that releases the gas in water over time to contrast the
desaturation of the aqueous dispersion resulting an efficient tool in
retarding the O2 desaturation.

The key role played by the nanotubes on the oxygen release un-
der static situation is impressive (Fig. 7B). The kinetics of oxygen
release from water is essentially unchanged compared to the result
under stirring as the t1/2 values prove (Table 4). On the contrary,
both HNT and HNT/NaPFC8 are efficient in keeping the supersatu-
ration state. Nevertheless, after 6 h the HNT dispersion released ca.
50% of O2 while the hybrid nanotubes showed an oxygen loss of ca.
10%. This peculiar condition is well described by both the induction
and the t1/2 values that follow the order water < HNT� HNT/NaP-
FC8 (Table 4). The strong enhancement of oxygen entrapment abil-
ity of the modified lumen is generated by the presence of only 0.86
wt% of surfactant, which corresponds to the concentration value of
5 � 10�5 mol kg�1 that is two order of magnitude smaller than the
sodium perfluorooctanoate critical micellar concentration
(0.05 mol kg�1) [25].

In conclusion, the presence of a fluorinated cavity generates
excellent performances of the hybrid material in incorporating
oxygen. In response to external stimuli (namely stirring rate) the
material exhibits purposefully oxygen release.

4. Conclusions

We prepared hybrid nanotubes by selectively adsorbing
perfluorinated anionic surfactants. These nanomaterials were
highly stable (at least for six months) in water due to the key role
played by the electrostatic repulsions. This kinetics stability makes
them of interest for applications. The peculiar hollow tubular mor-
phology hydrophobized with perfluorinated chains endows their
use as nanocontainers to entrap apolar compounds. We proved that
these nanohybrid materials are excellent reservoirs for oxygen in
water and exhibit gas release under controlled situations in
response to external stimuli. In conclusion, we provided an easy
processing and facile surface modification to prepare sustainable
and biocompatible materials promising for gas delivery
applications.
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ABSTRACT: We prepared hybrid halloysite nanotubes
(HNT/sodium alkanoates) in which the inner cavity of the
nanoclay was selectively modified. Physicochemical studies
evidenced the interactions between HNT and sodium
alkanoates, ruled out clay exfoliation, quantified the amount of
the loaded substance, and showed an increase of the total net
negative charge, allowing us to obtain rather stable aqueous
nanoclay dispersions. These dispersions were exploited as
inorganic micelles to capture hydrocarbon and aromatic oils in
the vapor and liquid states and were revealed to be nonfoaming
but very efficient in encapsulating oils. Here, we have fabricated biocompatibile and low-cost inorganic micelles that can be
exploited for industrial applications on a large scale.
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■ INTRODUCTION

For a long time, clay minerals, which are present in all types of
sediments and sedimentary rocks, have been an object of
scientific interest. Among them are the nanoclays, like imogolite
and halloysite that both have a hollow tubular shape, which
have a particular relevance for materials design. Imogolite,
Al2SiO3(OH)4, possesses an external diameter of ca. 25 Å and
an internal diameter of ca. 10 Å.1 In spite of its interesting
structure, imogolite shows a certain toxicity, which may limit its
applications.2 Halloysite nanotubes (HNTs), Al2Si2O5(OH)4·
2H2O, possess a coil structure with an external diameter of ca.
50 nm and an internal diameter of ca. 15 nm. The different
chemistry at each surface offers the opportunity to control the
selective interaction with ionic molecules.3,4 Recent studies
proved that HNTs are ecological, biocompatible, and
dispersible in water even at very high concentrations where
they can form liquid crystalline phases.5,6 HNTs are abundant
all over the world and consequently are available at low cost. All
of these features (i.e., chemical structure and sustainable cost
and biocompatibility) make HNTs very appealing for several
purposes. Two main application fields can be identified. The
first one concerns the use of HNTs as an additive for polymers
to increase the mechanical resistance and to confer an active
response ability to external stimuli.7−11 The second one deals
with the suitability of the HNT cavity for catalysis12 and drug
release.6 In this case, the modification of the HNT internal
surface13,14 was tuned to promote the affinity between
nanotubes and target molecules. Very few studies are available
on the enhanced solubilization of hydrophobic compounds
exhibited by a modified HNT cavity.14,15

In fact, the preparation of organic/inorganic hybrid materials
based on HNTs may be of interest in terms not only because of

their sustainability and eco-compatibility but also because they
satisfy the demands of several applications. The modification of
HNTs is an attractive and big challenge, with the goal being (1)
to produce rather stable dispersions for applications where
nanocontainers and nanocarriers are required to oppose the
sedimentation of pristine HNTs and (2) to direct molecular
species into the internal space to fabricate the desired
nanostructures for the purposes of interest.
In this work, we designed, prepared, and physicochemically

characterized HNT/sodium alkanoates hybrids. Because their
inner surface is positively charged and external surface is
negatively charged over a wide pH range,6 we chose anionic
compounds to make a selective hydrophobic modification to
the cavity. Among various anionic surfactants, we selected
sodium alkanoates obtained from the neutralization of fatty
acids, which are biocompatible. Moreover, these surfactants are
available with different hydrophilic−hydrophobic balances. We
employed sodium undecanoate, sodium dodecanoate, and
sodium tetradecanoate to tune and manipulate the degree of
the hydrophobicity of the nanotubes core. Thermogravimetry,
SEM, and FTIR spectroscopy were used to define the
composition and morphology of the as-prepared hybrid
materials. Dynamic light scattering, ζ potential, and turbidim-
etry allowed us to investigate the stability of their aqueous
dispersions. These hybrids successfully entrap aliphatic and
aromatic hydrocarbons, prototypes of hydrophobic contami-
nants and solvents, from gas and liquid phases. The developed
biocompatible inorganic micelles are appealing for industrial
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applications such as detergency. At the same time, they might
play the role of conventional micelles, which is well-known to
enhance oil solubilization, and inorganic builders. Intriguingly,
these nanohybrids are nonfoaming, and although they are very
efficient, they contain a surfactant concentration below the
critical concentration at which the detergent ability emerges.

■ MATERIALS AND METHODS
Halloysite nanotubes (HNTs), sodium undecanoate (NaC11), sodium
dodecanoate (NaC12), sodium tetradecanoate (NaC14), and toluene
were from Aldrich, and n-decane was from Fluka. All of the products
were used as received. Water from reverse osmosis (Elga model option
3) with a specific resistivity higher than 1 MΩ cm was used.
Preparation of Functionalized Nanotubes. Aqueous surfactant

solutions were prepared by dissolving 5 g of surfactant (NaC11 or
NaC12) in 250 cm3 of water. Then, 5 g of HNT were added, and the
obtained dispersion was magnetically stirred for 48 h at 20 °C.
Successively, the dispersion was centrifuged to recover the function-
alized material. The latter was washed with water several times until
the water used in the washing reached the surface tension value of pure
water (72 mN m−1). This procedure ensures that eventually free
surfactant is no longer present and that the encapsulated surfactant is
not released at least within 1 month. The same procedure was
followed for NaC14, but because of its low solubility in water (330.8
mg dm−3), the HNT was added by maintaining the same HNT/
surfactant weight ratio as for other surfactants and dissolving 0.075 g
of NaC14 into 250 cm3 of water.
Thermogravimetry (TGA). Experiments were performed using a

Q5000 IR apparatus (TA Instruments) under a nitrogen flow of 25
cm3 min−1 for the sample and 10 cm3 min−1 for the balance. The
explored temperature interval ranged between 25 and 900 °C at a
heating rate of 10 °C min−1. By recording the temperature dependence
of mass loss (TG), the first-order differentiation curves of mass loss to
temperature (DTG) were determined. The decomposition temper-
ature (Td) was taken at the maximum of the DTG peaks. The
percentages of moisture loss at 120 °C (MD120) and of the residual
matter at 900 °C (MR900) were determined from the TG curves.
IR Spectroscopy. The IR spectra were registered at ambient

temperature in the range between 500 and 4000 cm−1 using an FT-IR
spectrometer (Frontier, PerkinElmer). The spectral resolution was 2
cm−1. Each sample was prepared with KBr.
Dynamic Light Scattering (DLS). The measurements were

performed at 18.0 ± 0.1 °C in a sealed cylindrical scattering cell at
a scattering angle of 90° using a Brookhaven Instrument apparatus
composed of an BI-9000AT correlator and a He−Ne laser (75 mW) at
a wavelength (λ) of 632.8 nm.
Dispersions were prepared by using water filtered by a Millipore

filter with a 0.45 μm pore size.
For all of the systems, the field-time autocorrelation functions were

well-described by a monoexponential decay function, which provides
the decay rate (Γ) correlated to the apparent diffusion coefficient D =

Γ/q2, where q = 4πnλ−1 sin(θ/2) is the scattering vector in which n is
the refractive index of water and θ is the scattering angle.

ζ Potential. ζ-Potential measurements were carried out with of a
Zetasizer Nano-ZS (Malvern Instruments) at 25.0 ± 0.1 °C.

Turbidimetry. The transmittance as a function of time of the
aqueous dispersions of HNT/NaC11, HNT/NaC12, HNT/NaC14,
and HNT (1% w w−1) was measured at 25.0 ± 0.1 °C using an
Analytic Jena Specord S 600 BU UV−vis spectrophotometer. The
experiments were performed at a wavelength of 600 nm, where no
absorption bands were detected.

Isotherm of Adsorption. The ability of HNT/NaC11, HNT/
NaC12, and HNT/NaC14 to entrap toluene dissolved in water was
monitored in the following way. Different amounts of HNT/surfactant
were added to a fixed quantity of water saturated with toluene. The
dispersions were stirred and equilibrated for 1 week. The
concentration of residual toluene was determined by measuring the
absorption spectra at 25.0 ± 0.1 °C at wavelengths between 190 and
600 nm using an Analytic Jena Specord S 600 BU, with toluene
presenting a peak at 261 nm.

Surface Tension. A programmable tensiometer (KSV Sigma 70)
equipped with a Wilhelmy plate was employed at 25.0 ± 0.1 °C. Each
surface tension value is the average of three determinations, and its
precision is 0.05 dyn cm−1. The amount of n-decane was chosen so
that it would form a film on the water surface of ca. 1 mm and would
be ca. 0.4 g of n-decane per 100 g of water. Before each measurement,
the system was gently stirred for 2 min.

Scanning Electron Microscopy (SEM). The morphology of the
obtained materials was studied using an ESEM FEI QUANTA 200F
microscope. Before each experiment, the surface of the sample was
coated with gold in argon by means of an Edwards sputter coater
S150A to avoid charging under the electron beam. The measurements
were carried out in high-vacuum mode (<6 × 10−4 Pa) for
simultaneous secondary electron, the energy of the beam was 30 kV,
and the working distance was 10 mm. Minimal electron dose
conditions were used to avoid damage to the sample.

■ RESULTS AND DISCUSSION

Physicochemical Studies of HNT/Surfactant in the
Solid State. We prepared the hybrid HNT/surfactant
materials by developing an easy strategy to ensure that both
the inner cavity was modified with anionic surfactant by
allowing an ionic exchange and that the prepared materials were
free of unadsorbed surfactant. The physicochemical character-
ization evidenced the success of the procedure.
As occurs for clays with a lamellar structure, like kaolin, the

surface modification with the surfactants may result in clay
exfoliation,16 which in the specific case of halloysite may induce
a derolling coil with the loss of the hollow cylinder meso-
structure. Because of this possibility, we performed SEM
micrographs of HNT/NaC12 and HNT/NaC14, which were

Figure 1. SEM micrographs for HNT/NaC12.
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selected because of their larger surfactant content (Figures 1
and 2).
The images show nanotubes with dimensions comparable to

those of pristine HNTs.17 This means that the surfactant
adsorption does not alter the tubular morphology. Moreover,
the hollow cavity is preserved in the composite materials.
Once we ascertained that the nanotubes maintained their

original shape during the fabrication of the hybrid materials,
TGA analysis was done to make a quantitative computation of
the amount of surfactant loaded into the lumen. To this end,
preliminary thermograms of pure surfactants were determined
(see the Supporting Information). The thermograms of the
hybrid materials are very similar to that of pristine HNTs with
the exception of the mass loss present over a range of
temperatures, which is characteristic of surfactant degradation
(Figure 3).

The percent of surfactant in the composite (Cs) was
calculated by using the rule of mixtures17,18 once the mass
loss of the pure components were known and by taking into
account the water content calculated as the mass loss up to 150
°C. In particular, the residual masses at 600 °C were used
because the surfactant degradation can be considered complete.
The results are reported in Table 1.
It is noteworthy that anionic surfactant has to be loaded into

the positive HNT lumen.14 The negative charge on the HNT
outer surface definitely rules out the adsorption of the
negatively charged surfactants. The maximum loading value
expected from the cavity size is ca. 10%.3 The data in Table 1
show that for all of the surfactants this value is never reached,

indicating the presence of void space in the hollow cavity. If
one assumes that the adsorbed surfactant generates a
monolayer, then by considering the average specific area of
the inner surface19 (6.9 m2 g−1) and the occupied area of the
surfactant at the water/alumina interface20 (0.41 nm2

molecule−1) a loading value of 1.2 wt % is calculated. From
these results, one may deduce that NaC11 likely forms a
monolayer in the lumen, whereas NaC12 and NaC14 generate
structure that require larger amounts of surfactant.
The IR spectra of the hybrid materials exhibit characteristic

bands of the two single components (spectra are reported in
the Supporting Information) and evidence the presence of
interactions between the surfactant and HNT.
The band of the symmetric stretching of −CH2− in NaC11

and NaC14 is shifted toward larger values in the presence of
nanotubes (Table 2). Such an effect was ascribed to the packing

of the surfactant tails intercalated into the layers of HNTs.14 It
is noteworthy that the stretching of CO undergoes
substantial variations in the case of the hybrid materials. For
both surfactants, the stretching undergoes a shift of ca. 80 cm−1,
revealing interactions between the charged head of the
surfactant and the opposite charge of the inner surface of the
HNT. Similar changes were found for organic acids adsorption
onto aluminum hydroxide, and they were explained by the
formation of C−O−Al.21
In summary, we have prepared hybrid materials of cylindrical

shape containing a hydrophobic cavity.

Figure 2. SEM micrographs for HNT/NaC14.

Figure 3. Thermograms of pristine and modified HNT.

Table 1. Percent of Water and Surfactant in the HNTs
Cavity

materials Cs (wt %)
a Cw (wt %)a

HNT/NaC11 1.4 1.2
HNT/NaC12 8.0 0.5
HNT/NaC14 6.6 1.0

aThe error is ±0.1 wt %.

Table 2. Stretching Values of the Surfactants and the Hybrid
Materials

materials
CH2 symmetric
stretching (cm−1)

CH2 asymmetric
stretching (cm−1)

CO
stretching
(cm−1)

NaC11 2848 2923 1559
HNT/NaC11 2853 2923 1641
NaC14 2848 2921 1559
HNT/NaC14 2851 2921 1633
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Stability of Aqueous HNTs/Surfactants Dispersions.
Diffusion coefficients of HNT/NaC11, HNT/NaC12, and
HNT/NaC14 in water as functions of the concentration of
dispersed material were determined. The diffusion coefficient
values are practically concentration-independent (see the
Supporting Information) and follow the order HNT/NaC14
> HNT/NaC11 > HNT/NaC12. The HNT/NaC12 nano-
structures present values for the translational average diffusion
at infinite dilution (D° in Table 3) close to that reported for
pristine HNTs in water.17

The increase of D° for HNT/NaC14 and HNT/NaC11
compared to the value of pristine HNTs demonstrates a larger
mobility of these systems as a consequence of the
functionalization. Such an increase cannot be ascribed to the
reduction of the size of the nanoparticles, which is ruled out by
the SEM experiments, but rather to the increment of the
repulsions between the modified nanotubes because of the
increase of the total charge. Insight into the charge of the
modified nanotubes was provided by ζ-potential measurements.
The data in Table 3 show that the incorporation of anionic
surfactant into the lumen generated a larger net negative charge
of the HNT. It is noteworthy that the change of ζ potential
with the nature of the incorporated surfactant follows D°.
These findings predict a better colloidal stability of the hybrid
materials compared to the pristine nanotubes because of the
low tendency to aggregate and the increased electrostatic
repulsions between the particles.
To evaluate the mechanism controlling the dispersions

stabilization, sedimentation experiments were done for pristine
and functionalized HNTs in water using turbidimetry.
Figure 4 shows that the sedimentation is strongly slowed by

the surfactant. The turbidity follows the same order as D° and ζ

potential, namely, the higher the D° values and the more
negative ζ potential, the more stable is the dispersion. These
results prove that modification by means of anionic surfactants
is an efficient strategy for the stabilization of HNTs dispersions;
on the contrary, cationic surfactants generate destabilization,
enhancing the sedimentation.14 The colloidal stability may also
be confirmed by electrostatic effects because of the increment
of the total net negative charge of the nanotube as a
consequence of the neutralization of the positive charges of
the inner surface subsequent to the surfactant adsorption.
It should be noted that the colloidal stability of modified

HNTs is not strictly correlated to the loading degree (Table 1)
for HNT/NaC12 and HNT/NaC14. However, the very high
surfactant content into the lumen of close to 10% indicates the
formation of surfactant self-organized structures in the cavity,
for example, like double-layers that maintain the counterions
and do not contribute to the charge increase of the nanoparticle
and consequently to its electrostatic stabilization.
To study the crucial role of the electrostatic forces in

controlling the stability of the aqueous dispersions of the hybrid
HNTs, turbidity measurements were carried out at variable
ionic strength. As the data in Figure 5 show, the modified
nanotubes are highly destabilized by KCl because of the
screening effect on the repulsive electrostatic forces between
the nanoparticles.

This result agrees with the DLVO theory, which predicts that
the stability of a colloidal system depends on both the attractive
van der Waals forces and the electrostatic repulsive forces of the
double layer surrounding each particle.22 This theory envisages
that a large ionic strength generates a screening of the
electrostatic repulsions because of the reduction of the double
layer.

Inorganic Micelles Based on HNT for Encapsulating
Oils. The structure as well as the chemistry of the HNTs makes
them rather versatile. The goal of the selective modification of
the inner surface is to obtain nanomaterials with controlled
sizes and shapes with an enhanced hydrophilic surface and a
hydrophobic core that may be exploited for encapsulation of
molecular species to be removed from aqueous phases, to be
delivered and released under control, and so on. In our work,
we selected n-decane and toluene, which are organic
compounds of environmental interest. n-Decane is an aliphatic
hydrocarbon that is nearly immiscible with water23 (its

Table 3. Diffusion Coefficient and ζ Potential for HNT/
Surfactant Hybrid Materials

materials D° × 1012 (m2 s−1) ζ potential (mV)

HNT 0.94a −19.4a

HNT/NaC11 1.04 ± 0.01 −28.3 ± 0.4
HNT/NaC12 0.88 ± 0.02 −25.3 ± 0.2
HNT/NaC14 1.13 ± 0.03 −34.0 ± 0.7

aFrom ref 14.

Figure 4. Transmittance at 600 nm as a function of time of pristine
and modified HNT in water (1 wt %).

Figure 5. Transmittance at 600 nm as a function of time of HNT/
NaC11 (1 wt %) in water and in KCl (10 mmol kg−1).
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solubility is 1.7 × 10−7 mol kg−1), whereas toluene is an
aromatic hydrocarbon sparingly soluble in water24 (its solubility
is 5 × 10−3 mol kg−1). These nanohybrid materials will be
employed as inorganic micelles to capture such compounds,
and they will be examined in the solid state as well as in the
aqueous dispersions.
Capturing Capability of n-Decane. We studied this

hydrocarbon in the vapor and liquid phases, because its
solubility in water is negligible. The HNT and the HNT/
surfactant powders were equilibrated in a desiccator saturated
with n-decane vapors at a controlled temperature. The amount
of entrapped n-decane was determined by TGA.
As Figure 6 shows, all of the materials exhibit a significant

amount of adsorbed n-decane (grams of n-decane per 100 g of
solid, Qads), which increases with temperature.

From the data in Figure 6, one may argue that the
hydrophobization of the HNT cavity improves the adsorption
ability of the nanotubes and that this effect is independent of
the alkyl chain length of the surfactant up to 30 °C. At higher
temperatures, the hybrid materials containing NaC11 and
NaC12 appear more efficient, which is rather surprising. Such a
peculiar finding may be associated with two factors: (1) the
change of the vapor pressure with temperature and
consequently the n-decane concentration in the gas phase
with temperature and (2) the temperature dependence of the
equilibrium constant of adsorption. In the investigated
temperature range, the vapor pressure (Pvap) was calculated
by means of the Antoine equation.25 The results demonstrate
that the percent of n-decane volume in the vapor phase changes
from 0.05 to 0.2 vol % upon changing the temperature from 10
to 42 °C. Indeed, the thermodynamic property, which correctly
and properly evidences the affinity of gaseous n-decane toward
the solid phase, is represented by the adsorption constant
(Kads) calculated as

=K Q P/ads ads vap (1)

The Kads values for all of the investigated systems are
illustrated in Figure 7.
Temperature plays a negligible role on Kads for all of the

hybrid systems. The pristine nanotubes exhibit an affinity
toward n-decane that is rather small at low temperatures and is
definitely smaller than that of the hybrid materials. It is
surprising that the adsorption ability of the hybrid materials
does not depend on the alkyl chain length of the surfactants.
This result is straightforward to comprehend if one considers
that the thermodynamic properties reveal the interactions

exercised between the molecule and its environment in a state
of equilibrium.26 In fact, in spite of the amount of surfactant as
well as the surfactant-tail-dependent structures formed in the
lumen, the structures nature remains unaltered (anhydrous and
with properties similar to the hydrocarbons). Therefore, one
may conclude that HNT/NaC11 exhibits affinity toward
gaseous n-decane in the same manner as HNT/NaC14 even
though it contains a surfactant amount that is six times smaller
than that in HNT/NaC14. This result assumes a particular
relevance for the potential uses of these materials as far as their
cost benefit is concerned.
The liquid n-decane in contact with the aqueous phase

mimes the case of an aquifer contaminated by light non-
aqueous-phase liquids. The first experiments involved an
aqueous phase with dispersed pristine HNTs (5 wt %) and a
film of n-decane (0.4 wt %). Afterward, HNT/NaC14 and
HNT/NaC11 replaced the pristine HNTs. The n-decane/
nanomaterials ratio was selected from Qads data. In all cases, the
surface tension as a function of time was measured under gentle
stirring and a controlled temperature. The results are illustrated
in Figure 8.
The S-shaped trend registered for HNT/NaC14 is peculiar,

which exhibits a value of around 50 mN m−1 because of the
presence of n-decane at the interface; for 7.5 h thereafter, it
sharply increases, reaching the value of water (72 mN m−1). It
is important to note that even very small amounts of n-decane
at the interface drammatically lower the surface tension to a
value of ca. 50 mN m−1. Therefore, such a jump reveals a
disappearance of n-decane that may be attributed to
evaporation and/or its entrapment into the hydrophobic cavity
of the nanotube. The experiment in the presence of pristine
HNTs revealed a nearly constant surface tension value of at
least ca. 50 mN m−1 for 10 h. Thus, one may state that the
transferring of liquid n-decane to the aqueous nanotubes takes
place only in the presence of NaC14 surfactant loaded into the
lumen. However, such a process is strongly dependent on the
alkyl chain length of the surfactant because HNT/NaC11
(Figure 8) behaves like pristine HNTs.
From all of the experiments one may conclude that (1) n-

decane at the interface does not evaporate over the
experimental time window, (2) the adsorption onto the native
HNTs is negligible, and (3) the efficiency of the hybrid HNT/
surfactant material is specific to the surfactant tail. In particular,
the higher NaC14 surfactant loading produces complex
structures in the lumen of HNTs that possess a more
hydrophobic nature than the NaC11 monolayer. These
structures may control the water capillary phenomenon into

Figure 6. Quantity of n-decane adsorbed per 100 g of adsorbent as the
temperature is changed.

Figure 7. Adsorption constant of gaseous n-decane onto the solid
substrate as a function of temperature.
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the void space of nanotubes that is expected to be more
important as the surfactant content becomes smaller. This
behavior compared to that exhibited by the hybrid materials
toward n-decane in the vapor phase indicates the relevant role
played by the aqueous solvent in the transferring process.
Capturing Capability of Toluene. The inorganic micelles

were also tested for their ability to entrap toluene solubilized in
water at a concentration lower than its solubility. Figure 9
shows the difference of the removed toluene by the hybrid
material with respect to the pristine HNT (ΔR). The surfactant
tail tuned the affinity toward the oil; accordingly, higher alkyl
chain surfactants exhibited a higher affinity toward toluene.
Furthermore, the HNT/NaC11 system does not improve the

encapsulation properties of HNTs at all. In spite of the loaded
amount of NaC12 into the HNTs lumen being slightly larger
than that of NaC14, HNTs/NaC14 exhibits a larger solubilizing
power, indicating that the formed complex structures, likely
double layers, possess a hydrophobicity established by the alkyl
chain length.
These results are in line with those obtained for the liquid n-

decane solubilization, corroborating the findings that the
surfactant monolayer of HNT/NaC11 possesses a somewhat
hydrophilic character, which is likely due to the presence of
water, whereas the more complex surfactant structures of
HNT/NaC12 and HNT/NaC14 behave like conventional
micelles. The impact and the significance that conventional
micelles assume in various applications is well-known, for
instance, the surfactant-enhanced aquifer remediation, solubi-
lization, delivery, and release of drugs, and so on. Consequently,
it is interesting to compare the solubilization power of such
inorganic micelles with that of sodium alkanoates micelles in
water. To this end, the concentration of the surfactant
(molarity scale) into the inorganic micelles was calculated
from the total concentration of the hybrid solid and the loading
values (Table 1). For the most concentrated dispersion (40 mg
cm−3) of the hybrid materials with the highest surfactant
content (HNT/NaC12), we obtained a surfactant concen-
tration of 0.014 mol dm−3. This value is rather intriguing as it is
about one-half of the critical micellar concentration (cmc) value
of NaC12 in water.27 Keeping in mind that conventional
surfactants enhance the solubility of oils in water only above the
cmc26 where micelles take place, we can conclude that we
successfully exploited the peculiar morphology of HNTs to
prepare sustainable inorganic micelles with remarkable affinity
toward oils that are sparingly soluble in water.

■ CONCLUSIONS
We developed a simple strategy to fabricate successfully HNT/
surfactant materials by the selective modification of the
nanotubes inner cavity with anionic, hydrogenated surfactants
with different length tails.
The objective of the selective functionalization was aimed at

obtaining nanomaterials with an enhanced hydrophilic surface
and a hydrophobic core. The net negative charge of the hybrid
nanotubes allowed us to obtain stable colloids. The hydro-
phobization of the nanotube cavity was exploited for the
entrapment of hydrocarbons, both aliphatic and aromatic,
which can be removed from the aqueous and gas phases. In our
work, interestingly, we proved that although the amount of
loaded surfactant into the hybrid materials is lower than the
surfactant critical micellar concentration the hybrid materials
very efficiently behave like inorganic micelles for encapsulating
oils.
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