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Preface 

This Ph.D. thesis entitled ―Preparation and study of composites films based on 

biopolymers and nanofillers charged by substances with specific properties‖ was 

initiated in November 2015 and finalized in October 2019. The study has almost carried 

out at the University of Palermo (Physics and Chemistry Department) and some 

experiments have been done at the Institute of Physics of Santiago De Compostela 

University during a training of about four months.   

The thesis is a contribution to the possibility to replace the traditional plastic 

materials with bioplastics, composite materials based on environmental friendly 

resources, such as biopolymers and nanoclays. In detail, the thesis includes six chapters. 

The first is an introduction to the green materials world, the properties and the current 

and most important applications of biopolymers, nanoclays and their composites. 

Chapter 2 reports studies on HNTs stability in aqueous polymer dispersions, 

considering the structural and the thermodynamic features that influence the 

interactions between the two components. Chapters 3 is dedicated to the 

physicochemical characterization of nanocomposite based on biopolymer/ nanofiller, 

considering the effect of biopolymer charge and the nanoclay morphology on materials 

obtained. A thermal study on multilayer nanocomposites based on an alternation of 

layers of hydroxypropyl cellulose and halloysite nanotubes combined to chitosan and 

the preparation and a thorough physic-chemical investigation on novel biocomposite 

characterized by halloysite nanotubes sandwiched in two chitosan layers are reported in 

chapter 4.  

The work done during my training at Santiago de Compostela can be divided into 

two-part. One part focuses on the possibility of designing and characterizing layer-by-

layer systems such as drug delivery. Chapter 5 is an in-depth explanation. The second 

part, that is reported in chapter 6, focuses on the possibility to verify the cytotoxicity of 

nanocomposites based on chitosan and halloysite nanotubes at different concentrations 

of components. The possibility of degradation of materials during the first 72 hours in 

incubation with DMEM is investigated and the possibility of release of toxic substances 

to cells is verified too. 
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1. Green Materials 
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1.1 Introduction 

 

Among the most current problems in environmental degradation are the accumulation 

of urban wastes and water pollution due to the excessive and irresponsible uses of 

petrochemical based plastics. The versatility of plastic materials allowed them to be 

introduced in different fields, resulting in an important improvement in the quality of life 

but resulting in an increase in ecological problems because of their non-biodegradability.1   

Disposal using incineration of these materials determines an increase in carbon dioxide 

emission and sometimes, a production of toxic gas, which leads to a contribution to global 

warming and city pollution. Currently1, 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. Within this topic, packaging films 

with either user-friendly or eco-friendly features have become an important object of 

study. Packaging materials include biobased polymers, bioplastic or biopolymer packaging 

products made of raw materials originating from agricultural or marine sources.2 Various 

polymers have been used for this purpose, covering a great variety of applications, ranging 

from containers and packaging materials to substances used in artificial organs and 

aerospace technology.3,4 Some of these biopolymers are used in their pure form, others 

show better properties as a result of the  incorporation of additives.5 They generally present 

poor mechanical properties regarding processability and end-use application, since the 

fragility and brittleness exhibited during term formation can limit their potential for 

applications. To overcome this issue, plasticizers are added to provide the necessary 

workability to biopolymers.6 The combination of biopolymeric matrix and additives offer 

unusual systems of stiffness, strength, and weight that is difficult to attain separately from 

the individual components. In the last decades, owing to increase in the concept of 

ecological safety and utilization of renewable materials towards greener society, the use of 

natural and/or biodegradable plasticizers7 with low toxicity and good compatibility with 

several plastics, resins, rubber and elastomers in substitution of conventional plasticizers, 

such as phthalates and other synthetic conventional plasticizers attracted the market along 

with the increasing worldwide trend towards the use of biopolymers.8 In this context, the 

application of natural fibers in the industries as bio-filler/reinforcement materials in 

composites is considerably improved.9 Natural fibers have attracted the interest of 
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researchers, material scientists, and industries, owing to their specific advantages as 

compared to conventional or synthetic fibers from the past.10
 Although a total replacement 

of synthetic plasticizers by natural-based plasticizers is impossible, at least for some 

specific applications such as a replacement seems obvious and useful.8 Finally,  to improve 

the properties of polymers, it is preferable to use a nanofiller, rather than ―traditional‖ 

fillers of micrometric dimensions. In fact, for any composite, the circumstances for 

substantial reinforcement and virtuous properties are the homogeneous distribution of the 

reinforcing component, orientation, good adhesion, and relatively high aspect ratio.11 

Nanofillers have a greater surface area and this property lets them usually to provide better 

performances, e.g. reinforcement, to nanocomposites.11 In such applications, they may 

confer certain unique attributes and functionalities.12 Various types of nanoparticles, 

including nanocarbon, carbon nanotubes, nanoclays, and metal oxides, are currently used 

to modify the polymer performance.13  

If nanocomposites indicate a new class of materials with ultrafine phase dimensions, 

typically of the order of a few nanometers,14,15 the combination of biopolymer and 

nanoclays may generate new sustainable materials, so-called bionanocomposites, with 

excellent and unique properties.16 Bionanocomposites have been widely studied and 

represent a good alternative to the activated carbon in waste-water decontamination. They 

are good adsorbent materials of toxic substances in the reduction of water pollution17 and 

the remediation of organic contamination (better with organo-clays as sorbents).18 They 

represent good potential new drug delivery systems.19 This introduction contains in brief 

only some of the many characteristics of these ―green‖ materials and the advantages 

related to their use in many fields, which will be explained in more detail in later chapters. 

 

1.2 Biopolymers 

 

Four are the categories in which it is possible to classify biodegradable polymers based 

the sources and on the synthesis.20 There are polymers from biomass such as the agro-

polymers from agro-resources;8 polysaccharides, starches (wheat, potatoes, 

maize),21,22ligno-cellulosic products (wood, straws)23 and others (pectins, chitosan/chitin, 

gums)24 protein and lipids, animals (casein, whey, collagen/gelatin),25–31  and plants (zein, 

soya and gluten).32,33 There are polymers obtained from microbial production, 
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polyhydroxyalkanoates (PHA) such as poly(hydroxybutyrate) (PHB) and 

poly(hydroxybutyrate co-hydroxyvalerate (PHBv). Polymers obtained from chemical 

synthesis starting monomers of agricultural resources, e.g., poly(lactic acid) (PLA). 

Polymers such as polycaprolactones (PCL), polyesteramides (PEA), aliphatic co-polyesters 

(e.g., PBSA) and aromatic co-polyesters (e.g., PBAT), finally, are obtained using chemical 

synthesis from monomers and polymers of fossil resources. 

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

biodegradation at accelerated rates; the organic components undergo fast degradation 

induced by a biological system (especially for enzymatic action) determining the release of 

carbon dioxide, water, minerals and new biomass. Two properties of these materials, 

biodegradability and renewability, let them be considered excellent alternatives to 

traditional plastics in many application fields, such as packaging, engineering and textile 

industry. Another important property of biopolymers is their abundance and consequently 

their inexpensiveness.16 

Chitosan, alginates, cellulose and their derivates are some examples of interesting 

biopolymers. They are polysaccharides and it is interesting to consider the importance of 

their use in particular in the preparation of nanocomposites due to their specific properties 

(such as a biological activity). They constitute a large source of materials for applications, 

especially in the domain of biomaterials for tissue engineering, drug vehicles, controlled 

release of drugs. Their development has opened a large field of applications. 

For all these reasons, the growing interest in polymers such as materials in the last 50 

years is very amazing and it is reflected in the increasing number of scientific publications 

(Fig. 1.2.1 a). There are several fields of application for these materials based on 

polysaccharides, including material science engineering, biochemistry, agricultural and 

biological science (Fig. 1.2.1 b,c,d,e,f). In particular the maximum percentage of 

publications number for polymers such as starch (16%) and pectin (21%) is in agricultural 

and biological science field (Fig. 1.2.1 b,c), instead the maximum of publications (~20%) 

for remaining polymers is in materials science (Fig. 1.2.1 d,e,f). 
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Figure 1.2.1 The number of publications for each year on polysaccharides such as materials (a). The percentage of 

publications number for studied polymers in different fields (b,c,d,e,f). 

 

1.3 Chitosan 

 

Chitosan is a polysaccharide. It is very similar to cellulose, which consists of β-1,4-

linked D-glucosamine with a variable degree of N-acetylation, except that the acetylamino 

group replaces the hydroxyl group on the C2 position. Thus, chitosan is a copolymer 

consisting of N-acetyl-2-amino-2-deoxy-D-glucopyranose and 2-amino-2-deoxy-D-

glucopyranose, where the two types of repeating units are linked by (1 → 4)-β-glycosidic 

bonds. It is the second abundant natural polymer on earth34  and it is obtained from chitin. 

The primary source of chitin and chitosan are crustaceans such as crabs, shrimp and 

lobsters, which are highly abundant biomasses due to the food and beverage and canning 

industries.35 Chitosan has been widely studied for biosensors, tissue engineering, 

separation membrane, and water treatment and so on, because of its good biocompatibility, 

biodegradability, and multiple functional groups.36 In the recent period the researchers 

have focused their attention on this polymer such as a good candidate to generate 

biomaterial.37Chitosan shows non-toxic nature, antimicrobial activity, and good 
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compatibility with living tissue.36,38 Chitosan is readily soluble in dilute acidic 

solutions below pH 6.0 due to the quaternization of the amine groups that have a pKa value 

of 6.3 making chitosan a water-soluble cationic polyelectrolyte.39 Furthermore, its 

polymeric cationic character and its gel and film-forming properties made chitosan 

extensively examined in the pharmaceutical industry for its potential in the development of 

drug delivery systems.40 Chitin and chitosan can be processed in various forms such as 

hydrogels,41  nanofibers,42 beads,43 membranes,44 scaffolds,45 micro/nanoparticles,46 tissue 

engineering,47 films,48 fibrous mats.49 An important application of chitosan membranes 

was in the biomedical area, in fact, both chitin and chitosan have shown positive effects on 

wound healing. It was showed they could favor the repair of some tissues and improve the 

secretation of the inflammatory mediators.44 Although the applications of this polymer 

have been developed in different fields, from molecular separation to food packaging film, 

from artificial skin to bone substitutes and water treatment, some its properties, such as 

mechanical strength, thermal stability, scarce water and gas barrier properties resulted not 

good enough to meet this wide range of applications.50,51  The possibility to incorporate 

inorganic fillers was an effective approach for improving the physico/chemical properties 

of chitosan and other biopolymers too. Different inorganic fillers have been combined to 

chitosan for this purpose and in literature, some examples with hydroxyapatite,52 clay,6 

calcium phosphate cements53 are reported.  

 

1.4 Alginate 

 

Others important and abundant naturally derived biopolymers are alginates. They are 

formed by (1-4)-linked b-D-mannuronic acid (M units) and a-L-guluronic acid (G units) 

monomers linked in a linear manner which vary in amount and sequential distribution 

along the polymer chain depending on the source of the polymer.54 More than 200 different 

alginates are currently being manufactured.55 Different kind of alginates means different 

physical and mechanical properties; in fact, there is a direct correlation between the 

polymer properties and its composition (ratio between M and G units) and molecular 

weight.56 Alginate is a naturally occurring anionic polymer typically obtained from brown 

seaweed (Phaeophyceae), including Laminaria hyperborea, Laminaria digitata, Laminaria 

japonica, Ascophyllum nodosum, and Macrocystis pyrifera57 by treatment with aqueous 

alkali solutions, typically with NaOH. Many researchers have extensively investigated on 
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this polymer due to its biocompatibility, low toxicity, relatively low cost.58 Besides it has 

been used for biomedical applications, because it has several unique properties that have 

enabled it to be used as a matrix for the entrapment and/ or delivery of a variety of 

biological agents59 and it has been widely used in the food industry as thickeners and 

emulsifying agents.60 The industrial applications of alginates are correlated to their ability 

to retain water and their gelling. In principle, alginates form gels (or precipitate at low 

polymer concentrations) in the presence of divalent and trivalent ions such as Ca2+ and 

Al3+.61 The alginate ability to undergo a sol-gel transition62  is correlated to the possibility 

by two G units of adjacent polymer chains to be cross-linked with multivalent cations (e.g., 

Ca2+ or Ba2+) through interactions with the carboxylic groups in the sugars.63 Gelation was 

briefly described in the terms of the ‗‗egg box model‘‘64 where multivalent ions, generally 

calcium ions, are coordinated to guluronate cavities made by paired up of guluronate 

sequences in the alginate chains.65 Alginate gels, in particular hydrogels, found application 

mainly in the pharmaceutical field. In fact these hydrogels showed an 

extraordinary resemblance to the natural extracellular matrix66  and have been used to 

provide the structural integrity and bulk for cellular organization and morphogenic 

guidance, to encapsulate and deliver cells, to act as tissue barriers, to serve as depots for 

drugs, and to deliver bioactive moieties that encouraged the natural reparative process.67  

 The gelling properties, very important for its use such as immobilization material, are 

related to the monomeric composition, the sequential arrangements and the lengths of the 

G-units.68 All these reasons have let these alginates hydrogel to have been employed 

successfully in three-dimensional cell-hydrogel scaffolds for tissue engineering and the 

encapsulation of transplanted (allogeneic or xenogeneic) cells in alginate hydrogel beads. 

Natural carbohydrates, such as alginates, possess the supramolecular architecture needed 

for the preparation of polymeric beads that have been used in biotechnology and also for 

engineering applications.69 Besides, the presence of negative carboxylate functions along 

polymer chains ensured its high affinity and binding capacity for cations. It could 

reasonably be utilized as a naturally available low-cost adsorbent for water treatment. In 

particular, in literature a work has been reported in which the ability of alginate gel beads, 

specifically Zn2+ modified alginate, to adsorb Victoria Blue (VB) dye was higher than 

other materials.70 In another study, it has been demonstrated the efficacy of magnetically 

separable activated carbon/cobalt ferrite/alginate composite beads as an adsorbent for  

methylene blue removal from aqueous solution.71 The capacity of gel beads of alginate 

filled with halloysite nanotubes to remove crystal violet commonly used as additive for 
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fertilizers, anti-freezes, detergents, and used also with some medical applications such as  

antibacterial, antifungal, and anthelmintic has been investigated.72 However, alginate 

hydrogel beads are soft materials because their high water content (ca. 95%). This was also 

the reason that the beads could undergo to disruption prematurely when compression force 

occurred during manufacturing or application.73 In some case, they have been subsequently 

coated with an additional polymer, chitosan, obtaining stronger beads.74 

Another field in which alginate has been used is the packaging. The growing 

environmental attention required packaging films with both user-friendly and eco-friendly 

features.6 Alginate is considered a good ―green‖ packaging materials because it has good 

filming and unique colloidal properties, which include thickening, stabilizing, suspending, 

film-forming, gel producing, and emulsion stabilizing.75 Finally, it was possible to obtain 

an antibacterial film with this biopolymer.76  

 

1.5 Cellulose 

 

Cellulose is the most abundant natural polysaccharide, and due to its biodegradability 

and renewability, it has been regarded as the greenest available material.77 This natural 

polymer represents about one-third of plant tissues and it can be restocked by 

photosynthesis.78 Wood pulp remains the most important raw material source for the 

processing of cellulose, most of which is used for the production of paper and cardboard.79       

Although the use of biopolymers is innovative compared to the use of petroleum-derived 

polymers, their brittleness and insufficient mechanical and moisture barrier properties at 

higher humidity conditions restrict their use in a wide range of applications.80  

There are different studies on cellulosic materials and their mechanical and thermal 

performances that let us to consider them promising and competitive with conventional 

plastics. Cotton and other cellulosic fibers, such as kenaf, rami, and flax face competition 

to synthetic fibers, mostly due to product uniformity, performance, and cost.81 The all-

cellulose composites of ramie fibers embedded in a matrix of regenerated cellulose, which 

was first introduced by Nishino, Matsuda, and Hirao (2004), had excellent mechanical 

properties and thermal performance.82 Nishino et al.83 investigated the mechanical 

properties of natural cellulose that shows a high elastic modulus (138 GPa) for the 

crystalline regions. This result was comparable with the elastic modulus values of high-

performance synthetic fibers such as poly(p-phenylene terephthalamide) (156 GPa, Kevlar, 
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Twaron), Vectran (126 GPa), Technora (88 GPa), and Ekonol (130 GPa).84 Also, the 

maximum macroscopic Young‘s modulus of natural plant cellulose (up to 128 GPa) was 

higher than those of aluminum (70 GPa) and glass fibers (76 GPa). Intrinsically, the very 

high elastic modulus and tensile strength (not specific modulus and specific strength) 

implied that cellulose possessed the potential to replace glass fiber, and it showed promise 

as a reinforcement fiber for composites where the density was not a concern.83 Therefore, 

actual application of cellulose reduces either the consumption of fossil resources or 

protects the environment. However, the use of cellulose has been limited by the difficulty 

of its processing and derivatization; this natural polymer is neither meltable nor soluble in 

conventional solvents due to its hydrogen-bonded and partially crystalline structure.85 

Chemical modification such as etherification has continued to provide a dominant route 

towards cellulose utilization in polymer-based materials.86 Cellulose derivatives have been 

applied as components of hydrogel formulations, used as drug-delivery system,87 in 

synthesis of new temperature-responsive hydrogel for functional finishing of cotton 

knitwear,88 in coating formulations to reduce oil uptake in deep-fat frying potato strips and 

dough discs.89 It is important to remember the improvement of micro fibrillated cellulose 

on tensile properties in composites of phenolic resin.90  Hydroxypropyl cellulose (HPC) 

belongs to the group of cellulose ethers which has been used already for a year by the 

paper of conservators as glue and sizing material.91 It is a non-ionic polymer, prepared by 

reacting alkali cellulose with propylene oxide on anhydrous glucose chain at elevated 

temperature and pressures.92 Carboxymethyl cellulose (CMC) is another example of a 

polymer obtained by the etherification of cellulose. It has been used in a very wide range 

of applications, from detergents and soap such as soil-suspending agents to food products 

such as dietetic food and ice cream, from  the textile industry such as coating agents to 

paper industry for the coating colors.93  

It is very important for the results obtained by the combination of fibers from both 

nonrenewable and renewable resources to produce composite materials that turned 

competitive with synthetic composites.94 Cellulosic fibers represent another class of 

natural cellulosic biopolymers. Due to their interesting properties, including low cost, 

biodegradability, recycling, abundance, not abrasiveness, they can be used like 

biopolymers themselves as well as reinforcing fillers of polymeric matrices.95–97 Studies98 

have been reported in which it was established that the mixing of fibers with 

polysaccharides such as thermoplastic starch and its blends or cellulose derivatives, 

involved a marked improvement in the mechanical properties of biocomposites.99 The 
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nanofibers are composed of extended cellulose chains forming a semi-crystalline structure, 

so their thermal expansion is as low as that of quartz,83  and their tensile strength was 

estimated to be about five times that of mild steel, based on the tensile test of kraft pulp 

single fibers.100 They have improved mechanical properties of composites based on 

biopolymers in comparison of pure biopolymers such as polyvinyl alcohol101or polylactic 

acid.100 

  

1.6 Clays and nanoclays 

Clays and shales are by far the most abundant types of sedimentary rocks. They 

represent a typical mineral assemblage in the smallest grain size range. The upper limit of 

the pelitic size class is a matter of definition. Silt has usually larger grains than 1-10 µ in 

diameter.102  For JNCs, joint nomenclature committees, clay is ― … a naturally occurring 

material composed primarily of fine-grained minerals, which is generally plastic at 

appropriate water contents and will harden with (sic) dried or fired‖.103 Although plasticity 

is a part of the JNCs‘ definition, but there are clays (e.g., ‗flint clay‘) that do not have this 

property and despite this, they are still regarded as ‗clay‘ because of past usage. The JNCs 

also state that the plastic properties of clay do not need quantification since plasticity is 

affected by many factors, including chemical composition and particle 

aggregation.104There are different kind of clays. Each one has own mineralogical 

composition, particle size distribution, organic substances and additives. All these factors 

can influence their plasticizing property. Clays are abundant, widespread, and inexpensive 

compared with other raw materials. The great variety of physical, chemical, and thermal 

treatments that may be used to modify clays and clay minerals provide unlimited scope for 

future applications, particularly in terms of protecting the environment.104  

The nanoclays are alumino-silicate particles and from the mineralogical view-point, 

they belong to the family of phyllosilicates composed of two types of structural sheets: 

octahedral and tetrahedral. The tetrahedral sheet is composed of silicon-oxygen tetrahedra 

linked to neighboring tetrahedra by sharing three corners, resulting in a hexagonal 

network.13 The remaining fourth corner of each tetrahedron forms a part to the 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 two 

sheets together form a layer, and several layers may be joined in a clay crystallite by 

interlayer cations, Vander Waals force, electrostatic force, or by hydrogen bonding.13 The 
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thickness of each layer is ca. 1 nm and the lateral dimensions may change from 300 Å to 

several microns. These layers organize themselves to form stacks with a regular van der 

Walls gap called the interlayer or the gallery. It is possible to distinguish clays in three 

categories, 1:1, 2:1 and 2:1:1 phyllosilicate, according to the different arrangements of the 

tetrahedral and octahedral sheets. The first one (including phyllosilicates such as kaolinite 

and halloysite) has one tetrahedral and one octahedral sheet per clay layer. The 2:1 clay 

minerals, e.g. montmorillonite, laponite and illite, are characterized by one octahedral sheet 

sandwiched between the two tetrahedral sheets. Finally, the 2:1:1 phyllosilicate, such as 

cloisite, are composed of an octahedral sheet adjacent to a 2:1 layer. It is possible that an 

element can replace another element in tetrahedral and octahedral sheets in the 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. This isomorphous substitutions influence the layered 

structure of the mineral crystal and determine a charge. The presence of these charges is 

counterbalanced by ions situated in the interlayer.  

The nanoclays properties, such as large surface area, high porosity and tunable surface 

chemistry make these nanomaterials very versatile and usable in a different fields. They 

can be used in catalysis,105–107 in electronic devices,108 for entrapment of hydrophilic and 

lipophilic active agents and as a nanofillers for polymers.109–112 Moreover, the nanoclays 

are largely employed in pharmaceutical applications113 and in water decontamination114–116 

because of their sorption ability and biocompatibility. Within this field, halloysite is a new 

emerging clay with unique properties and appealing perspectives.  

 

1.7 Halloysite  

 Halloysite belongs to the family of layered aluminosilicate (1:1) clay mineral 

(chemical formula of Al2Si2O5(OH)4∙2H2O) and it occurs widely in both weathered rocks 

and soils. The largest deposits of halloysite are found in Northland (New Zealand) and 

Dragon Mine (Utah – USA). 

The structure and chemical composition of halloysite is similar to that of kaolinite, 

dickite or nacrite but the unit layers in halloysite are separated by a monolayer of water 

molecules,117,118 that determines an increase of the spacing in the multilayer walls from 7 Å 

to 10 Å; the interlayer water is weakly held, halloysite-(10 Å) can readily and irreversibly 

dehydrate to give the corresponding halloysite- (7 Å) form.118  
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Halloysite has a different morphology but the most common is elongated tubule,119 due 

to the discrepancy in the two-layered alignment of the tetrahedral sheet of silica bonded to 

the octahedral sheet of alumina, which causes the wall to curve into a cylindrical shape.120 

The HNT nanotubes (HNTs) are characterized by a certain polydispersity in size: their 

length is between 0.2 and 1 μm, the inner diameter can be from 10 to 70 nm, while the 

outer diameter is ca. 20-200 nm.121  

The different chemical nature of the outer and inner surface of the nanotubes, the first 

characterized by the presence of Si−O−Si groups, the second characterized by the 

chemistry of Al−OH groups determines a different charge between the two surfaces. At pH 

between 2 and 8, the outer and inner surfaces have a negative and a positive charge 

respectively122,123 and the surface ζ-potential of the HNTs falls between that of silica and 

alumina. The specific surface area of halloysite is 65 m2/g, pore volume is 1.3 mL/g, the 

refractive index is 1.54, and specific gravity is 2.53 g/cm3.122 The lumen, modified or not, 

of nanotubes can be loaded with drug or molecules with antioxidant and antimicrobial 

capacity.124 Different studies confirm that HNTs represent an ideal substrate for the 

controlled or sustained release of drugs or bioactive molecules.122 Another important 

application of HNTs is related to their ability to give to systems based on biopolymers 

better chemical-physical properties, in this case, the nanoclays act as reinforcing agent.125 

Sometimes it could be useful to functionalize the halloysite nanotubes to improve the 

interaction or the compatibility to biopolymers. There are different studies in which it was 

demonstrated the possibility to improve the HNTs biocompatibility with non-covalent 

functionalization too. Chang et al. prepared and conducted studies on a supramolecular 

complex based on amylose and HNTs, kept together using mechanical forces. The 

components were mixed by ball mill and in this way, the mechanical force wrapped helical 

amylose around the walls of HNTs.126 The biocompatibility of nanotubes made these 

systems potentially adequate as biosorbents for heavy metal ions127 and dyes,115 biomedical 

applications,128 biological nanoreactors106 and nano-fillers in biopolymer matrix.129 

Furthermore halloysite nanotubes are biocompatible materials that have properties 

comparable to carbon nanotubes for some applications. They have also been found to be 

suitable for the encapsulation of biologically active molecules, such as Tetracycline, 

Khellin, and Nicotinamide Adenine Dinucleotide.130 Summing up, the most important 

characteristics of HNTs and other clays for the wide use in different applications are 

particle size, surface chemistry, particle shape, surface area, and other physical and 
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chemical properties such as viscosity, color, plasticity, green, dry and fired strength; 

absorption and adsorption; abrasion; and others.131 

 

1.8 Kaolinite 

Kaolinite (Kao) is the major mineral component of kaolin. The kaolinite (Al2Si2O5 

(OH)4), the anhydrous form of halloysite, is produced by a slow and complex hydrothermal 

alteration (―kaolinization‖) of feldspars, feldspathoids and other aluminiferous silicates 

present as essential components in numerous rocks, mainly of the type granitic and 

gneissic. These minerals, in an acid environment, in the presence of water and CO2 and 

under conditions of low temperature and pressure, release alkaline and alkaline-earth ions 

in solution and are transformed into aluminum hydrated silicates among which kaolinite 

prevails.6 The latter is a phyllosilicate (1: 1) consisting of a tetrahedral silica layer and an 

alumina octahedral layer. The thickness of an octahedral or tetrahedral sheet is about 2.4 

Å, and this also results in the thickness of an interlayer space. It follows that the basal 

reticular distance is about 7.2 Å.132 This structure contains limited substitutions of other 

elements, such as some Fe can substitute A1 and some A1 can substitute Si. Because of the 

limited substitutions, the charge on the kaolinite layer is minimal so that there is a very 

little charge on the layer.133 The morphology of kaolinite is different from that of the 

halloysite. Kao is characterized by a sheet-like geometry. To understand better it is 

possible to say ―in the earliest stage of weathering, spheroidal aggregates consisting of 

microcrystalline halloysite are formed on the plagioclase surface. With progressive 

weathering, spheroidal halloysite converts to tubular halloysite. As weathering advances, 

tubular halloysite converts to platy halloysite, which in turn converts to kaolinite…‖.134 

Halloysite is attributable to the structure of kaolinite in which two water molecules per 

stoichiometric unit are interposed between the layers. The presence of these water 

molecules is probably the reason for the roll-up in nanotubes for the first one.122,135  

The major uses of kaolins are in the paper, ceramic, paint, plastic, rubber, and cracking 

catalyst industries because of some of their characteristics, e.g. the non-reactivity at pH 

between 4-9, the color (white),  the ability to cover or hide if used as pigments, the softness 

and not abrasiveness, the low heat and electricity conductivity, the hydrophilic nature and 

so the high solubility in water. Besides these clays are not expensive.133 
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1.9 Nanotechnology and nanocomposites 

 

Nanotechnology is the ability to assemble and manipulate complex structures, with 

dimensions of the order of nanometers, and constitutes a new scientific and technological 

approach aimed at controlling the fundamental behavior of matter at the atomic and 

molecular level. In this context, in the last ten years, nanomaterials have aroused enormous 

interest with the belief that they can provoke a real technological revolution comparable to 

that generated by electronics and information technology. Their design and synthesis 

require the interaction between different scientific disciplines and interdisciplinary 

approaches. The nanocomposite technology is of great interest both in science and in 

industry. There has been an interest in combining polymeric materials and inorganic and 

organic structures to obtain the so-called ceramics with properties typical of ceramics 

(resistance to high temperature, stiffness, etc.) and of polymers (plasticity, low density, 

ease of transformation, etc. .). Moreover, the catalytic, mechanical, electrical, thermal, 

optical, electrochemical properties of nanocomposites are different from those of the 

constituents.136–138 The nanocomposites are materials characterized by a dispersion of the 

ultrafine phases typically of the order of a few nanometers in polymeric matrices. The 

extent of the interactions is strongly linked to the nature of the dispersed phase; it is 

maximized by passing from isodimensional particles to nanotubes.6,139 Compared to 

conventional composite materials, nanocomposites have particular mechanical 

characteristics linked to the high surface/ volume ratio of the reinforcement phase; in 

general, the interfacial area between the matrix and the reinforcing phase (or phases) is 

typically an order of magnitude higher than that of conventional composite materials. 

Already low contents of nanofillers (less than 5-6% by weight) cause a notable increase of 

some chemical, physical and mechanical properties140,141  

(gas permeability, solvent resistance, maximum temperature of use, thermal and 

dimensional stability, heat and flame resistance and mechanical stiffness142–144) minimizing 

the undesired effects resulting from the addition of traditional inorganic additives (increase 

density, reduction of processability, alteration of fracture toughness, opacity, etc.).138  

The first nanocomposite was prepared in 1961 when Blumstein demonstrated the 

polymerization of a vinyl monomer intercalated in the structure of montmorillonite;145; 

however, only in 1988 the first industrial application has been carried out by Okada et 

al.146 at the Toyota Central Research laboratories in Japan. They created a nanocomposite 
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system with a nylon 6 matrix loaded with montmorillonite and they found an extraordinary 

improvement of all the properties: increase of the tensile modulus, increase of tensile 

strength, reduction of thermal expansion coefficient, reduction of permeability, increase of 

resistance to impact.147 This material (marketed by UBE Industries) is currently used for 

the manufacture of the belt in the engines of Toyota cars and for the production of films for 

packaging.138 In recent years the scientific attention has been directed to a peculiar 

category of nanomaterials, the bio-nanocomposites that are called "eco-sustainable" due to 

the presence of a biopolymer matrix. The advantage of developing and disposing of these 

materials is important for the industrial world. Thanks to the availability of biopolymers, in 

the last decades studies have been carried out to improve the performances to extend them 

to the application sectors, especially electronics, the transport industry and packaging. 

In the field of transport, the use of nanocomposites translates into an increase in 

production speed, an increase in thermal stability and mechanical properties, promotion of 

recycling and weight reduction. In the field of packaging, the use of nanocomposites has 

translated into the possibility of using thin layers of materials, guaranteeing a sufficient 

barrier level and the possibility of exploring new bio-packaging materials as biodegradable 

films from renewable sources.16 Unfortunately, the use of biodegradable films for food 

packaging has been strongly limited by the poor barrier properties and weak mechanical 

properties shown by natural polymers. It is for this reason that polymers are often mixed 

with other polymers or, less frequently, chemically modified to extend their applications to 

different circumstances.136  

1.10 Layer-by-layer composites 

 

The layer-by-layer (LBL) method represents an easy and successful strategy for the 

manufacture of thin films with a multilayer structure. It is easier than the traditional 

method based on Langmuir-Blodgett (LB) technique, whose use is limited for amphiphilic 

molecules.148 Langmuir Blodgett films are in fact monolayers or multilayers of a particular 

material which are usually obtained as monolayers by deposition at a liquid-gas interface 

(usually water-air) and as multilayers by building up monolayers on a chosen 

substrate.149The main difficulty of the Langmuir method is to prevent leakage of 

amphipathic material from the monolayer-covered region to the pure water surface. The 

multilayers can be built on substrate one layer at a time up to either an even or odd number 

of layers.149  Additionally, LB method requires special instrumentation150 and presents 
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several limitations on the shape/ size of the substrates as well as on the stability and quality 

of films.151 

The LBL method is based on the electrostatic attractions between oppositely charged 

molecules152 and the hydrophobic interactions.153 It is possible to obtain a layer-by-layer 

film through charge-transfer interactions.154 Besides there are different methods to deposit 

the layers: spin-coating, spray-coating and solvent casting.155 Antifogging and 

antireflective coatings were fabricated using a Spin-LbL assembly process, and this 

process is driven by electrostatic interactions between the positively charged ZrO2 NPs and 

negatively charged SiO2 NPs.156 In literature different are the study of the preparation of 

multilayer assemblies using LBL spray-coating. It is reported of nanomaterials-based 

superhydrophobic (super water-repellent) coatings on Portland cement concrete (PCC) 

surfaces. These coatings are synthesized with nanomaterials such as 

polytetrafluoroethylene (PTFE), polyether ether ketone (PEEK) and silanized 

diatomaceous earth (DE). The study reveals that the spray duration and coating type are 

significant variables.157  

 The benefits to adding an inorganic nanofiller to a biopolymer to obtain alternative 

plastics for several purposes within the packaging,158 biotechnology,159 and engineering160  

applications have already been extensively discussed. In this contest, the hybrid materials 

with a multilayer morphology exhibit different specific characteristics and functionalities. 

An intermediate clay layer between the polymer causes a flame retardant action on 

nanocomposites.161 Alginate/ montmorillonite nanocomposites with a multilayer structure 

show excellent flame and fire shielding property.162 LBL of polyacrylamide and graphene 

oxide let to fabricate fire retardant coatings for cotton fabric.163 The success of this layer-

by-layer assembly of polyelectrolyte multilayer thin films is based upon the fact that the 

adsorption of the polyelectrolyte chains leads to charge overcompensation on the film 

surface.164  

Finally, the resulting ease of preparation and versatility of multilayer assemblies has 

led to their use in such varied applications as contact lens coatings and antifouling 

covers.165 Besides, recent studies have shown that there are many other promising 

applications for multilayered materials in such areas as drug delivery, sensors, wound 

healing, and membrane filtration.166  

 

1.11 Layer-by-layer: drug delivery system 
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In recent decades research has focused its attention on multicomposites because these 

systems make it possible to combine more properties (reinforced plastics).167 Sometimes it 

is possible to improve stability for highly labile biomolecules or biomolecular assemblies; 

other times is important to control molecular orientation or develop methods for the 

controlled assembly of multicomponent nanostructures.168 In the biological world there are 

many examples of multicomponent nanostructures and the research tries to imitate it. In 

particular, it is possible to deposit or create molecular layers onto a planar solid supports168  

or such as a work in which Layer-by-Layer electrostatic self-assembly of polyelectrolyte 

nanoshells is created on individual carbon or halloysite nanotube used as templates.169,170 

Based on this idea and the awareness that the fabrication of micro- and nano-sized capsules 

(or shells) which enable the encapsulation of various materials are of both scientific and 

technological interest.171 These capsules have been usually studied such as carriage-system 

for controlled release and targeting of drugs.172 It is known in literature a work in which 

these kinds of nanotubes, whose outer surface was modified by polymer chains of chitosan, 

are used as "carrier" systems for doxo with a resulting good control on delivery-release and 

antitumoral efficacy on MCF-7 cells.173 Lee et al. have studied the cytotoxicity of HNTs 

functionalized by DNA to improve their solubility in water and the loading and following 

the release of doxo on A549 cells.174 In this study halloysite nanotube is used to create 

around its outer surface with specific charge some layer in which a drug is kept using 

electrostatic interaction to obtain a system for a controlled and specific drug release. In 

fact, layer by layer system is realized exploiting the different surface charges of the 

polymer and of the drug itself and strong electrostatic interactions between the different 

layers to incorporate the drug, doxorubicin hydrochloride (doxo) and to improve the 

release in some specific conditions.  

 

1.12 Aims and objective of the study 

 

The research aim is to design, prepare and characterize composite films of polymers 

with nanofillers loaded with substances having specific properties. An extensive chemical-

physical investigation was carried out based on the determination of properties (thermal 

stability, wettability, mechanical resistance), that provided useful information for the 

evaluation of technological applications. Furthermore, their combination with the 
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investigations on the structure of such materials (electron microscopy, dielectric 

spectroscopy, X-ray diffraction) provided the tools to correlate the mesoscopic structure 

with the properties of these nanocomposites. Both the polymers and the nanofillers will be 

chosen among the materials defined as "green"175 and readily available. In this way, the 

aim is to reduce the environmental impact caused by the accumulation of non-totally 

biodegradable waste and to contain the cost of producing plastics that can be applied from 

the packaging field to tissue engineering, from the pharmaceutical industry to possible 

treatments in the field of conservation and restoration of Cultural Heritage. Biopolymers, 

that have been used, are chitosan, alginate, cellulose derivatives. They were chosen 

because of their biodegradability and low cost being readily available (they come from 

renewable resources). Their mixtures have also been used. As nanofillers we used nano-

clay, and in particular halloysite nanotubes (HNTs). They have already been used in the 

preparation of polymeric nanocomposites as drugs transport176/ release vehicles and in the 

treatment of wastewater,177 or as reinforcing agents178 (improve the mechanical properties) 

of the composites, if mixed in certain quantities. Furthermore, nano-clays are among the 

materials considered ―green‖179 and can undergo various functionalizations180 that can 

selectively improve their use.  

In particular, the research project is schematized in three parts. The first part focused 

on the polymer- nanofiller interactions in aqueous solution. Additional detailed 

information is reported in the attached paper I.  

The second part focused on the study of bionanocomposites. The solvent casting 

method was used to obtain the films, which were characterized both thermally and 

mechanically. The different interaction between polymer and nanofiller was evaluated, 

based on both the polymer charge and the morphology of the nanofiller. The possibility to 

obtain bionanocomposites with a multilayers structure was evaluated (additional 

information in attached papers II, III, IV). 

Finally, the third part is focused on the research conducted during my training at 

Santiago de Compostela. In particular, layer-by-layer systems based on biopolymers and 

halloysite nanotubes and the study of cytotoxicity of bionanocomposites were considered 

(two manuscripts are in preparation). 
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2. Aqueous biopolymer/ HNTs mixture 
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2.1 Physico-chemical characterization of halloysite nanotubes (HNTs)-polymer systems in 

aqueous solution 

 

Studies on the adsorption of biopolymers onto halloysite nanotubes (HNTs) in water 

were conducted. Three systems, HNTs-chitosan, HNTs-pectin, HNTs-hydroxypropyl 

cellulose (HPC), are characterized by turbidimetric technique to evaluate the stability of 

functionalized nanotubes in water. The choice of these three polymers is not accidental. It 

was intended to compare the different behavior of nanotubes in water in the presence of 

polymers with a different charge. In particular, we have used chitosan, a cationic 

polysaccharide, because of the presence of protonable amino groups; pectin from citrus, an 

anionic polysaccharide; and finally hydroxypropyl cellulose, a neutral polymer. -Potential 

measurements are conducted to determine the surface charge properties. Polymer 

adsorption onto HNT surface is investigated by isothermal titration calorimetry (ITC). The 

standard variations in free energy, enthalpy, and entropy of the process were obtained and 

discussed. This study focuses on designing nano-objects, using the adsorption of polymers 

on the nanotubes surface, which can conveniently tune nanotubes charge and 

hydrophilicity for different applications.  

In the following details on the above-mentioned properties and the insights provided 

are briefly discussed. 

   

2.1.1 Turbidimetric Measurements 

 

Figure 2.1 shows the optical density (OD) values as a function of time for each 

dispersion. The colloidal stability of the HNT dispersion in water can be investigated using 

the time dependence of the optical density.181 This parameter is related to the concentration 

of nanoparticles in suspension. 
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Figure 2.1. Optical density (OD) measured at λ = 800 nm as a function of time for HNT and polymer/HNT aqueous 

dispersion at different pH values. (Adapted with the permission from ref.182) 

 

 The optical density (OD) versus time curves can be fitted to the empirical exponential 

expression, that is adequate for sedimentation processes in colloidal systems:183          [      (  |  )]              (eq.2.1) 

where ODinf is the level-off value of the optical density, t is the time, and t0 is the 

characteristic time for the sedimentation process. Table 1 shows parameters (ODinf, t0), 

calculated by the best fit based on eq.2.1 for each system.  
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Table 2.1 Fit Parameters for HNT Sedimentation Kinetics and Viscosity Values for the Aqueous Polymer 

Solutionsa 

 pH ODinf / % t0 / 103 s ηr 

HNT 3.5 85.3 ± 0.1 1.57 ± 0.02  

HNT 7 90.3 ± 0.7 57.0 ± 1.2  

HPC/HNT 7 72.4 ± 1.9 224 ± 9 1.078 

Pectin/HNT 3.5 66.9 ± 0.5 45.7 ± 0.9 1.445 

Pectin/HNT 7 64.0 ± 0.6 91.0 ± 1.9 1.044 

Chitosan/HNT 3.5 77.7 ± 0.4 21.1 ± 0.4 2.850 

Chitosan/HNT 7 82.0 ± 0.2 5.4 ± 0.1 1.108 

 

The kinetic and thermodynamic stability of the systems considered is influenced by the 

particle size, their charge, the viscosity of the medium (ηr) and the interactions of the 

components. 

It is possible to hypothesize an interaction mechanism based on electrostatic 

interactions (Scheme 2.1). Chitosan, with its positive charges, could prefer to interact with 

negative external nanotube surface; pectin, instead, could interact with the inner nanotube 

surface. Both polymers, however, stabilize HNT particles in water according to the 

electrostatic mechanism. 
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Scheme 2.1 Mechanisms of polymers/ HNT  interaction based on electrostatic interaction. (Adapted with permission 

from ref. 182). 

 

2.1.2 Electrostatic interaction  

The ζ-potential trends for chitosan- and pectin-based mixtures show that an 

electrostatic mechanism of nanotube stabilization exists. 
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Figure 2.2. ζ-Potential values as a function of pH for HNT/chitosan and HNT/pectin citrus dispersions. Both 

systems had an HNT/polymer ratio of 10:1. (Adapted with permission from ref.182). 

 

 

Figure 2.3 ζ-Potential values as a function of RP:HNT for HNT/polymer dispersions. (Adapted with permission 

from ref.182). 
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-potential values are influenced both by the pH of dispersions (Fig. 2.2) and by 

components concentration (Fig. 2.3). The pH of dispersions influences the protonation 

equilibria of polymers and consequently determines changes in -potential trends. Chitosan 

stabilizes HNTs in water under acidic pH, exactly the opposite for pectin. In particular the 

first should adsorb on the HNTs outer surface, resulting in a more positive overall charge. 

Pectin, instead, should adsorb within the HNT lumen, that is positively charged, resulting 

in a more negative overall nanotubes charges. -potential is constant for the non-ionic 

HPC, but this is the biopolymer that better stabilizes HNTs in water such as evidenced by 

turbidimetric studies.  

 

2.1.3 Thermodynamic properties by ITC 

 

Isothermal titration calorimetry is the technique used to investigate the trend of the 

heats of titration ΔHi as a function of polymer/ HNT mass ratio (RP:HNT). The sigmoidal 

profile obtained for each system (Fig. 2.4) is analyzed based on a simple Langmuir-type 

adsorption model (see scheme 2.2).  

 



31 
 

 

Figure 2.4. ITC data for HNT titration with chitosan, pectin and HPC. (Adapted with permission from ref.182). 
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Scheme 2.2. Schematic representation of interactions between the components based on a model of adsorption of the 

polymer on the nanoparticle. (Adapted with permission from ref. 182). 

 

The fitting of the experimental data provides the equilibrium constant (Kads), the 

maximum weight (in grams) of polymer adsorbed per surface unit of nanoparticle (Z) and 

the enthalpy of adsorption per mole of polymer (H°ads). Details on the model and fitting 

procedure are reported in ref 182. Thereby, standard free energy (G°ads) and entropy 

(S°ads) for the adsorption process are calculated as 

 

G°ads = - RT ln Kads  TS°ads = ads - G°ads (eq.2.2) 

The obtained parameters are reported in table 2.2. 

Table 2.2. Adsorption Parameters from ITC Measurements for Polymer-HNT Dispersions 

 Kads / dm3 g-

1 

Z / g m-2 ∆H0
ads / 103 

kJ mol-1
 

∆G0
ads / kJ 

mol-1
 

∆S0
ads / kJ mol-1 

K-1
 

Chitosan 10.2±1.5 2.6×10-4 -47.0±1.6 -19.8±0.4 -157.8±0.1 

Pectin 12±2 2.5×10-4 -0.73±0.03 -20.2±0.4 -2.40±0.02 

HPC 393±92 5.15×10-3 -2.17±0.07 -28.9±0.6 -7.17±0.03 

 

For all cases the ∆H°ads are negative and it means that the interactions between the 

components are favored and represent the driving forces for the adsorption process. S°ads 
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values are negative too for all systems. Despite the loss of counterions and hydration water 

from polymer and/or nanoparticle surface, the entropic contribution results in negative 

because of a reduction of configuration freedom of the polymer adsorbed to the nanotubes. 

It is possible to assert that the stability of dispersions is controlled by the interactions 

(electrostatic and steric) between the dispersed particles. In the case of HPC/ HNTs 

system, the better stabilization of nanotubes could be attributed to a steric rather than 

electrostatic stabilization; the repulsion is the dominant factor and the system remains 

stable. 
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3. Nanocomposite based on biopolymer and HNTs 
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3.1 A chemical-physical characterization of nanocomposites based on biopolymer and 

HNTs 

 

Nanocomposites based on biocompatible components are prepared and characterized 

(attached article). The systems properties are highlighted to factors such as composition, 

filler geometry and polymer charge. Three polymers with different charges (alginate, 

methylcellulose, chitosan) are chosen and they are combined to two nanoclays with similar 

chemical composition but different morphology (kaolinite sheets and halloysite 

nanotubes). In this way, it is possible to evaluate the effect of biopolymer charge and the 

nanoclay morphology on materials. A chemical-physical investigation (contact angle 

measurements, dynamic mechanical analysis, thermogravimetry) is conducted. Studies on 

the activation energy of the polymer degradation process are also conducted. Friedman‘s 

method is used to calculate Ea without making any assumption on the reaction mechanism. 
184 All polymers used are non-toxic, biocompatible and biodegradable and HNTs are 

widely used for the development of systems for the release of drugs, tissue engineering, 

decontamination and food additives.182 

Some details on the experimental result and discussion are reported below. 

 

3.1.1 Thermogravimetric results 

For each systems, it is determined the water content loss at 120 °C (MD120) and the 

polymer degradation temperature (Td). Table 3.1 shows the values. 

Table 3.1. Degradation temperature and water content for biopolymers.a
 

POLYMERS Td / °C MD120 / wt% 

Alginate 251.1 15.3 

Chitosan 304.6 11.2 

Methylcellulose 360.2 3.5 
aThe error estimated by at least three independent measurements is ± 0.5 ° C for Td and ± 0.1 wt% for MD120. 

Interesting is the figure A that shows the degradation temperature as a function of the 

concentration of nanofiller, that is halloysite nanotubes or its anhydrous form, kaolinite. 
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Figure 3.1. Degradation temperatures as functions of concentration of nanofiller (●, HNT; ■, kaolinite). The error 

estimated by standard deviation on at least three independent measurements is ±0.5 °C for Td. (Adapted with permission 

from ref.6). 

Td values show that the filler morphology affected the polymers‘ degradation. In fact 

for the alginate, it is possible to obtain a polymer stabilization with the addition of HNTs. 

This result is not obtained with kaolinite. For methylcellulose and chitosan, a slight 

destabilization is achieved with both nanofillers. This behavior is related to the interactions 

between the components such as shown in the previous chapter. Just to remember (scheme 

3.1): 
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Scheme 3.1. Mechanism of polymer/ HNT interaction based on electrostatic forces. (Adapted with permission from 

ref. 6). 

 

The different charge between the inner and the outer surface of nanotubes, positive and 

negative respectively determines that the alginate, anionic polymer, prefers to fit in the 

tubular cavity and consequently is thermally stabilized. The first-order derivate functions 

of the mass loss percentage (DTG curves) confirm this entrapment of alginate in 

nanotubes. In figure 3.2 DTG curves for nanocomposites based on polymer and HNTs at 

Cf  = 50 wt % are shown. 

 

Figure 3.2. DTG curves of the polymers (       for methylcellulose,        for alginate,       for chitosan) containing 50 

wt% of HNT. (Adapted with permission from ref.6). 
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For chitosan and methylcellulose nanocomposites it is possible to observe the typical 

peak of the dehydroxylation of alumina groups of the HNT lumen at a temperature 

between 700-800 °C. The nanocomposite based on alginate does not show this peak and 

this fact seems to confirm an entrapment of polymer in nanotubes with an ionic exchange 

involving alginate COO- groups and Al-OH groups. 

Another important value that adds information on the effect of filler and its 

morphology on polymer thermal stability is the activation energy of polymer degradation. 

Friedman‘s method is used to calculate Ea without making any assumption on the reaction 

mechanism.  

The following equation (eq.3.1) is used: 

                  (     )     [(   ( )]                                  (eq.3.1)  

where β is the heating ramp, dα/ dT is the first derivative of α to temperature and f(α) is 

a function of the extent of conversion (α) 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. Table 3.2 contains activation energy values for each system studied. 

 

Table 3.2. Activation energy values for pristine biopolymers and nanocomposites. 

Material Ea / kJ mol-1 

Alginate 236 ± 12 

alginate/ HNT 400 ± 30 

alginate/ Kao 250 ± 20 

Methylcellulose 191 ± 8 

methylcellulose/ HNT 209 ± 3 

methylcellulose/ Kao 193 ± 3 

Chitosan 197 ± 25 

chitosan/ HNT 212 ± 24 

chitosan/ Kao 266 ± 20 

 

The results confirm an increase of the energetic barrier to the degradation process for 

alginate with HNT but not with Kao. For other polymers, there is not a strong 

enhancement, but there is no effect with nanofiller morphology. 

 

3.1.2 Dynamic-mechanical analysis 
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Elastic modulus (E) and breaking stress (σr) are two important parameters that 

characterize the mechanical properties of material. Both parameters can be determined by 

means of a typical stress-strain curve (Fig. 3.3 ). 

 

 

Figure 3.3. Stress as function of strain obtained under static regime for nanocomposite based on methylcellulose 

with 13 wt % of HNT. (Adapted with permission from ref.6). 

The biopolymers show mechanical properties comparable to those of traditional 

plastics185,186 and other biopolymer187,188  but it is more interesting to see the effect on these 

parameters after the combination to HNT and Kao. Figure 3.4 shows E and σr values for 

the film of pristine biopolymer and their nanocomposites. 
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Figure 3.4. (A) Young‘s modulus of the polymer films as a function of the nanofiller amount (●, HNT; ■, kaolinite). 

(B) Tensile strength of the polymer films as a function of the nanofiller amount (●, HNT; ■, kaolinite). (Adapted with 

permission from ref.6). 

 

Methylcellulose and chitosan do not show an important change in mechanical 

properties after the addition of nanofiller. Different is the result of alginate. The presence 

of HNT into alginate film causes an increase in elastic modulus even at high concentration 

and in tensile strength for Cf < 30 wt %. The presence of kaolinite has an opposite effect; it 

determines a decrease of tensile strength. This result confirms that the electrostatic 

interactions and morphology influence the mechanical properties of nanocomposites too. 

Dynamic mechanical analysis is conducted in the oscillatory regime as a function of 

temperature. In this way, it is possible to determine the glass transition temperature of 

polymers or some structural change and to observe the variation of curves due to the 

addition of nanofiller. Figure 3.5 shows the curves of tan ϕ recorded for each system 

analyzed. 
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Figure 3.5. Tan ϕ as a function of temperature for chitosan and methylcellulose and respectively their 

nanocomposites. (Adapted with permission from ref.6). 

There are not the curves of alginate and their nanocomposites because alginate does not 

show structural changes and phase transitions up to the degradation of the polymer matrix. 

For nanocomposite based on chitosan, the addition of HNT determines a weak decrease in 

Tg value but an evident reduction of peak intensity due to a higher capacity of the pure 

polymer to dissipate energy as the viscous response at elevated temperature. 189 The 

addition of kaolinite involves a decrease in Tg but an increase in the peak intensity; this 

fact seems to confirm a different interaction of chitosan with the two nanofiller related to 

its surface charge and its preference to interact to the external surface of nanotubes. For 

nanocomposite based on methylcellulose, the addition of HNTs and kaolinite does not 

influence the Tg value, but there is in both cases a reduction in peak intensity, confirming a 

nonspecific interaction between the neutral polymer and the surfaces of the nanotube. 

3.1.3  Wettability and morphology 

Table 3.3 shows the contact angle (ϴi) at deposition (τ = 0) for pristine biopolymer and 

bionanocomposites. 
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Table 3.3. Contact angle values at water drop deposition on films of pristine polymer and their nanocomposites. 

Cf / wt% Filler θi / ° 

Alginate 

0 - 67 

 54 HNT 61 

60 Kao 61 

Methylcellulose 

0 - 54 

48 HNT  61 

64 Kao 66  

Chitosan 

0 - 90 

47 HNT 65 

39 Kao  74 
aThe estimated error of at least three independent measurements is  ± 1 °. 

 

The values are extrapolated by fitting on kinetic data (eq.3.2):         (    )     (eq.3.2) 

where θi is the zero-time contact angle (τ), kθ represents the constant for the decay 

speed of the exponential function that appears in the equation while n can take values 

between 0 and 1, that represents pure adsorption and pure spreading, respectively.  

Chitosan shows the highest value of hydrophobia, but the presence of nanofiller, in 

particular HNTs, determines an important decrease in θi. A slight decrease is obtained for 

nanocomposite based on alginate compared to the value of pure polymer. Methylcellulose 

shows an opposite behavior, the addition of nanofiller implies an increase in hydrophobia.  

The morphology studies clarify the change on the wettability of the nanocomposite 

surface. In fact, scanning electronic microscopy (SEM) micrographs (Fig. 3.6) show a 

uniform distribution of HNTs on alginate and chitosan surface. Considering that HNTs 

have a strong hydrophilic character, the presence of nanotubes on surface justifies the 

greater wettability of nanocomposites. For methylcellulose/ HNTs nanocomposites it is 

possible to see an increment of surface toughness and consequently an increase of 

hydrophobic character of their surface. 
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Figure 3.6. SEM images obtained on nanocomposites with 50 wt % of HNTs. (Adapted with permission from ref.6). 

 

3.1.4 X-ray crystallography 

X-ray diffraction pattern is registered for HNT and their nanocomposite based on 

alginate and methylcellulose (Fig.3.7). It is not measured the pattern for the chitosan/ HNT 

system because it is known in the literature.  
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Figure 3.7. Diffractograms respectively for HNT/ alginate with Cf = 30 wt %,  HNT/ methylcellulose with Cf = 18 

wt %, HNT. (Adapted with permission from ref.6). 

 The results confirm the coexistence of two phases: HNT with intercalated 

polymer and HNT without polymer; the first phase is revealed by the presence of peaks at 

8.39 Ǻ and 10.0 Ǻ for composites based on alginate and methylcellulose respectively and 

the second is characterized by the presence of peak at ca.7 Ǻ, that coincides with interlayer 

space  of nanotubes. 

 

  



45 
 

4. Multilayer Nanocomposites 
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4.1 Multilayer systems based on HPC/Chit-HNT/HPC 

Multilayer composite biofilms are prepared and thermally characterized. The systems 

are prepared through a sequential casting method, with the alternation of hydroxypropyl 

cellulose (HPC) in ethanol and an aqueous chitosan/ HNT dispersion respectively. It is 

valued the influence of HPC/ HNTs ratio on the thermal properties of films using 

differential scanning calorimetry (DSC) and thermogravimetry (TG). It is interesting the 

comparison between the two techniques data because TG measures are conducted under 

inert atmosphere (N2 flow), while DSC measures are conducted in an oxidative atmosphere 

(air). In this way DSC lets us know the enthalpy and the temperature for the oxidative 

degradation of composites, while TG lets us evaluate the effect of HNTs using kinetic 

studies on the pyrolytic process. 

 

4.1.1 Multilayer preparation and structure 

Table 4.1 shows the composition of the nanocomposites. 

 

Table 4.1. A description of nanocomposites composition and the corresponding amounts of HPC solutions and 

chitosan/ HNTs dispersions used in sequential casting. 

R(C+H)/HPC Amount of HPC 

solution (First layer) / g   

Amount of chitosan/HNTs 

dispersion (Second layer) / g   

Amount of HPC solution 

(Third layer) / g   

0.92 8.18 4.96 8.02 

1.89 8.15 10.24 8.07 

2.81 8.05 15.03 8.00 

 

 

Different composition of systems is expressed in terms of different ratio (R(C+H)/HPC) 

between the weight of the middle layer (chitosan + HNTs) and the external layers (HPC). 

Each layer is obtained using the solvent casting method. The use of different solvent and 

the low solubility of chitosan in ethanol ensure the multilayer morphology of 

nanocomposites studied. This is confirmed by the scanning electron microscope (SEM) 

images (Fig. 4.1 b). 
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Figure 4.1. Preparation scheme of multilayer nanocomposite (a). SEM image for nanocomposite with R(C+H)/HPC = 

2.81 (b). (Adapted with permission from ref.190). 

The thickness of the intermediate layer is changed while that of the outer layers is kept 

constant. The thickness of the HPC (outer layer) is calculated by the eq. 4.1    (   )            ⁄                     (eq. 4.1) 

where mHPC and δHPC are the mass and density of HPC, respectively; r is the radius of 

the Petri dish used to obtain the system. The thickness of chitosan and HNTs is calculated 

by the eq.4.2  (   )    ( )    ( )                          (eq. 4.2) 

Considering the thickness of chitosan (hC) and the thickness of HNTs (hH) using eq. 4.1 

and the densities of two components neglecting the reciprocal interactions, it is possible to 

calculate the values that are collected in table 4.2. 

Table 4.2. Thicknesses of films, the outer HPC layers and intermediate chitosan/HNT layer for the prepared 
nanocomposites. 

R(C+H)/HPC h(HPC) (First layer) 

/ m  

h(HPC) (Third layer) 

/ m 

hC+H (middle layer) 

/ m 

Nanocomposite thickness 

/ m 

0.92 71.2 69.8 2.67 144 

1.89 70.9 70.3 5.52 147 

2.81 70.1 69.7 8.11 149 
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4.1.2 Thermal behavior under an inert atmosphere 

Thermogravimetric curves for three nanocomposites are compared (Fig. 4.2). 

 

Figure 4.2. Thermograms of multilayer systems with different interlayer thickness. (Adapted with permission from 

ref.190). 

The typical trend obtained with TGA has three characteristic loss. The first one is in the 

interval of 25-150 °C and indicates the humidity of composite; the second one is between 

200-400 °C and is due to organic losses; the last one, in the range of 420-550 °C, is 

attributable to the two water molecules present in the nanotubes of interlayer. 6 It is 

interesting a comparison on thermal results obtained in the same condition (heating rate = 

10 °C ‧ min-1) between nanocomposites (table 4.3). 

Table 4.3. Mass losses and residual masses at 900 °C for pure HPC and nanocomposites determined by TG 

measurements at = 10 °C min-1.    

R(C+H)/HPC ML150 / % ML400 / % ML600 / % MR900 / % TCHIT / °C THPC / °C 

0 0.65 92.4 // 4.07 289.2 369.7 

0.92 1.74 61.3 4.28 30.1 290.2 376.4 

1.89 1.83 43.2 6.33 44.8 291.6 373.4 

2.81 2.31 42.1 6.49 45.8 286.5 374.5 

 

The analysis of differential thermogravimetric curves (DTG) lets us identify the steps 

of sample degradation. 
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Figure 4.3. DTG of nanocomposites at different compositions. (Adapted with permission from ref.190). 

In Fig. 4.3 it is possible to observe a shoulder for each system at 290 °C attributable to 

degradation of chitosan and a peak at 370 °C due to HPC degradation. 

The presence of a multilayer structure and the combination with the chitosan/ 

nanotubes layer cause a slight stabilization of HPC. For a deeper understanding, the kinetic 

process of polymer degradation is studied. Thermograms are registered at different heating 

rates and analyzing the data between 200-400 °C using Friedman method (eq. 4.3), it is 

possible to determine the activation energy (Ea) values for all nanocomposites.   (     )    [  ( )]               (eq. 4.3) 

where α is the conversion degree, A is a pre-exponential factor and R is a gas constant. 

Fig. 4.4 shows the Ea for each multilayer. 

 

Figure 4.4. The average activation energy for the HPC degradation process as a function of the multilayer 

composition. (Adapted with permission from ref.190). 
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The results obtained clarify that the presence of chitosan/ HNT interlayer and the same 

multilayer structure does not affect the kinetic of the HPC degradation process. 

  

4.1.3 Thermal behavior under oxidative atmosphere 

Differential scanning calorimetry measurements are conducted on all nanocomposites. 

Unlike the thermogravimetric measurements carried out in a nitrogen current, here the 

measurements are conducted in air, therefore in oxidative conditions. Fig. 4.5 the trend of 

heat flow as a function of temperature for three nanocomposites with different R (C+H)/ HPC. 

 

Figure 4.5. Differential scanning calorimetry curves for nanocomposites with different weight ratios between the 

inner and outer layers. (Adapted with permission from ref.190). 

All three nanocomposites undergo an exothermic process. The analysis of recorded 

results lets us determine the temperature (Tox) and the enthalpy variation (ΔHox), which are 

the maximum and the peak integration respectively. Fig. 4.6 shows the different values of 

Tox and ΔHox obtained for systems in comparison to pure polymer too. 
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Figure 4.6. The enthalpy variation (a) and temperature (b) of the oxidative process as functions of different 

composition of nanocomposites. (Adapted with permission from ref.190). 

As expected the presence of interlayer determines a fire retardant action on multilayer 

systems. 

 

4.2 Multilayer nanocomposites with halloysite nanotubes between two chitosan layers 

  

A sequential casting of chitosan and halloysite nanotubes is conducted to have a 

stratification of HNTs between two layers of chitosan Multilayer composite biofilms are 

obtained such as confirmed by water contact angle measures, in fact despite the 

hydrophilic character of nanotubes, the surface of composites has a strong hydrophobic 

character. Thermal properties are analyzed under inert and oxidative atmospheres and the 

results are correlated to the sandwich-like morphology of hybrid materials. The kinetic of 

chitosan degradation is investigated using Friedman‘s method, which is a non-isothermal 

thermogravimetric approach. Also, in this case, the formation of a well-compacted middle 

layer of HNTs affects the activation energy value of polymer degradation. Finally, 
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differential scanning calorimetry shows the effect on the ignition temperature of chitosan 

by the presence of HNTs. 

 

4.2.1 Preparation of chitosan/ HNTs nanocomposites with three-layered structure 

Different methods can be conducted to prepare multilayer assemblies through several 

deposition procedures that include spin-coating, co-extrusion, spray-coating and solvent-

casting. 191  In this study chitosan/ HNTs composite are prepared by using a novel method 

that consists of a water casting procedure, in which the sequential deposition is controlled 

by the pH conditions. 

In the specific, an aqueous chitosan solution is prepared. The pH is fixed at 3.5 by 

adding dropwise of glacial acetic acid. The solvent casting method let us obtain a chitosan 

film dried when its weight is constant over time. A second dispersion composed by 

halloysite nanotubes in water is deposited and after the evaporation of solvent, it is 

possible to see a well compacted HNTs layer. The strength for the success of the 

stratification is the poor solubility of chitosan in a low acidic solution such as that of 

halloysite nanotubes in water (pH = 6). Finally the deposition of the third layer, aqueous 

chitosan solution at pH = 3.5. Fig. 4.7 gives a schematic illustration of the preparation 

performed. 

 

Figure 4.7 Schematic representation of the sequential deposition to obtain the assemblies of three layers. (Adapted 

with permission from ref.192). 
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4.2.2 Morphology investigated using scanning electron microscopy 

 

Nanocomposites with different composition are prepared, in particular, it is specified 

the ratio (R HNTs:CHIT) between HNTs and the total amount of chitosan (outer and inner 

layers). Both scanning electron microscopy (SEM) images (Fig. 4.8) and the surface 

wettability study confirm the presence of the HNTs layer only in the middle layer. 

 

 

Figure 4.8. SEM images of cross-section for multilayer composite with R HNTs:CHIT = 0.62 (a, d) and R HNTs:CHIT = 

1.27 (b, e). SEM images of surface for multilayer composite with R HNTs:CHIT = 1.27 (c, f). (Adapted with permission from 

ref.192). 

The images in Fig. 4.8 provided the thickness of the intermediate layer. In Fig. 4.9 it is 

reported a schematic representation of the structures with calculated thicknesses, in which 

it is shown that the volume fraction of the middle layer and the overall thickness depend on 

R HNTs:CHIT. 

 

Figure 4.9 SEM images let us calculate the thickness of multilayer assemblies obtained using sequential solvent 

casting method. (Adapted with permission from ref.192). 
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4.2.3 Surface wettability analysis 

Contact angle measurements are conducted. A water drop is deposited on the film 

surface and its behavior is monitored as a function of time. As a general result, the drop on 

surface forms a contact angle that is intended to decrease due to two processes: adsorption 

and spreading. The data fitting is done using equation 4.4:193          (    )       (eq.4.4) 

where θi is the zero-time contact angle (τ), kθ represents the constant for the decay 

speed of the exponential function that appears in the equation while n can take values 

between 0 and 1, that represents pure adsorption and pure spreading, respectively.  

The parameters are shown in table 4.4. 

Table 4.4. Fitting parameters data of kinetic deposition of a water drop on the film surface. Initial contact angle (ϴi), 

exponential parameter correlated to adsorption and spreading processes (n) and kinetic constant (k). 

RHNT:CHIT θi / ° N k / s-1 

0 

0.33 

0.48 

0.62 

0.94 

1.27 

 

86 ± 3 

79 ± 3 

74 ± 4 

84 ± 4 

78 ± 5 

75 ± 4 

0.641 ± 0.004 

0.63 ± 0.01 

0.78 ± 0.01 

0.62 ± 0.01 

0.78 ± 0.01 

0.80 ± 0.01 

0.0078 ± 0.0001 

0.0046 ± 0.0001 

0.0085 ± 0.0001 

0.0038 ± 0.0001 

0.0013 ± 0.0003 

0.0032 ± 0.0001 

 

All nanocomposites undergo both processes in fact n values are between 0 and 1, more 

precisely n varies from 0.64 ( n value for pristine chitosan) to 0.80 ( n value for composite 

with RHNTs:CHIT highest of all). k values do not have a trend correlated to the presence of 

HNTs layer, so it is possible to deduce that HNTs do not affect the kinetic of two 

processes. The most interesting result is on ϴ values. All films show the strong 

hydrophobic character typical of the chitosan layer, so this fact confirms the good retention 

of nanotubes in the center of the systems and it is in agreement with morphology study 

using SEM images. 
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4.2.4 Thermal properties investigated using thermogravimetric analysis and differential 

scanning calorimetry 

 

The literature reports that the mesoscopic structure of nanocomposites influences their 

thermal properties. A homogenous dispersion of nanofiller into polymer matrix usually 

determines a good thermal stabilization. There are different examples for good dispersed 

HNTs in polymers with an increase in degradation temperature due to a barrier effect and 

entrapment process towards the volatile products.194–196 The HNTs confined in a layer in 

the middle of a multilayer composite do not influence the thermal properties of 

nanocomposites.110   

The activation energy (Ea) of chitosan degradation is calculated for all nanocomposites 

through Friedman‘s method, which is the same method used to analyze the kinetic data 

discussed in 3 and 4 chapters and that is used in different kinetic studies reported in the 

literature.184 Fig. 4.10 collects all activation energy values calculated for the investigated 

systems. 

 

Figure 4.10. The average activation energy of chitosan degradation for nanocomposites with different compositions. 

(Adapted with permission from ref.192). 

The filler concentration influences the kinetic of chitosan degradation in multilayer 

assemblies. In particular, the chitosan degradation is accelerated by a large amount of 

HNTs (Ea of multilayers <  Ea of pure chitosan). In agreement with the one mentioned 

above only the designed multilayer morphology could influence the kinetic of process. A 
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thermal destabilization for composite with the highest RHNT:CHIT value is consistent with 

the formation of a well compacted intermediate layer of HNTs between the outer layers. 

The other two important parameters that characterize thermally the films are 

determined using differential calorimetry (DSC) and they are the enthalpy (ΔHox) and 

degradation temperature (Tox) under oxidative atmosphere (a different condition from that 

of TGA). Fig. 4.11 shows ΔHox and Tox for multilayer with different composition. 

 

Figure 4.11. Enthalpy (up) and oxidative degradation temperature (down) as functions of the composition of the 

nanocomposites. (Adapted with permission from ref.192). 

The degradation temperature is affected by the presence of nanotubes, showing greater 

resistance to the ignition process of materials than pure chitosan. Nanocomposites based on 

chitosan and sepiolite gave similar results.197 The enthalpy values of oxidative degradation 

are lower for nanocomposites than pure chitosan. This is in agreement with the degradation 
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temperature results: HNTs induce a fire retardant action on nanocomposite especially for 

nanocomposites with more nanotubes. 
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5. Layer by layer systems such as drug delivery 
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5.1 LBL assembly based on electrostatic interactions 

 

The sequential adsorption of oppositely charged polyelectrolytes onto a charged 

surface from dilute aqueous solutions has become a very attractive means of preparing 

versatile polymer films and coatings.198,199  

Two different layer-by-layer systems, based on adsorption biopolymers onto halloysite 

nanotubes (HNTs) in water using electrostatic interactions are prepared. -Potential 

confirmed different surface charge of functionalized nanotubes upon polymer and drug 

adsorption step by step. Dynamic light scattering was used to evaluate the stability of 

functionalized nanoparticles in time. Cytotoxicity studies, confocal studies (nanotubes 

internalization) and inhibition of internalization routes are conducted on Hela cells. 

Spectrophotometric measurements confirm a slow and controlled release of drugs by 

systems at two different pH, 5.5 and 7.4. Modified nanotubes by interactions with 

polymers lead to the formation of layer-by-layer systems with tunable stability, surface 

properties and the ability to incorporate drugs to be released in response to external stimuli. 

 

5.2 Materials properties and LBL systems preparation 

 

Cationic polymers, chitosan (CHIT) and poly (allylamine hydrochloride) (PAH) for the 

first layer around nanotubes, and anionic polymers, hyaluronic acid (HA) and poly(sodium 

4-styrene sulfonate) sodium salt (PSS) are chosen respectively as the second layer. The 

same drug, doxorubicin hydrochloride (DOXO), is the third layer for each system. Finally, 

the second polymer of each system is used to close the layer-by-layer assembly.  

Poly allylamine is a functional polymer with primary amino groups. It forms hydrogen 

bonds and has good solubility in water because of the amino group, but it is almost 

insoluble in benzene, ether, ester, acetone and other common organic solvents. 200 There is 

a lot of work in literature in which this polymer is used to create LBL systems. 201,202 It is 

sometimes used203 and in this work too in combination with poly(sodium 4-styrene 

sulfonate) sodium salt. 

Hyaluronic acid (HA) is a linear polysaccharide that consists of alternating units of a  

repeating disaccharide,  β -1,4-   D -glucuronic acid– β -1,3- N -acetyl-   D –glucosamine. 
204  HA  is an essential component of the extracellular matrix in which its structural and  

biological properties mediate its activity in cellular signaling, wound repair,  
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morphogenesis, and matrix organization.205 It has been largely studied as medical 

materials.206 It is easily modified to alter the properties of materials (hydrophobicity and 

biological activity), which takes place.207 Its chemical modifications are extensively 

reviewed.208 It is known that this polymer is widely used in anticancer drug delivery since 

it is biocompatible, biodegradable, non-toxic, and non-immunogenic; moreover, HA 

receptors are overexpressed on many tumor cells.209  

After the preparation of aqueous dispersion of halloysite nanotubes (HNTs) and 

aqueous dispersion of polymers, layer by layer systems are prepared following this 

protocol: an amounts of HNTs aqueous dispersion is added to the same amounts of cationic 

polymer dispersion; obtained dispersion is kept 2 min in sonication and then 20 min on 

shaker. After that, the pellet is obtained using centrifugation (6 min at 6000 rpm) and 

washings for 2 times with MilliQ. The second layer is created adding a share of anionic 

polymer dispersion on pellet and the process from sonication to centrifugation is repeated 

with the only difference about shaker time; in fact, with second layer, drug (third layer) 

and last layer the time in which the dispersion is kept on shaker is 24 h. 

 

5.3 Size and ζ-potential experiments 

 

These techniques are used to investigate the surface charge of systems at each addition 

and to clarify the presence of a new layer step by step. Another indication from these 

experiments is on the best preparation conditions: the measurements are conducted 

modifying one variable at a time between the polymer concentrations (first/ second layers) 

and the ionic strength of dispersion. 

In tables 5.1 and 5.2, the values of peak size, parameter related to the nanoparticles‘ 

dimensions and ζ-potential values are reported for the system chosen to investigate the 

drug delivery on Hela cells. 
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Table 5.1. Results obtained by size and ζ potential measurements. 

Systems peak size 

diameter (nm) 

ζ-potential 

(mV) 

HNTs 470.5 -12.4 

HNTs-CHIT 897.8 45.3 

HNTs-CHIT-HA 173.7 -38.4 

HNTs-CHIT-HA-DOXO 790 -2.95 

HNTs-CHIT-HA-DOXO-HA - -30.5 

 

 Table 5.2. Results obtained by size and ζ potential measurements. 

Systems peak size 

diameter 

(nm) 

ζ-potential 

(mV) 

HNTs  1371 -16.1 

HNTs-PAH 611.5 43.7 

HNTs-PAH-PSS 1555 -34.8 

HNTs-PAH-PSS-DOXO 448.4 28.3 

HNTs-PAH-PSS-DOXO-PSS 2195 -40.5 

 

The most meaningful datum of the two tables is the ζ-potential values because the 

parameters about dimensions are related to a lot of conditions. It is interesting to observe 

that both systems show a good alternation of the sign of the surface charge for each layer 

so this evidence is in agreement with the presence of sufficient electrostatic interactions for 

the success of layer by layer systems. 

 

5.4 Dynamic light scattering investigation 

 

Dynamic light scattering (DLS), the measurement of scattering due to light–particle 

interaction as a function of time, let us detective the size of particles and its trend over 

time. This technique could give information on the stability of the system. The 

measurements are conducted for all analyzed systems in two different solvents: saline 

phosphate buffer (PBS) and Dulbecco's Modified Eagle Medium (DMEM). PBS is a buffer 

https://en.wikipedia.org/wiki/Buffer_solution
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solution commonly used in biological research. It is a water-based salt solution 

containing disodium hydrogen phosphate, sodium chloride and, in some 

formulations, potassium chloride and potassium dihydrogen phosphate. The buffer helps to 

maintain a constant pH. The osmolarity and ion concentrations of the solutions match those 

of the human body (isotonic).210 DMEM is a widely used basal medium for supporting the 

growth of many different mammalian cells. Cells successfully cultured in DMEM include 

primary fibroblasts, neurons, glial cells, HUVECs, and smooth muscle cells, as well as cell 

lines such as HeLa, 293, Cos-7, and PC-12.211 Figure 5.1 shows the diameter of particles 

for each step in the layer by layer system preparation. 

https://en.wikipedia.org/wiki/Buffer_solution
https://en.wikipedia.org/wiki/Biology
https://en.wikipedia.org/wiki/Disodium_hydrogen_phosphate
https://en.wikipedia.org/wiki/Sodium_chloride
https://en.wikipedia.org/wiki/Potassium_chloride
https://en.wikipedia.org/wiki/Potassium_dihydrogen_phosphate
https://en.wikipedia.org/wiki/Osmolarity
https://en.wikipedia.org/wiki/Tonicity
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Figure 5.1.  Diameter particles as a function of time determined using DLS measurements. (Adapted with 

permission from ref. 212 in preparation). 
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After 23h and 46 hours, all systems in DMEM have visible aggregates. After 3 days the 

systems HNTs-CHI-HA and HNTs-PAH-PSS have determined a color change of DMEM 

(from pink to orange). After 23h and 46 hours, all systems in PBS have visible aggregates. 

 

5.5 CCK-8 assay to investigate the HeLa cell viability  

 

CCK-8  is the acronym of CELL COUNTING KIT- 8 and is the most common assay in 

vitro nanotoxicity assessment.213 This study is performed in a 96-well plate. A solution of 

50000 ―Hela‖ cells/ ml in DMEM is used. 100 µl (5000 cells) are put in each well and kept 

in incubation for 24 h. The medium is changed (cleaned) and 100 µl of a nanoparticles 

(NP) solution in DMEM with the desired concentration of NPs. The measurements are 

conducted in triplicate for each concentration. The reference cells (blank sample) have to 

be incubated without NPs but with the same conditions of the experiment cells. Cells with 

NP systems are kept in incubation for different time (24 h, 48 h, 72 h). After the 

incubation, 10 µl of CCK8 are added in each well, in blank too. The plate is put in 

incubation for 1.30h ( incubation time depending on the kind of cells used). Absorbance 

measurements are directly conducted on the plate. 

The measurements are conducted on systems with five different concentrations of drug 

and consequently of halloysite nanotubes concentrations. The studied systems are indicated 

with an acronym (NP1, NP2, etc.), as detailed below: 

NP1: HNTs in DMEM (HNTs concentrations: 0.4mg/ml, 0.2mg/ml, 0.1mg/ml, 

0.05mg/ml, 0.025mg/ml); 

NP2: HNTs+ CHIT; 

NP3: HNTs+ CHIT+ HA; 

NP4: HNTs + PAH; 

NP5: HNTs + PAH+ PSS; 

NP6: HNTS + CHIT+ HA + DOXO + HA (Doxo concentrations: 19microM, 

9.5microM, 4.75microM, 2.375microM, 1.187microM); 

NP7: HNTs+PAH+PSS+DOXO+PSS (Doxo concentrations: 19microM, 9.5microM, 

4.75 microM, 2.375microM, 1.187 microM). 

Figure B shows the survival rates as a function of HNTs concentration (systems 

without drug) and the survival rates as a function of doxo concentration (system with drug) 

at a different time from the system administration. It is very interesting to observe the 
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different survival rates for the systems with and without the drug. The systems of HNTs 

and that of layer by layer on HNTs (without doxo) show a considerable number of live 

cells even after 72 h at the largest concentrations. The presence of drug reverses situation 

with a lot of cells died after the first hours. 

 

 

Figure 5.2. Survival rates of  Hela cells after a different contact time of analyzed systems. NP1, NP2, NP3, NP4, 

NP5 are systems without the drug. NP6 and NP7 are systems with doxorubicin hydrochloride. (Adapted with permission 

from ref. 212 in preparation). 
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5.6 Inhibition of internalization routes 

After CCK-8 assay to investigate the HeLa cell viability, it is interesting to understand 

the mechanism of interaction between the drug and the cell using internalization routes. 

Three inhibitors solutions in DMEM are prepared: sucrose 0.4 M, chloropromazin 30 µM, 

Nystatin 80% 30 µM. As the fourth inhibitor is used the refrigerator at 4 °C. It is prepared a 

DMEM solution of 50000 cells/ml (Hela). An aliquot (100 µl corresponding to 5000 cells) 

is put in each well. 

Cells are incubated for 24 h. The medium is changed,100 µl of an inhibitor solution is 

added and it is necessary a contact time of 1 h at 37 °C. The same conditions (incubation 

time and temperature) are necessary for blank samples (cells with inhibitors but without 

NPs). After this incubation time, it is necessary to clean DMEM with inhibitors and in each 

well it is added a DMEM solution with NPs and inhibitor at the desired concentration of 

NP. Other 3 hours of incubation this time and then the medium is aspirated and cleaned 

with PBS. Finally, it is added new medium and the systems are incubated for 48 h. After 

this time, 10 µl of CCK8 are put in each well (blank too), incubated for 1.30 h and 

absorbance measurements are conducted. 

The experiments of internalization routes are conducted only on the systems with the 

drug: NP6 and NP7 at doxo concentration of 9.5 microM (C2) after 48h. 

Table 5.3 shows the absorbance (Abs) values and the survival rate percentage 

calculated comparing the absorbance values measured for the systems and their respective 

references (blank). The inhibitors used are indicated such as R1, R2, R3 and R5, which 

indicate respectively sucrose, chloropromazina, nystatin and nevera. 
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Table 5.3. The survival rate percentage calculated using the absorbance measured after the interaction of NPs 

system with inhibitors. 

Inhibitors- inhibitors 

routes 

Abs value % survival rate 

R1-NP7 0.705 78 

R2, NP7 0.203 103 

R3, NP7 0.970 86 

   

R1, NP6 0.202 22 

R2, NP6 0.198 100 

R3, NP6 0.241 21 

   

R5, NP6 0.412 44 

R5, NP7 0.995 105 

R1, blank 0.903  

R2, blank 0.198  

R3, blank 1.123  

R5, blank 0.943  

 

 

5.7 Drug release studies 

 

Interesting is to follow the kinetics of drug delivery over time. 

The complete layer-by-layer systems are investigated in solution at two different pH 

using a spectrophotometer that allow us to record the absorption spectrum from 200 to 800 

nm. 

Doxo has a characteristic absorption peak at 480 nm, 214  so it is possible to investigate 

the release over time. 

Fig. 5.3 shows the absorbance values as a function of time for the system HNTs-CHI-

HA-DOXO-HA and the system HNTs-PAH-PSS-DOXO-PSS at pH 5.5 and pH 7.4. 
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Figure 5.3. Absorbance values of doxo released by the two systems LBL with the drug. The release is monitored for 

100 h and at two pH, 5.5 and 7.4. (Adapted with permission from ref. 212 in preparation). 

The release is slow and lasting up to 60-100 h. The different systems have similar 

release curves at the same pH, in particular at pH 5.5 it is possible to note two steps of 

release for both systems. 

Results confirm experimental evidence obtained using tests on cells. 
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6. Test of films cytotoxicity on HeLa cells 
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6.1 The biocompatibility, the cytotoxicity and the cells proliferation on films surface 

 

Nanotechnology has promised invaluable progress in science and technology, the onus 

rests on the scientific community to predict the unknown outcome on the biological system 

for its safe proliferation. In this context the main objective of this research is focused on 

the real applicability of these systems as drug carriers with specific functions, avoiding that 

they may be themselves toxic to cells. Films cytotoxicity study with CCK-8 are conducted: 

films based on pristine chitosan and based on polymer combined to HNTs are compared. 

Surfaces are investigated using calcein AM/ propidium iodide experiments to clarify the 

cell proliferation on films. Finally, the nanocomposites are analyzed to clarify if toxic 

substances for cells are obtained from possible degradation of films in the culture medium.  

 

6.2 Films sterilization  

 

This sterilization is important and it is necessary at the beginning of each experiment 

with cells (the toxicity studies, toxicity of medium kept in contact with films, proliferation 

studies). Piece of films is hydrated with DMEM and is fixed to the bottom of the well. 1 ml 

of ethanol (70%)  is placed on film pieces for 5 min. After this time, ethanol is aspirated. 

The same procedure, with water and not ethanol, is repeated another time. 1 ml of PBS is 

put and the plate is incubated for 15 min and then aspirated. The plate is put under UV 

light for 5 min. Finally, 1 ml of DMEM is put in each well and incubated for 30 min. After 

this time, it is necessary to remove DMEM. 

 

6.3 Toxicity studies with CCK-8 

 

The toxicity experiments are conducted on films based on chitosan and HNTs with 

different concentrations of filler (Cf) in different time intervals: 24, 48 and 72 hours. This 

study is performed in a 96-well plate. Pieces of sterilized films have been fixed to the 

bottom of the well at the end of the sterilization (previous step). A solution of 50000 cells/ 

ml (Hela cells) is prepared and 100 µl (5000 cells) are put in each well in a very fast way. 

The plate is incubated for 24 h and after this time, 10 µl of CCK-8 are added in each well, 

in those containing blank cells too. The plate is incubated again for 1.30 h for Hela cells. 
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Finally DMEM of each well is moved to another empty well to do absorbance 

measurements and in this way it is possible to avoid the interference of the films.  

It is interesting to see the different behavior after 48 and 72 hours. It could be strange 

to observe a survival rate percentage higher after 72 hours of incubation than after 48 

hours, but it is reasonable with a cell proliferation following a minimum re-adaptation time 

in which some cells die. 

 

6.4 Toxicity of DMEM kept in contact with film 

 

The films are covered with DMEM and left in incubation for 72h. DMEM is recovered 

and used as a culture medium for cells. After 24h the absorbance measurement is 

conducted. The survival rate ranged between 60 to 75% evaluated up to 50 % of HNTs 

content. 

This experiment is important to understand if a film degradation process is taking place 

and if this can release some toxic substances for the cells in solution, but if this were the 

case, the cell survival values would be much lower. 

 

 

6.5 Calcein AM/ propidium iodide experiments  

 

This experiment is used to test the behavior of cells after a certain time interval of 

incubation with the various nanocomposites. The experiment consists to prepare a solution 

of 50000 cells/ml (Hela cells) in DMEM. 700 µl are put in each well immediately after the 

sterilization. This quantity of cells corresponds to a density of 5∙104 cells/cm2. The plate is 

incubated for 24 h. DMEM is aspirated and well are washed with 1 ml of PBS to remove 

each possible traces of DMEM. For confocal visualization by microscopy, it is necessary 

to prepare a solution of 5 ml of PBS with 10 µl of solution A (transparent) and 15 µl of 

solution B (red). It is added 1 ml of the previous solution to each well and the plate is 

incubated for 10 min. After that, a drop of PBS is put on the microscope ―porta‖. A piece 

of film with the cells is carefully moved over the drop. Samples are ready to be measured 

in a fluorescent microscope in a very fast way. Figure 6.1 shows images obtained by 

confocal microscopy after treatment on films with calcein AM / propidium iodide. In this 

way, it is possible to see in red dead cells and in green alive cells. 
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F1, F2, F3 and F4 indicate chitosan film with a Cf of 10% wt, 20 wt%, 40 wt% and 50 

wt % respectively. 

 

 

Figure 6.1. Four different images taken at different points on the same piece of nanocomposites for each sample. 

(Adapted with permission fron ref. 215 in preparation). 

After 24 h, F1 film shows a lot of dead cells, F2 shows a heterogeneous survival rate, 

F3 and F4 have a prominent cells proliferation. 

The measurements are repeated for each sample after 48 and 72 hours. Figure 6.2 

shows the results obtained. 
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Figure 6.2. The life cells control on nanocomposites in time. (Adapted with permission fron ref. 215 in preparation). 

For each nanocomposite it is possible to observe a cells proliferation after 72 hours. It 

is possible to hyphothesize that after an initial period of cell death due to the ―new‖ 

presence of film, the cells in direct contact with the films recognize the material as good 

and send the growth signal to the companions, causing a consistent proliferation. 
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Concluding remarks 

Halloysite/biopolymer systems were investigated in aqueous media and solid films. 

Biopolymers with different charges-anionic (pectin), neutral (hydroxypropyl cellulose) 

and cationic (chitosan) were considered. Studies on the adsorption onto halloysite 

nanotubes in aqueous media were conducted by direct thermodynamic methods. It was 

demonstrated that the stability of dispersed particles in solution was not correlated to a 

change in the water/polymer solution viscosity, but it is controlled by dispersed particle 

interactions (electrostatic and steric). In particular, when repulsion is the dominant factor 

as in the case of the HNT/ HPC system, the system remains stable and in a dispersed state. 

The better stability of this system could be attributed to a steric rather than electrostatic 

stabilization.  

Biopolymer/nanoclay composite films were successfully prepared by the casting 

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

exercise a key role in the morphological and macroscopic properties of the materials. The 

concentration of nanoclay was systematically varied for each nanocomposite, and a 

compact film was always obtained. These materials resulted in competitive with many 

traditional plastics from the mechanical and thermal viewpoint and, therefore, they are 

promising for packaging applications. The obtained results confirmed a different 

interaction between the components based on the morphology of the nanoclay and the 

biopolymer charge. The polymer encapsulation into the nanotubes cavity improved tensile 

and thermal properties of the nanocomposites.  

Multilayer composite biofilm based on halloysite nanotubes and sustainable polymers 

were prepared by a sequential casting method, which turned out to be an easy strategy to 

prepare multilayer with promising surface and thermal properties. A chemical-physical 

investigation (contact angle measurements, differential scanning calorimetry, 

thermogravimetry) was conducted to characterize the composites. Calorimetric 

measurements have shown that layered composites have potential flame retarding capacity 

compared to pure polymers. The attained knowledge represents a fundamental point to 

fabricate composite with a sandwich-like structure that can perspective for several 

technological purposes. 

Modified nanotubes by interactions with polymers lead to the formation of layer-

by-layer systems with tunable stability, surface properties and the ability to incorporate 

drugs to be released in response to external stimuli. In this context, two different layer-by-
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layer systems such as drug delivery, based on adsorption biopolymers onto halloysite 

nanotubes (HNTs) in water using electrostatic interactions, were proposed and 

characterized. Cytotoxicity studies, confocal studies (nanotubes internalization) and 

inhibition of internalization routes were conducted on Hela cells and demonstrated the 

release of drugs with a high cell mortality rate already after one hour of incubation.  

Finally, it was considered necessary to evaluate the cytotoxicity of the Halloysite 

nanocomposite films with different compositions. Typically, the nanocomposite showed 

cell proliferation after 72 hours. In particular, after an initial period of cell death, the cells 

in direct contact with the films show a consistent proliferation. 
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Biopolymer-Targeted Adsorption onto Halloysite Nanotubes in
Aqueous Media

Vanessa Bertolino, Giuseppe Cavallaro, Giuseppe Lazzara,* Stefana Milioto, and Filippo Parisi

Department of Physics and Chemistry, Universita ̀ degli Studi di Palermo, Viale delle Scienze, pad. 17, 90128 Palermo, Italy

*S Supporting Information

ABSTRACT: Studies on the adsorption of biopolymers onto halloysite
nanotubes (HNTs) in water were conducted. Three polymers with
different chargesanionic (pectin), neutral (hydroxypropyl cellulose),
and cationic (chitosan)were chosen. The thermodynamic parameters
for the adsorption of polymers onto the HNT surface were determined
by isothermal titration calorimetry (ITC). The experimental data were
interpreted based on a Langmuir adsorption model. The standard
variations in free energy, enthalpy, and entropy of the process were
obtained and discussed. Turbidimetry was used to evaluate the stability of
functionalized nanoparticles in water. The ζ-potential clarified the surface
charge properties of functionalized nanotubes upon polymer adsorption.
The interaction of modified nanotubes with polymers led to the formation of a colloidal system with tunable stability and surface
properties, which offers different perspectives on new applications of these dispersions, such as carriers for substances to be
released in response to external stimuli.

■ INTRODUCTION

In recent years, there has been particular interest in research on
nanoclays. They are among the materials considered green1 and
may have different applications.2,3 Halloysite clay is a promising
nanomaterial because of its versatile properties, such as hollow
tubular morphology, a large specific area, tunable surface
chemistry, abundance, high mechanical strength, and thermal
stability. Halloysite nanotubes (HNTs) are quite polydisperse
in nature, with length ranging from 50 to 1500 nm, external
diameter ranging from 20 to 150 nm, and lumen ranging from
10 to 15 nm.4 The HNT cell unit possesses two water
molecules of crystallization that are strongly retained within the
rolled structure.5,6

The chemical properties of the outermost surface of the
HNTs are similar to the properties of SiO2, whereas the
properties of the inner cylindrical core can be associated with
those of Al2O3.

7 This different chemistry determines a
positively charged lumen and a negatively charged outer
surface in the 2−8 pH interval.1 Recently, HNTs have been
reported to be a new type of additive for polymers such as
polypropylene8 and polyvinyl alcohol,9 and the mechanical and
thermal properties of these composites have been found to be
better than those of the original10 polymeric matrix. They are
also used in the preparation of polymer systems in the transport
and delivery of drugs and in wastewater treatment. Many
studies have been conducted on HNTs as entrapment systems
for loading, storage, and controlled release of substances1,11

such as gas,12 self-healing agents,13 corrosion inhibitors,14

antimicrobials,15−17 drugs,18−20 and proteins.21,22 Although the
biocompatibility of halloysite has been confirmed for cells and
microorganisms,23−25 its medical use might be restricted to oral

dosing, dermal application, or dental use1 because of the
nonbiodegradability of the aluminosilicate. The numerous
applications of HNTs are linked to the possibility to realize
selective modifications of HNT surfaces, which can be easily
achieved by using anionic and cationic surfactants,26−29 γ-
methacryloxypropyl trimethoxysilane (MPS),30 octadecylphos-
phonic acid,31 aminosilanes,32 or drug molecules.33,34 The
HNT modification is an attractive challenge, with the goal
being to produce rather stable dispersions for applications
where nanocontainers and nanocarriers are required to oppose
the sedimentation of pristine HNTs and to direct molecular
species into the internal space to fabricate desired nanostruc-
tures for the purposes of interest.33,35,36 There are different
methods for ensuring the aggregative stability of the colloid
dispersion. One of these is its steric stabilization by a bonded
polymer to a surface of dispersed particles. In this way, in
particular, the aggregation of particles because of van der Waals
attraction is hindered by the presence of polymer chains on a
particle surface. Another strategy for nanoparticle stabilization
in aqueous media is enhancing electrostatic repulsions by
increasing the surface charge.
In this work, we have characterized aqueous dispersions of

HNTs in the presence of biopolymers with different charges. In
particular, we have used (1) chitosan, a cationic polysaccharide,
because of the presence of protonable amino groups; (2) pectin
from citrus, an anionic polysaccharide, because of −COOH
dissociation; and (3) hydroxypropyl cellulose, a neutral
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polymer. Dry films of these biopolymers have already been
investigated in combination with HNTs for sustainable
packaging applications30,37−40 and tissue engineering.41−43 On
the other hand, the interactions in aqueous media are not well
established, although they are strategically correct for the choice
of casting parameters in dry film preparation and for
applications involving dispersions. ζ-Potential and turbidimetry
allowed us to investigate the stability of aqueous dispersions.
Isothermal titration calorimetry investigated interactions
between components to highlight the thermodynamic proper-
ties for the adsorption phenomenon through direct measure-
ments. The hydrophilicity of both the inner and outer surfaces
made HNTs dispersible in aqueous biopolyelectrolytes. The
interaction site has a profound effect on the properties and
stability of dispersions.

■ MATERIALS AND METHODS

Hydroxypropyl cellulose (HPC; average molecular mass 80 kg mol−1),
chitosan (acetylated chitin, poly-D-glucosamine, 75−85% deacetylated,
with a low molecular weight of 120 kg mol−1), citrus pectin (degree of
methyl esterification 24%, average molecular weight 65 kg mol−1), and
halloysite nanoclay are Aldrich products.
Sample Preparation. Aqueous solutions of polymers were

prepared according to the literature.44 Briefly, the polymer was
added to water, and the mixture was kept under stirring for 24 h. After
that, the nanotube powder was added to the polymer solution, and the
mixture was kept under stirring for another 24 h. For the chitosan−
HNT system, given the low solubility of the polymer at neutral pH, it
was necessary to adjust the pH to 3.5 by adding 0.1 mol dm−3 acetic
acid.
Isothermal Titration Calorimetry (ITC). ITC experiments were

performed using the ultrasensitive Nano-iTC200 calorimeter (Micro-
Cal). Approximately 40 μL of the water/polymer mixture was injected
(2 μL per injection) into the thermally equilibrated ITC cell (200 μL)
containing the water/HNT dispersion. The experimental protocol
(stirring rate, and initial concentrations) required special attention as
in the measuring cells at the start of each titration calorimetry, a
dispersion of HNT was present. The cell was thermally equilibrated at
25.000 ± 0.005 °C. The calorimeter sensitivity was at least 2 nW. The
effects of dilution of the polymer and HNT were measured and then
subtracted from the heats of titration to obtain the thermal effects of
interaction for the ith step (ΔHi). In the case of the chitosan-based
system, three consecutive titrations were carried out to obtain the full
titration curve because of the large heat flow signals.
ζ-Potential. ζ-Potential measurements were carried out using a

Zetasizer Nano-ZS (Malvern Instruments) at t = 25 °C. The
measurements were taken using a disposable folded capillary cell.
Turbidimetric Experiments. The measurements were carried out

at 20.0 ± 0.1 °C using a Beckman spectrophotometer (model DU-
640). UV−vis spectra, reported as optical density (T) versus
wavelength (λ), were registered in the 200−800 nm range, at different
times, for a total of 3 days. In such a λ range, both polymer and
nanotubes do not absorb, but the optical density value of each
dispersion changes over time because there is a sedimentation process
of HNT particles. The speed of sedimentation process influences the
shape of the curve obtained by plotting the optical density as a
function of time. The concentration was 1.0 wt % for HNTs and 0.10
wt % for the polymer.
Viscosity and Density Measurements. Viscosity measurements

were carried out using Schoot Gerate AVS 440, an Ubbelohde
suspended-level capillary automatic viscometer, which allows us to
determine kinematic viscosity by measuring the time it takes for the
sample, whose volume is defined by two ring-shaped marks, to flow
laminarly through a capillary under the influence of gravity. The
capillary was immersed in a thermostated water bath at 20.0 ± 0.1 °C.
The flow time was implemented in automatic viscometers, in which
additional sensors detect the time it takes for the sample to flow.
Density measurements of dispersions were determined at 20 °C using

a vibrating tube densimeter (DSA 5000 M Anton Paar). It is possible,
by knowing the “time of flow” (t) and density values (d), to calculate
the relative viscosity (ηr = ηsolution/ηwater) of the analyzed dispersions as

η η = ×t t d d/ ( / ) ( / )solution water solution water water solution (1)

The ηwater value at the same condition of temperature is 1.001 cP.
Polymer concentration was fixed at this value for turbidimetric
experiments (0.10 wt %).

■ RESULTS

Turbidimetric Measurements. The optical density is
related to the concentration of nanoparticle in suspension, and
therefore its time dependence can be used to investigate the
colloidal stability of the HNT dispersion in water.27 The
dispersions were prepared at two different pH values to
evaluate the influence of the polymer and HNT charge density
on the settling process of the nanotubes.
Figure 1 shows the optical density (T) values as a function of

time for each dispersion.

The T values increased rather quickly up to 10 min to 2 h,
depending on the investigated system. The sedimentation
process is influenced by both pH and polymer addition. The T
versus time curves can be fitted to the empirical exponential
expression45

= − −T T t t[1 exp( / )]inf 0 (2)

where Tinf is the level-off value of the optical density, t is the
time, and t0 is the characteristic time for the sedimentation
process. The exponential function was used because it is a
convenient function for calculation and comparison of

Figure 1. Optical density measured at λ = 800 nm as a function of
time for HNT and polymer/HNT aqueous dispersion at different pH
values.
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sedimentation processes in colloidal systems.45 The best fits for
all systems are given in the Supporting Information. Table 1
shows parameters (Tinf, t0), calculated by the best fit based on
eq 2 for each system.

The dispersion stability is dependent on particle dimensions,
charge, viscosity of the medium, and interactions between
components (HNTs/polymer). These parameters determine
the kinetic and thermodynamic stabilities.
Isothermal Titration Calorimetry. ITC measurements

were performed to investigate the polymer adsorption onto
halloysite nanotubes in aqueous dispersion. The ITC curves
show a sigmoidal profile of ΔHi versus polymer/HNT mass
ratio (RP:HNT). A similar trend was observed for other
nanoparticle/polymer systems, and it was discussed in terms
of polymer adsorption.46,47 The ΔHi versus RP:HNT profiles
were analyzed based on a simple Langmuir-type adsorption
model that was suitable for the adsorption of HPC onto
discoidal nanoclay in water.47 Briefly, it is assumed that a
nanoparticle can be saturated by a certain amount of polymer
and, therefore, the halloysite possesses a total concentration of
adsorption sites St equal to

=S ZA Ct sp HNT (3)

where Z is the maximum weight (in grams) of polymer
adsorbed per surface unit of nanoparticle, Asp is the specific
surface area for HNT (60 m2 g−1), and CHNT is the
concentration of HNT (g dm−3).
The equilibrium constant of the adsorption process (Kads)

can be defined as

=K X X S/( )ads ads f f (4)

in which Xads and Xf are the fraction of adsorbed and free
polymer, respectively, and Sf is the concentration of free
adsorption sites onto HNT. The injection heat for the ith
titration step is given by

= − + +
− −

Q Q Q Q Q V V( ) /2
i j j j j1 1 a c (5)

For the jth and (j − 1)th states before and after the ith addition
step, the corresponding Qj and Qj−1 are

= Δ °Q C V H X
j j jP, c ads ads, (6)

= Δ °
− − −Q C V H X
j j j1 P, 1 c ads ads, 1 (7)

where CP,j−1 and CP,j are the polymer concentrations before and
after the injection, ΔHads° is the enthalpy of adsorption, Vc is the
cell volume, and Xads is the fraction of adsorbed polymer related
to the equilibrium constant. The third term on the right hand
side of eq 5 is the correction for the cell-displaced volume.48

The experimental data were successfully fitted by eqs 3−7
and provided Kads, Z, and ΔHads° (Table 2). Figure 2 shows the
fitting results. The minimization procedure was performed by
means of the nonlinear least-squares fitting based on the
Levenberg−Marquardt algorithm.
The standard free energy (ΔGads° ) and entropy (ΔSads° ) for

the adsorption process were calculated as

Δ ° = − Δ ° = Δ ° − Δ °G RT K T S H Glnads ads ads ads ads (8)

ζ-Potential Measurements. The ζ-potential was measured
for aqueous dispersions of HNTs/polymer dispersions as a
function of RP:HNT (Figure 3). The polymer concentration was
varied from approximately 2 × 10−6 to 2 × 10−1 wt %, whereas
the concentration of HNT was kept constant at 1 wt %.
The ζ-potential values of approximately −20 mV is observed

at a low polymer concentration for all cases, in agreement with
the expected value for bare HNT (−19.4 mV).27 As expected
for the nonionic polymer, the addition of HPC hardly alters the
ζ-potential values. On the other hand, the addition of charged
biopolymers shifted the ζ-potential values toward negative and
positive values for pectin and chitosan, respectively. It should
be noted that although the HNT/chitosan mixture can
approach very high ζ-potential values, the largest in absolute
value, a null charge is interpolated for RP:HNT ≈ 4 × 10−4.
For RP:HNT = 0.1 and at constant ionic strength (NaCl 0.01

M), the effect of pH was monitored for HNT/charged polymer
systems (Figure 4).
The trends of ζ-potential values for both HNT/chitosan and

HNT/pectin dispersions showed that the ζ-potential decreases
with pH. The presence of pectin moves the ζ-potential values
toward slightly more negative values than the bare HNT. Such
a difference is reduced at acidic pH when the pectin is expected
to be protonated and therefore uncharged. On the other hand,
chitosan presents the maximum positive charge density at acidic
pH because of the protonation of the amino groups. Therefore,
the changes induced in the ζ-potential values reflect the
protonation equilibria of the biopolymer.

■ DISCUSSION

The stability of nanoclays in aqueous dispersion is controlled by
several parameters such as surface charge, particle size, and
solvent viscosity. The addition of a polymer can certainly play a
role at the solid/liquid interface, contributing to the colloidal
stability. Therefore, it is crucial to investigate the polymer
adsorption and the corresponding equilibrium parameters to
highlight the mechanism of formation and to find out the

Table 1. Fit Parameters for HNT Sedimentation Kinetics
and Viscosity Values for the Aqueous Polymer Solutionsa

pH Tinf (%) t0 (10
3 s) ηr

HNT 3.5 85.3 ± 0.1 1.57 ± 0.02

HNT 6 90.3 ± 0.7 57.0 ± 1.2

HPC/HNT 6 72.4 ± 1.9 224 ± 9 1.078

pectin/HNT 3.5 66.9 ± 0.5 45.7 ± 0.9 1.445

pectin/HNT 6 64.0 ± 0.6 91.0 ± 1.9 1.044

chitosan/HNT 3.5 77.7 ± 0.4 21.1 ± 0.4 2.850

chitosan/HNT 6 82.0 ± 0.2 5.4 ± 0.1 1.108
aConcentrations were 1.0 and 0.10 wt % for the HNT and polymer,
respectively.

Table 2. Adsorption Parameters from ITC Measurements for Polymer−HNT Dispersions

Kads (dm
3 g−1) Z (g m−2) ΔHads° (103 kJ mol−1) ΔGads° (kJ mol−1) ΔSads° (kJ mol−1 K−1)

chitosan 10.2 ± 1.5 (2.6 ± 0.1) × 10−4 −47.0 ± 1.6 −19.8 ± 0.4 −157.8 ± 0.1

pectin 12 ± 2 (2.5 ± 0.1) × 10−4 −0.73 ± 0.03 −20.2 ± 0.4 −2.40 ± 0.02

HPC 393 ± 92 (5.15 ± 0.08) × 10−3 −2.17 ± 0.07 −28.9 ± 0.6 −7.17 ± 0.03
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amount of adsorbed macromolecule that can lead to steric/
electrostatic stabilization of the nanoparticle dispersions.
ITC data provided direct access to the thermodynamic

characterization of the investigated system. The ΔGads° values
(Table 2) show that the nonionic HPC has a stronger tendency
to adsorb onto HNT whereas chitosan and pectin have a
comparable affinity toward the nanoclay. Besides the largest
affinity, HPC presents the largest loading amount at saturation
onto the HNT nanotubes (Z values are approximately 1 order
of magnitude larger, Table 2). It should be noted that the
largest amount of HPC adsorbed per unit surface onto HNT is
approximately twice as much as that of laponite nanodisks (Z =
1.9 × 10−3 g m−2)47 that, actually, have smaller characteristic
sizes.
The adsorption mechanism/driving force can be highlighted

by the enthalpy/entropy contributions. Although ΔH can be
obtained by the correlation of ΔGads° to temperature through
the classical van’t Hoff equation, this approach might be
inappropriate because of the presence of supramolecular
interactions, which might be largely influenced by the

temperature variation. For instance, the eventual stoichiometry
changes make the classical van’t Hoff equation invalid for
supramolecular equilibria.49,50 It is straightforward that only the
calorimetric 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.50−52

From ITC experiments, we find out that in all cases, ΔHads° is
strongly negative. This indicates that the polymer−nanoparticle
interactions are favored as the driving forces for the adsorption
phenomena. Our findings agree with reports on the adsorption
of HPC on laponite nanoclay.47 The entropic contribution for
the polymer adsorption is always negative, demonstrating the
loss of configuration freedom of the polymer in the adsorbed
state. Another contribution to the entropy change for the
adsorption phenomenon is related to the release of counterions
and hydration water from polymer and/or nanoparticle surface.
This contribution is expected to be positive, and in our case it is

Figure 2. ITC data for HNT titration with chitosan, pectin, and HPC.
Lines are best fits according to eqs 3−7.

Figure 3. ζ-Potential values as a function of RP:HNT for HNT/polymer
dispersions.

Figure 4. ζ-Potential values as a function of pH for HNT/chitosan and
HNT/pectin citrus dispersions. Both systems had a HNT/polymer
ratio of 10:1.
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not the dominant entropic factor. Such a peculiarity was
observed for the polymer adsorbed onto nanoparticles where
low curvature regions are present (i.e., disklike shape) as also
evidenced by neutron-scattering experiments.47,53 On the other
hand, polyelectrolytes/ionic micelle interactions are typically
driven by entropic factors due to counterion release.54

The colloidal stability of HNT in the presence of
biopolymers can be discussed in light of the thermodynamics
of the adsorption. Provided that the stability of dispersed
particles in solution was not correlated to a change in the
water/polymer solution viscosity (see Supporting Information),
it is possible to speculate on the effect of polymer/HNT
particle interactions. The level-off value of the optical density
obtained from turbidimetric experiments reflects the amount of
nanoparticles left in the solvent after equilibration. All of the
investigated polymers generate Tinf values lower than that for
the corresponding HNT aqueous dispersion, proving the
enhancement of the HNT stability in water. As regards the
timescale to approach the dispersion equilibrium, HPC is the
more efficient polymer in retarding the sedimentation. The ζ-
potential trends for chitosan- and pectin-based mixtures show
that an electrostatic mechanism of nanotube stabilization exists.
As a general feature, chitosan is efficient in stabilizing HNT
dispersions under acidic pH, whereas pectin is recommended
for the same purpose at basic pH values. The obtained results
are consistent with the protonation equilibrium expected for
both biopolyelectrolytes generating electrostatic interaction,
which are strong enough to ensure a certain amount of
polysaccharide “bound” on halloysite surfaces. In particular,
pectin should adsorb within the HNT lumen onto the
positively charged surface of alumina, altering the overall
HNT charge toward more negative values. The opposite occurs
for chitosan, which is selectively adsorbed on the outer silica
surface. It is intriguing to follow the charge variation in HNT as
a function of chitosan addition. In particular, a null charge is
extrapolated at a chitosan/HNT ratio corresponding to 6.6 ×

10−6 g m−2. This value is much smaller than the maximum
loading ability (Z in Table 2) at which the halloysite charge
inversion is observed. As regards the nonionic HPC, a nearly
constant ζ-potential is obtained. On the other hand,
turbidimetric studies evidenced that HPC is the most efficient
polymer to stabilize HNTs in water. To compare the efficacy of
a steric stabilization mechanism due to a polymer layer
adsorbed onto HNT, some insights into the attached polymer
configuration are needed. A similar approach was used to
interpret the effect of poly(N-isopropylacrylamide) adsorption
on the steric stabilization of HNT in water.36 The reduced
tethered density (Σ) of a polymer can be calculated as55

σπΣ = Rg
2

(9)

where σ is the grafting density (chain/area) and Rg is the
polymer gyration radius. The σ values are obtained from ITC
data (Z values in Table 2), whereas Rg = 15, 60, and 39.5 nm
were used for pectin,56 chitosan,57 and HPC,58 respectively. On
the basis of the Σ values, the polymer configuration at the
solid/liquid interface is identified as (1) weekly interacting (Σ <
1), (2) mushroom-to-brush transition (1 < Σ < 5), and (3)
highly stretched regime (Σ > 5). We calculated the Σ values to
be 1.6, 14, and 190 for pectin, chitosan, and HPC, respectively.
These results indicate that HPC is in a stretched conformation
at the interface, and therefore its adsorption could be

considered very efficient in creating a steric barrier around
the nanotubes against agglomeration and precipitations.

■ CONCLUSIONS

We studied the thermodynamic and surface properties of the
nanotube HNT dispersed in aqueous solutions of chitosan,
pectin, and hydroxypropyl cellulose. Thermodynamic proper-
ties were obtained through ITC measurements. The exper-
imental data were interpreted on the basis of a model of
adsorption of the polymer on the nanoparticle and allowed the
calculation of the standard variation in free energy, enthalpy,
and entropy of the process. The stability of the dispersions is
controlled by the interactions (electrostatic and steric) between
the dispersed particles.
When repulsion is the dominant factor as in the case of the

HNT/HPC system, the system remains stable and in a
dispersed state as shown by turbidimetric kinetics. Modified
nanotubes through interactions with polymers may lead to the
formation of colloidal systems with controlled stability, which
offers different perspectives of new applications (in cosmetics
and medical implants) of these dispersions such as good
carriers of substances to be released in response to external
stimuli such as pH.
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ABSTRACT: This work represents a contribution to the
design, preparation, and characterization of nanocomposite
materials based on biocompatible components. The effects of
composition, filler geometry, and polymer charge were
highlighted, and their role on the final properties of the
nanocomposites was revealed. We combined some biopolymers
(methylcellulose, alginate, chitosan) with two nanoclays
(kaolinite sheets and halloysite nanotubes) to prepare nano-
composites by means of the casting method from water. The
thermal stability, the surface wettability, and the mechanical
properties of the obtained films were studied. SEM micrographs
highlighted the surface morphology of the biocomposite
materials. X-ray data allowed us to correlate the mesoscopic
structure to the properties of these nanocomposites.

■ INTRODUCTION

Petrochemical-based plastics are widely used as packaging
materials because of their large availability at relatively low cost
and good mechanical performance. Nowadays, their use has to
be restricted because they are not biodegradable and so pose
serious ecological problems.1 The growing environmental
attention requires packaging films with both user-friendly and
eco-friendly features. Examples of these packaging materials
include biobased polymers, bioplastic or biopolymer packaging
products made of raw materials originating from agricultural or
marine sources.2 The main issue related to the use of these
biopolymers is the strong hydrophilic character, high
degradation, and inadequate mechanical properties in moist
environments.34 The biopolymer functionality can be tuned
through its combination with additives, such as plasticizers and
nanoparticles.5−7 Nanocomposites represent an alternative to
conventional technologies for improving polymer properties, by
adding particles for which at least one dimension is in the
nanometer range.8 The entity of the interactions is strongly
affected by the nature of the dispersed phase; it is maximized
passing from isodimensional particles to nanotubes.9 These
nanocomposites may exhibit markedly improved mechanical,
thermal, optical, and physicochemical properties compared to
those of the pure polymer or conventional (microscale)
composites as first demonstrated by Kojima and co-workers10

for nylon−clay nanocomposites. As examples, an enhancement
of the mechanical performances (Young modulus and stress at
breaking) and heat resistance as well as a decrease of gas
permeability and flammability were observed.11−13 Due to the

large surface/volume ratio of the reinforcing phase, low content
of nanofillers (<5−6% wt) might cause a significant improve-
ment of some physicochemical properties.9,10,14,15 In this work,
halloysite nanotubes (HNT) and kaolinite (Kao) were used as
natural nanofillers. Their suitability is primarily due to the
ecocompatibility and nontoxicity. Although halloysite
(Al2Si2O5(OH)4·2H2O) and kaolinite (Al2Si2O5(OH)4) have
similar chemistry, they possess different morphology.16 HNT
has a caracteristic spiral shape, forming hollow tubular
nanoparticles.17−19 The HNT cavity is suitable for the
encapsulation of active molecules with antioxidant and
antimicrobial capacity.20,21 Biocompatibility of halloysite has
been proved for yeast,22 bacteria,23 nematodes,24 and human
cell cultures.25 Kao is an aluminosilicate mineral characterized
by a sheet-like geometry. The morphology of HNT provides a
different chemistry at the inner and outer surfaces of the
nanotube. Such a peculiarity endowed selective modification
protocols based on electrostatic interactions26−29 or specific
chemical reactions.30−32 As concerns the biopolymers, we used
methylcellulose, alginate, and chitosan, which are nonionic,
anionic, and cationic polymers, respectively. They are nontoxic,
biocompatible, and biodegradable, and are widely used for the
development of systems for release of drugs,33−36 tissue
engineering,37 decontamination,38,39 and food additives.40
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This paper contributes to the knowledge of the sustainable
nanocomposite perspective for industrial applications, such as
packaging, because of their chemical and engineering properties
(mechanical performances, thermal stability, and wettability),
which can be properly controlled by the specific biopolymer/
nanoclay interactions.

■ MATERIALS AND METHODS

Methylcellulose (av Mw ca. 14 kg mol−1, 27.5−31.5 wt %
methoxy), sodium alginate (Mw = 70−100 kg mol−1), chitosan
(75−85% deacetylated, Mw = 50−190 kg mol−1), glacial acetic
acid, and halloysite (HNT) are from Sigma. Kaolinite (Kao) is
a Fluka product. All of the products were used without further
purification.
Nanocomposite Preparation. Biopolymer/clay nano-

composites were prepared by means of the aqueous casting
method as described elsewhere.41 Briefly, we prepared a 2 wt %
aqueous solution of each biopolymer (methylcellulose,
chitosan, and alginate) under stirring at 70 °C for ca. 2 h.
The glacial acetic acid was used to solubilize chitosan in water,
given the low solubility of polymer at neutral pH. Then, an
appropriate amount of filler (HNT or Kao) was added to the
biopolymer solutions and kept under stirring overnight. The
well-dispersed biopolymer/filler mixtures were poured into
glass Petri dishes at 40 °C for ca. 24 h to evaporate water. The
obtained films were easily removed from the supports and
stored in a desiccator at room temperature. The filler
concentration (Cf) expressed as weight percent (grams of
filler/100 g of nanocomposites) was systematically changed.
Thermogravimetric Analysis. Thermogravimetric (TG)

measurements were conducted by using a Q5000 IR apparatus
(TA Instruments) under a nitrogen flow of 25 and 10 cm3

min−1 for the sample and the balance, respectively. The weight
of each sample was ca. 5 mg. Experiments were performed by
heating the sample from room temperature to 900 °C with a
rate of 10 °C min−1 in a platinum crucible. For each sample we
determined the polymer degradation temperature (Td), the
moisture loss (MD120), and the percentage of residual matter at
900 °C (MR900). MD120 and MR900 values were obtained by the
dependence of the mass loss to the temperature (TG curves),
while Td values were estimated at the maximum of the
temperature dependence of the first-order derivative functions
of the mass loss percentage (DTG curves).
Scanning Electron Microscopy. The morphology of the

nanocomposites was studied by using a microscope ESEM FEI
QUANTA 200F. Before each experiment, the sample surface
was coated with gold in argon by means of an Edwards sputter
coater s150a to minimize charging under electron beam.
Dynamic-Mechanical Analysis. Dynamic-mechanical

measurements (DMA) were performed using a DMA Q800
apparatus (TA Instruments). The samples were films of
rectangular shape (10.00 × 6.00 × 0.060 mm3). Tensile tests
were carried out with a stress ramp of 1 MPa min−1 at 26.0 ±

0.5 °C. The analysis of the stress versus strain curves allowed us
to determine the elastic modulus (E), the tensile strength (σr),
and the elongation at breaking point (ε%).
DMA experiments were also carried out in the oscillatory

regime (frequency of 1.0 Hz) by heating the sample from 100
°C to film deterioration with a rate of 4 °C min−1.
Contact Angle. Contact angle measurements were

performed through an optical contact angle apparatus (OCA
20, Data Physics Instruments) equipped with a CCD camera
with high resolution power. SCA 20 software (Data Physics

Instruments) was used for data acquisition. The water contact
angle just after the deposition (Φi) was measured by the
method by placing a droplet of 5.0 ± 0.5 μL onto the sample
surface. Both the support and the injecting syringe were kept at
25.0 ± 0.1 °C.
Each sample was analyzed five times, and the average values

are reported.
X-ray Diffraction. X-ray diffraction (XRD) analysis was

performed by means of a Philips PW 1729 diffractometer
(model RX) in Bragg−Brentano geometry using Ni-filtered Cu
Kα radiation (λ = 1.5406 Å, 40 kV, 40 mA). Diffractograms
were registered in the range of scattering angles 2θ = 4−60°,
with a scan increment of 0.01°/s.

■ RESULTS AND DISCUSSIONS

Thermal Properties. TG analysis is a proper method to
highlight the thermal stability of polymers,42,43 and nano-
composites.7,44 Moreover, the TG method was reported for
investigating dehydration and dehydroxilation of nanoclays.45

MD120 values (Table 1) provided evidence that the water
content of methylcellulose (nonionic) is much lower with
respect to those of alginate (anionic) and chitosan (cationic).

Filling polymers with clay nanoparticles (HNT and Kao)
shaped the thermal behavior of bioplastics. Td values showed
that the filler morphology affected the polymers’ degradation
(Figure 1).
For the bionanocomposites based on methylcellulose and

chitosan, nanoclays generate a slight Td decrease. Alginate was
thermally stabilized by the addition of HNT, while an opposite
effect was observed in the presence of kaolinite. These results
could be explained by taking into account the different clay
morphology, which influences the specific polymer/filler
interactions. As reported in literature studies,46 HNT can
entrap polymers within their tubular cavity, determining an
increase of their thermal stability;47 such a phenomenon cannot
be observed for flat kaolinite. Moreover, the homogeneous
dispersion of HNT into the anionic matrix48 generates an
efficient barrier effect on the volatile products.7 The thermal
stability is a consequence of the preferential interactions
between inner and outer HNT surfaces and biopolymers
(Scheme 1).
Accordingly, one has to consider that methylcellulose is

neutral, chitosan is cationic, and alginate is anionic.
Furthermore, in solution the inner and outer surfaces of the
tubular structure of the HNT particles have different charges,19

being that the inner surface is positively charged, while the
external one is negatively charged. This view was confirmed by
the DTG curves of the nanocomposites at Cf = 50 wt % (Figure
2), which showed a peculiar effect in the high temperature
range.

Table 1. Degradation Temperature and Water Content for
Biopolymersa

polymer Td/°C MD120/wt %

alginate 251.1 15.3

chitosan 304.6 11.2

methylcellulose 360.2 3.5
aThe error estimated by standard deviation on at least three
independent measurements is ±0.5 °C for Td and ±0.1 wt % for
MD120.
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We observed DTG peaks for chitosan and methylcellulose
nanocomposites between 700 and 800 °C, which are similar to
those of pristine HNT. These peaks are attributed to the
dehydroxylation of alumina groups of the HNT lumen.45 On

the contrary, the DTG curve of alginate/HNT does not show
the dehydroxylation process, in agreement with the specific
interaction between the polymer and HNT inner surface.
Namely, the ionic exchange involving alginate COO− groups
and Al−OH groups generates significant structural changes that
cancel out the weight loss at 700−800 °C due to
dehydroxylation of alumina groups.
Thermograms were also collected on the same samples at

variable heating rates (β) to determine the activation energy
(Ea) of degradation. A larger filler concentration was chosen.
The Friedman’s method was used to calculate Ea without
making any assumption on the reaction mechanism. The
following equation was used

β α α= −T Af E RTln( d /d ) ln[ ( )] /a (1)

where dα/dT is the first derivative of α with respect to
temperature and f(α) is a function of the extent of conversion
(α) 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.
For all of the investigated nanocomposites, Ea does not

depend on α, and therefore the average values are provided in
Table 2.

The Ea data provide evidence for the effect of filler and its
morphology on polymer thermal stability. In particular, HNT
generated a strong enhancement of the energetic barrier to the
degradation process of alginate, according to the proposed
model of interaction (Scheme 1). Such an effect was not
observed for Kao. On the contrary, the filler morphology does
not influence the Ea value for methylcellulose.

Mechanical Properties. An example of the stress versus
strain curve for the investigated biofilms is presented in Figure
3.
As concerns the pristine biopolymers, we found that alginate

possesses the best mechanical performance (Table 3), with the
elastic modulus and breaking stress having the largest values
within the investigated systems.
The E and σr values measured for pristine polymers are

comparable to the mechanical properties of petrochemical-
based plastics used as packaging materials, such as polyethylene
terephthalate (PET) (E = 2000 MPa)49 and polyvinyl chloride
(PVC) (E = 800 MPa),50 and comparable to the mechanical
properties of other biopolymers, such as polylactic acid (PLA)
(E = 3550 MPa).51,52

For both methylcellulose and chitosan, the nanofiller
addition did not affect the elastic modulus as well as the
tensile strength (Figure 4). On the other hand, the presence of
HNT into alginate matrix determined an increase of the elastic

Figure 1. Degradation temperatures as functions of concentration of
nanofiller (●, HNT; ■, kaolinite). The error estimated by standard
deviation on at least three independent measurements is ±0.5 °C for
Td.

Scheme 1. Mechanisms of Polymer/HNT Interaction Based
on Electrostatic Interactions

Figure 2. DTG curves of the polymers (blue for methylcellulose, black
for alginate, red for chitosan) containing 50 wt % of HNT.

Table 2. Activation Energy Values for Biopolymers and
Nanocomposites

material Ea/kJ mol‑1

alginate 236 ± 12

alginate/HNT 400 ± 30

alginate/Kao 250 ± 20

methylcellulose 191 ± 8

methylcellulose/HNT 209 ± 3

methylcellulose/Kao 193 ± 3

chitosan 197 ± 25

chitosan/HNT 212 ± 24

chitosan/Kao 266 ± 20
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modulus, while the opposite effect was observed for alginate/
Kao nanocomposites, showing a decreasing σr versus Cf trend as
well. Filling alginate with HNT generated an increase of the
tensile strength for Cf < 30 wt %, whereas at very high Cf, the σr
value is lower compared to that of pristine polymer. Similar
results were observed for HNT/pectin nanocomposites.7 These
results highlight the important role of electrostatic interactions

and morphology on the mechanical performances of the
nanocomposites. DMA measurements in the oscillatory regime
as a function of temperature endowed to estimate the glass
transition of polymers, which was determined at the maximum
of tan ϕ versus T function.
It should be noted that alginate as well as alginate-based films

did not show any significant variation of the tan ϕ versus T
curve because they did not undergo either structural changes or
phase transitions up to the degradation of polymer matrix (see
the Supporting Information). On the contrary, chitosan and its
nanocomposites showed peaks in the tan ϕ versus T curve at
ca. 180 °C, while methylcellulose-based films evidenced a peak
on tan ϕ versus T curve at ca. 200 °C. The addition of low
molecular weight additives, which can act as plasticizers, can
significantly change the Tg.

53,54 As illustrated in Figure 5, for all
bionanocomposites a reduction of the peak intensity was
observed by increasing the filler concentration; this finding
could be attributed to a higher capacity of the pure polymer to
dissipate energy as viscous response at elevated temperature.55

The Tg values of nanocomposites showed very small changes
upon increasing the filler content; this evidence is attributed to
interactions between the polymer and the filler.55 For magnetic
nanocomposites in epoxy resin the increase of Tg due to the
addition of nanoparticles is attributed to reduced mobility of
macromolecular chains.56

Wettability and Morphology. Potential applications of
bionanocomposite materials are strongly influenced by the
films’ wettability. This parameter reflects the structure and the
chemical composition of the surface affecting several properties,
such as the biocompatibility, adhesion, and selective adsorption
on a solid surface.57 The wettability is strictly correlated to the
water contact angle (θi) of a drop just deposited on the film
surface. Table 4 collects θi values for pristine biopolymers and
bionanocomposites based on HNT at very high filler
concentration.

Figure 3. Stress−strain curve for methylcellulose−HNT nano-
composite (Cf = 13 wt %).

Table 3. Elastic Modulus and Breaking Stress for the
Biopolymers

polymer E/MPa σr/MPa

alginate 1602 24

chitosan 1172 14

methylcellulose 1487 16

Figure 4. (A) Young’s modulus of the polymer films as a function of the nanofiller amount (●, HNT; ■, kaolinite). (B) Tensile strength of the
polymer films as a function of the nanofiller amount (●, HNT; ■, kaolinite).
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θi data showed that chitosan possesses the strongest
hydrophobic character (Table 4), which is reduced by the
addition of HNT. This result can be attributed to the
enrichment of HNT unto the film interface as evidenced by
SEM micrographs (Figure 6). Namely, hydrophilic HNT
particles induced a decrease of the θi value. SEM images
highlighted that HNT particles are uniformly dispersed on
alginate surface determining a slight decrease of the θi value. As

concerns the methylcellulose/HNT composite, we observed
that the addition of the filler induces an enhancement of the
surface toughness (Figure 6). Accordingly, θi value of the
nanocomposite is larger with respect to that of pristine
methylcellulose indicating an increase of the surface hydro-
phobicity.
Figure 7 illustrates XRD spectra for alginate-HNTs,

methylcellulose-HNTs nanocomposites, and HNT. Literature58

reports of XRD data on chitosan/HNT composites provide
evidence for the intercalation of polymer into nanotube
interlayers.
As reported in the literature,59,60 pure HNT showed a peak

at 12.4° (2θ) corresponding to a (001) basal spacing of 7.15 Å.
The peaks at 8.4 and 10.0 Å of alginate/HNT and
methylcellulose/HNT, respectively, could be due to a partial
intercalation of the polymers with consequent increase of the
HNT interlayer spacing. Both composites provided also an
XRD peak at ca. 7 Å indicating the coexistence of two phases:
HNT with intercalated polymer (interlayer > 7 Å) and HNT
with no intercalation (interlayer ca. 7 Å). Similar results were
observed for the intercalation of the antibiotic metronidazole61

and the surfactant62 Tween 20 into the K10-montmorillonite
clay.

■ CONCLUSION

Nanocomposites based on polymers (methylcellulose, alginate,
or chitosan) and nanoclays (halloysite nanotubes and kaolinite)

Figure 5. Variation of tan ϕ as a function of temperature for pristine polymers and nanocomposites.

Table 4. θi Values of Drop at Deposition on the Polymer and
Nanocomposite Films Containing HNT or Kaoa

Cf/wt % filler θi/deg

Alginate

0 67

54 HNT 61

60 Kao 61

Methylcellulose

0 54

48 HNT 61

64 Kao 66

Chitosan

0 90

47 HNT 65

39 Kao 74
aThe estimated error of at least three independent measurements is
±1°.
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have been prepared. The concentration of nanoclay was
systematically varied for each nanocomposite, and a compact
film was always obtained. Thermal degradation process has
highlighted the key role of the morphology of the nanoclay and
the specific interaction of biopolymers with the inside and/or
outside surface of the nanotubes. In particular, the interaction
of the cationic polymer (chitosan) could occur with the
negative outer surface of the nanotube and that of the anionic
alginate with the inner surface of the cavity (positive charge),
while the methylcellulose, a nonionic polymer, could interact
without specificity with the surfaces of halloysite nanotubes.
The mechanical properties of nanocomposites are strongly
connected to the interactions between biopolymer and
nanofiller. The alginate encapsulation into the nanotube cavity
improved tensile properties of the nanocomposites. The data of
the surface wettability of the films were correctly interpreted on
the basis of the roughness and the surface composition
(presence or absence of nanoparticles) by means of SEM

micrographs. X-ray data indicated the coexistence of two phases
in nanocomposites with HNT nanotubes, namely, HNT with
partially intercalated polymer and HNT with no intercalation.
In general, the investigated physicochemical characteristics of

the bionanocomposite films are affected by the filler
morphology as well as the biopolymer nature. Controlling the
biopolymer/nanoclay interactions can open the route to
generate smart nanomaterials with interesting technological
properties, such as reliable thermal stability, hydrophobicity
surface, and relevant mechanical performances.
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Abstract: This paper reports a novel procedure to fabricate multilayer composite biofilms based

on halloysite nanotubes (HNTs) and sustainable polymers. Among the biopolymers, the non-ionic

(hydroxypropyl cellulose) and cationic (chitosan) molecules were selected. The nanocomposites were

prepared by the sequential casting of ethanol solutions of hydroxypropyl cellulose and aqueous

dispersions of chitosan/HNTs. The composition of the bio-nanocomposites was systematically

changed in order to investigate the effect of the hydroxypropyl cellulose/HNTs ratio on the thermal

properties of the films, which were investigated by differential scanning calorimetry (DSC) and

thermogravimetry (TG). DSC studies were conducted in the static air (oxidative atmosphere), while

TG measurements were carried out under nitrogen flow (inert atmosphere). The analysis of DSC data

provided the enthalpy and the temperature for the oxidative degradation of the bio-nanocomposites.

These results were helpful to estimate the efficacy of the well-compacted middle layer of HNTs as a

flame retardant. TG experiments were performed at a variable heating rate and the collected data

were analyzed by the Friedman’s method (non-isothermal thermogravimetric approach) with the aim

of studying the kinetics of the hydroxypropyl cellulose degradation in the multilayer nanocomposites.

This work represents an advanced contribution for designing novel sustainable nanocomposites with

excellent thermal behavior as a consequence of their peculiar multilayer structure.

Keywords: halloysite nanotubes; multilayer nanocomposites; biopolymers; hydroxypropyl cellulose;

thermogravimetry; differential scanning calorimetry

1. Introduction

Halloysite is an emerging nanofiller for the fabrication of smart nanocomposites with specific

functionalities useful for several technological purposes, such as anti-corrosion coatings [1–3], food

packaging [4–6], remediation [7–11], catalysis [12–15], tissue engineering [16–18], preservation of

art-works [19–21], and antimicrobial protection [22,23]. Recent biological studies (by means of both

in vivo and vitro tests) proved that halloysite exhibits a low toxicity [24–26]. The chemical formula of

halloysite is Al2Si2O5(OH)4·2H2O. From the mineralogical viewpoint, halloysite is a phyllosilicate 1:1,

which means that each composed layer is formed of one octahedral sheet of alumina and one tetrahedral

sheet of silica [27]. This mineral possesses a hollow tubular shape with a large polydispersity in sizes

on the dependence of the geological setting [28]. The length interval is between 50 and 1500 nm,

while the external and internal diameters range between 20–150 and 10–15 nm [28]. The chemical

composition of the halloysite surfaces is different, being that the inner one is composed of SiO2 groups

while the external shell is formed by Al2O3 groups. Consequently, in the pH 2–8, the cavity possesses

a positive net charge, whereas the shell is negatively charged [29]. This peculiarity allows for a

J. Compos. Sci. 2018, 2, 41; doi:10.3390/jcs2030041 www.mdpi.com/journal/jcs



J. Compos. Sci. 2018, 2, 41 2 of 11

selective modification of the halloysite surfaces by means of ionic molecules that can be exploited to

control its colloidal stability and rheological properties as requested for the numerous applications on

tubular nanoparticles [30–33]. Within this, the specific electrostatic interactions between ionic polymers

and halloysite affect the thermal and mechanical behaviors of the corresponding nanocomposites

prepared by the aqueous casting method [34]. The addition of halloysite nanotubes (HNTs) within

anionic polymers represents an efficient strategy to enhance the thermal stability of the biomaterials

because the polymeric chains are entrapped within the HNTs lumen [4,34]. This effect was detected

for pectin/HNTs [4,35] and alginate/HNTs nanocomposites [34]. Biocomposites based on cationic

chitosan and halloysite evidenced suitable performances as scaffolds for tissue engineering [18,23,36]

and hydrogel for medical purposes [37]. The literature reports that HNTs are efficient reinforcing

fillers for chitosan matrix [38,39]. The high dispersibility of halloysite into hydrophilic polymers

generated nanocomposite materials with a large wettability and excellent tensile performances in

terms of stress at breaking point and elasticity [34]. Nanocomposites based on halloysite and polylactic

acid (PLA) showed enhanced barrier properties with respect to the pure biopolymer [40]. Our recent

work evidenced that the confinement of HNTs between chitosan layers generated composite biofilms

with a relevant flame resistance [41]. It should be noted that the specific functionalities and the

physicochemical characteristics of polymer/HNTs nanocomposites are strongly influenced by their

mesoscopic structure [42]. Here, we prepared multilayer nanocomposite films formed by three

components: two biopolymers (hydroxypropyl cellulose and chitosan) and halloysite (inorganic filler).

An intermediate layer of chitosan/HNT was confined between hydroxypropyl cellulose by using

a sequential casting procedure performed in different solvents (water and ethanol). The thermal

properties of the nanocomposites were investigated by two techniques: thermogravimetry (TG) and

differential scanning calorimetry (DSC). The combination of TG and DSC can provide an exhaustive

description of the thermal behavior of hybrid systems, including supramolecular complexes [43–45]

and polymer/nanofiller composite materials [41,46,47]. Moreover, the mentioned thermal methods are

useful within a cultural heritage for the diagnostics [48] and the treatment [20] of artworks. As reported

in this paper, TG experiments performed at variable heating rates allow for the determination of the

activation energy of the polymer degradation in composite systems [5,49,50]. On the other hand,

DSC measurements are helpful to investigate the flame retardant action of nanofillers dispersed in a

polymeric matrix [41,51].

This paper reports a novel protocol to generate biopolymers/halloysite nanocomposites with

a peculiar sandwich-like shape. The promising thermal properties in the inert atmosphere were

investigated by thermogravimetric experiments using a non-isothermal approach, while differential

scanning calorimetry measurements in static air revealed that the multilayer morphology confers

a fire resistance to the nanocomposites. This study provides a contribution to the fabrication

of bio-nanocomposites with a controlled structure that can be exploited for engineering and

biological applications.

2. Materials and Methods

2.1. Materials

Chitosan (75–85% deacetylated, Mw = 50–190 kg· mol−1), hydroxypropyl cellulose (HPC,

Mw = 80 kg· mol−1), ethanol, and glacial acetic acid are Aldrich products (Sigma-Aldrich, St. Louis,

MO, USA). Halloysite nanotubes (HNTs; Mw = 294.19 g·mol−1) are from Imerys Ceramics New

Zeeland Limited (Kerikeri, New Zealand). The specific surface of halloysite is 28.64 m2
·g−1 [28].

2.2. Preparation of Multilayer Nanocomposites

The multilayer nanocomposites were prepared through a sequential casting method. Firstly, we

prepared the solutions of chitosan and HPC in two different solvents (water and ethanol, respectively)
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and an aqueous dispersion of halloysite. The concentrations and the solvent media used for the

biopolymer solution are reported in Table 1.

Table 1. The concentration and solvent medium for the biopolymer solutions.

Material Solvent Concentration (wt %)

Hydroxypropyl cellulose (HPC) ethanol 2.01
Chitosan water (pH = 3.5) 1.02

Stable polymer solutions were obtained by stirring overnight at 30 ◦C. As concerns chitosan, the

pH of the solution was fixed at 3.5 by adding dropwise 0.1 mol·dm−3 acetic acid because of the very low

solubility of the biopolymer at neutral pH [29]. Then, halloysite was dispersed in the chitosan solution

by sonication and subsequent magnetically stirring overnight at 30 ◦C. The concentration of halloysite

dispersion was 5 wt %. Consequently, the chitosan/HNTs ratio was fixed at 0.2. Chitosan acted as the

stabilizing agent of the HNT’s aqueous dispersions.

The nanocomposite films with the multilayer structure (a layer of chitosan/HNTs between

two layers of HPC) were obtained through the subsequent deposition of the HPC solution and the

chitosan/HNTs dispersion as follows: (1) HPC; (2) chitosan/HNTs; (3) HPC.

In detail, the first layer of the nanocomposite was obtained by pouring the HPC solution into a

glass Petri dish at 30 ◦C to evaporate ethanol until the weight was constant. Then, the chitosan/HNTs

aqueous dispersion was deposited on the HPC dried film and kept at 30 ◦C to evaporate water and,

consequently, we obtained the second layer. Finally, the casting of the HPC was conducted on the

chitosan/HNTs layer allowing to fabricate a sandwich-like structure. It should be noted that the very

low solubility of chitosan in ethanol ensures to obtain nanocomposites with a multilayer morphology.

The composition of the nanocomposites was systematically varied by changing the amounts of

HPC solutions and chitosan/HNTs used in the sequential casting procedure (Table 2). The variable

composition of the nanocomposites was expressed by the weight ratio (R(C+H)/HPC) between the

middle layer (chitosan + HNTs) and outer layers (HPC).

Table 2. The composition of the nanocomposites and the corresponding amounts of hydroxypropyl

cellulose (HPC) solutions and chitosan/halloysite nanotubes (HNTs) dispersions used in the

sequential casting.

R(C+H)/HPC
Amount of HPC

Solution (First Layer)/g
Amount of Chitosan/HNTs

Dispersion (Second Layer)/g
Amount of HPC Solution

(Third Layer)/g

0.92 8.18 4.96 8.02
1.89 8.15 10.24 8.07
2.81 8.05 15.03 8.00

2.3. Methods

2.3.1. Thermogravimetry

The Q5000 IR apparatus (TA Instruments, New Castle, DE, USA) was employed to perform

thermogravimetry (TG) measurements, which were carried out under a nitrogen flows of 25 and

10 cm3
·min−1 for the sample and the balance, respectively. The sample (ca. 5 mg) was loaded in a

platinum crucible and heated from room temperature to 900 ◦C at variable heating rates (β), which

were 5, 10, 15, and 20 ◦C·min−1. The analysis of TG data allowed for the determination of the activation

energy (Ea) of HPC degradation. The Curie temperatures of standards (nickel, cobalt, and their alloys)

were considered for the temperature calibration.
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2.3.2. Differential Scanning Calorimetry

The DSC 2920 CE apparatus (TA Instruments) was used to conduct Differential scanning

calorimetry (DSC) measurements. The apparatus was calibrated using the using the melting enthalpy

of standard indium (28.71 J·g−1). Both the temperature and the power calibration were estimated at

variable heating rates in agreement with the recent IUPAC technical report [52]. The sample (ca. 2 mg)

was loaded in an aluminum pan. The measurements were performed in the static air from 0 to 600 ◦C

at the heating rate of 10 ◦C·min−1.

2.3.3. Scanning Electron Microscopy

A microscope ESEM FEI QUANTA 200F (Hillsboro, OR, USA) was used to investigate the

morphological characteristics of the nanocomposite, which were previously coated with gold in argon

by means of an Edwards Sputter Coater S150A (Edwards, Burgess Hill, UK) to avoid charging under

the electron beam. The measurements were conducted in a high vacuum (<6 × 10−4 Pa), while the

energy of the beam and the working distance were set at 25 kV and 10 mm, respectively.

3. Results and Discussion

3.1. Multilayer Structure the Nanocomposites

Figure 1 shows the schematic representation and the scanning electron microscope (SEM) image

for the prepared multilayer nanocomposites.

−

−

 

/(δ ∙π∙r

δ



/(δ ∙π∙

δ ∙π∙

Figure 1. The sketch of the multilayer structure of the nanocomposites (a) and the scanning electron

microscope (SEM) image for the composite materials with R(C+H)/HPC = 2.81 (b).

The thickness of the outer HPC layers was kept constant, while the intermediate layer of the

chitosan/HNTs was systematically changed. Regarding the HPC layers, the thickness (h(HPC)) was

calculated as

h(HPC) = mHPC/(δHPC·π·r
2), (1)

where r is the radius of the Petri dish used for the preparation of the nanocomposites, while mHPC

and δHPC are the mass and the density of HPC, respectively. The thickness of the intermediate layer

composed by chitosan and HNTs (hC+H) was determined by the equations

h*(C+H) = h(C) + h(H), (2)
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h(C) = mC/(δC·π·r
2), (3)

h(H) = mH/(δH·π·r
2), (4)

where mC and δC are the mass and the density of chitosan, respectively, and mH and δH are the

mass and the density of halloysite, respectively. It should be noted that the described approach

(Equations (2)–(4)) assumes that the densities of chitosan and halloysite are not altered by their

reciprocal interactions. The sum of the calculated thicknesses for each composed layers is in agreement

with the total thickness (experimentally determined by a micrometer) of the nanocomposite film.

Table 3 collects the thickness values for the prepared nanocomposites.

Table 3. The thicknesses of the films, the outer HPC layers, and intermediate chitosan/HNT layer for

the prepared nanocomposites.

R(C+H)/HPC
h(HPC)

(First Layer)/µm
h(HPC)

(Third Layer)/µm
hC+H

(Middle Layer)/µm
Nanocomposite
Thickness/µm

0.92 71.2 69.8 2.67 144
1.89 70.9 70.3 5.52 147
2.81 70.1 69.7 8.11 149

3.2. Thermal Properties of the Nanocomposites

3.2.1. Thermogravimetric Analysis: Thermal Behavior under Inert Atmosphere

Figure 2 shows the thermogravimetric curve (determined at β = 10 ◦C·min−1) of the

nanocomposite at variable compositions.

δ δ

–

/μ μ μ μ

β −

 

–

–

β −

Figure 2. The thermogravimetric curves for the nanocomposites at variable compositions.

We observed three different mass losses: (1) the first mass loss (ML150) occurs in the temperature

range between 25 and 150 ◦C as a consequence of the evaporation of the water physically adsorbed

on the materials; (2) the second mass loss (ML400) takes place at the temperature interval 200–400 ◦C

because of the decomposition of the organic moieties; (3) the third mass loss (ML550) occurs in a

temperature range of 420–550 ◦C. As reported in the literature [34], the latter is due to the expulsion of

the two water molecules that are present in the halloysite interlayer. Table 4 compares the mass losses

for the nanocomposite materials with those for pure hydroxypropyl cellulose.
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Table 4. The mass losses and residual masses at 900 ◦C for pure HPC and nanocomposites determined

by thermogravimetry (TG) measurements at β = 10 ◦C·min−1.

R(C+H)/HPC ML150/% ML400/% ML600/% MR900/% TCHIT/◦C THPC/◦C

0 0.65 92.4 / 4.07 289.2 369.7
0.92 1.74 61.3 4.28 30.1 290.2 376.4
1.89 1.83 43.2 6.33 44.8 291.6 373.4
2.81 2.31 42.1 6.49 45.8 286.5 374.5

The presence of the intermediate layer composed of chitosan and HNT generated an increase

of the ML150 indicating an enhancement of the affinity towards water due to the hydrophilic nature

of halloysite. As expected, the ML400 value was reduced in the nanocomposites, while the opposite

effect was detected for ML600 results. Compared with neat HPC, MR900 is much larger in the

composite materials because of the inorganic clay nanotubes, which do not undergo through a complete

decomposition even at very high temperatures [34]. The analysis of the differential thermogravimetric

(DTG) curves (Figure 3) provided a clearer description of the several degradation steps occurring in

the nanocomposites.

 

–

–

ln (βdαdT ) = ln[Af(α)] − EaRT
where α is the conversion degree, while A and R represent the pre

(α) is the function that relates the specific degradation mechanism 

the slope of the ln(βdα/dT) vs
with α for all of the investigated materials. On this basis, we calculated the average E

Figure 3. The differential thermogravimetric curves for the nanocomposites at variable compositions.

In the range 200–400 ◦C, DTG curves showed a shoulder (centered at ca. 290 ◦C) and a peak

(centered at ca. 370 ◦C) that can be mostly attributed to the thermal degradation of chitosan and

HPC, respectively. Accordingly, we determined the HPC degradation temperature (THPC) from the

maximum of the DTG peaks, while the chitosan degradation temperature (TCHIT) was estimated from

the maximum of the DTG shoulders. As evidenced in Table 4, a slight thermal stabilization of HPC

was observed in the multilayer nanocomposites. Generally, an increase of the polymer resistance

to thermal degradation in nanocomposite systems is ascribed to the barrier effect of the nanofillers

towards the volatile products generated by the polymer decomposition [34,46]. Regarding chitosan,

the degradation temperatures are similar to that of pure chitosan (290.2 ◦C).

The kinetic aspects of the polymer degradation were studied by using a non-isothermal

thermogravimetric method. To this purpose, we performed TG measurements at variable heating rates

and the obtained data in the range 200–400 ◦C were analyzed by means of the Friedman approach,

which can be expressed by the equation

ln

(

βdα

dT

)

= ln[Af(α)]−
Ea

RT
(5)
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where α is the conversion degree, while A and R represent the pre-exponential factor and the gas

constant, respectively. Moreover, f (α) is the function that relates the specific degradation mechanism

with the conversion degree. Based on Equation (5), the activation energy (Ea) can be determined by

the slope of the ln(βdα/dT) vs. the 1/T trends. As a general result, we observed that Ea is constant

with α for all of the investigated materials. On this basis, we calculated the average Ea values, which

are presented in Figure 4. In general, the presence of the intermediate layer did not significantly affect

the kinetics of HPC degradation.

 

(∆H
and ∆H

∆H

Figure 4. The average activation energy of hydroxypropyl cellulose (HPC) degradation as a function

of the weight ratio between the middle layer (chitosan + halloysite nanotubes (HNTs)) and the outer

layers (HPC).

3.2.2. Oxidative Degradation of Nanocomposites by Differential Scanning Calorimetry

The oxidative degradation of the nanocomposite materials was investigated by means of DSC

measurements conducted statically. As shown in Figure 5, the DSC curves of the multilayer

systems present an exothermic reaction due to the degradation of organic components under the

oxidative conditions.

 

(∆H
and ∆H

∆H

Figure 5. The differential scanning calorimetry (DSC) curves for nanocomposites at

variable compositions.
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The analysis of the DSC peaks allowed for the exploration of the thermodynamics of the

oxidative degradation. In particular, we determined the temperature (Tox) and the enthalpy variation

(∆Hox) of the oxidative degradation by the maximum and the integration of the exothermic peaks.

Figure 6 displays the dependence of both Tox and ∆Hox on the weight ratio between the middle layer

(chitosan + HNTs) and the outer layers (HPC).

Compared with pure HPC, the nanocomposites gave evidence to the reduction of both parameters.

The ∆Hox decrease indicates that the presence of the middle layer composed of chitosan and halloysite

lowered the quantity of the heat released during the exothermic process, which is represented by the

oxidative degradation. This result gives evidence that the addition of chitosan/HNTs between the

HPC layers produces a fire retardant action as expected for well-defined multilayer materials.

 

Figure 6. The enthalpy variation (a) and temperature (b) of oxidative degradation as functions of the

weight ratio between the middle layer (chitosan + HNTs) and outer layers (HPC).

4. Conclusions

Nanocomposites with a multilayer structure were successfully prepared by the sequential casting

of ethanol solutions of HPC and the aqueous dispersion of chitosan/halloysite. The composition of the

nanocomposites was systematically varied in order to control the thickness of the intermediate layer

composed of chitosan and halloysite nanotubes (HNTs). The thermal properties of the nanocomposites

were affected by the peculiar multilayer structure of the biocomposite films. Thermogravimetry (TG)

measurements performed under an inert atmosphere gave evidence to a slight increase of the HPC

thermal stability in the nanocomposites. TG data collected at variable heating rates were analyzed by

the non-isothermal Friedman method, which showed that the activation energy of the HPC degradation

is not significantly affected by the addition of the chitosan/HNT layer.

The oxidative degradation of the nanocomposites was studied by Differential Scanning

Calorimetry (DSC), which highlighted a reduction in the temperature, as well as the enthalpy variation
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for the investigated exothermic process in the multilayer systems. Interestingly, the decrease of

the enthalpy change indicates that the chitosan/halloysite layer generates a flame retardant action

on the biomaterials. In conclusion, this work describes an easy strategy to fabricate multilayer

bio-nanocomposites with promising thermal characteristics.
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multilayer structures†

Vanessa Bertolino, Giuseppe Cavallaro, * Giuseppe Lazzara, Stefana Milioto

and Filippo Parisi

This work is a contribution to the design of multilayer biocomposites based on halloysite nanotubes

(HNTs) and chitosan. Both the polymer and nanotubular inorganic additive have been selected among

easily available green materials. An innovative preparation procedure based on the sequential casting of

chitosan and HNTs has been proposed in order to obtain multilayer composite biofilms. A physico-

chemical investigation (contact angle measurements, differential scanning calorimetry, thermogravimetry)

has been conducted to characterize the bionanocomposites. As evidenced by scanning electron

microscopy, the nanocomposites possess an intermediate halloysite layer between the chitosan ones. The

multilayer morphology of the prepared chitosan/HNT nanocomposites has been confirmed by water

contact angle measurements, which revealed that the hybrid films present a hydrophobic surface. The

peculiar sandwich-like morphology of the chitosan/HNT hybrid materials has been correlated to their

thermal behavior under inert and oxidative atmospheres. The kinetic aspects of chitosan degradation have

been studied by a non-isothermal thermogravimetric approach (Friedman’s method), while the suitability

of HNTs as flame retardant fillers of multilayer nanocomposites has been estimated by the thermodynamic

parameters of oxidative degradation. According to the thermogravimetric data, the formation of a

well-compacted middle layer of HNTs has induced a reliable decrease in the activation energy of the

degradation of chitosan. Differential scanning calorimetry experiments showed that the nanocomposites

possess an enhanced ignition temperature compared with pure chitosan. This paper opens new

sustainable prospects for the preparation of novel nanocomposites with layered structures that can be

strategic for packaging, tissue engineering, and pharmaceutical applications.

1. Introduction

In recent years, nanocomposite materials based on natural

resources have attracted growing interest because of their

excellent properties coupled with their sustainability and low

cost. The combination of sustainable polymers and inorganic

fillers facilitates the fabrication of composite materials alter-

native to petrochemical-based plastics for several purposes within

packaging,1,2 biotechnology3–5 and engineering6–10 applications.

Ruiz-Hitzky et al.11 highlighted that filling polymeric matrices

with clay nanoparticles can improve the thermal and mechanical

behavior of the pristine polymers. The addition of modified

montmorillonite12 and halloysite nanotubes (HNTs)13 into

polylactic acid (PLA) allowed the fabrication of biofilms with

enhanced barrier properties that are useful for packaging.

The high surface/volume ratio of nanoparticles facilitates

polymer/filler interactions, which induce the improvement of

the thermal stability of nanocomposites.14 Moreover, the tensile,

thermal and wettability properties of biocomposite films are

affected by their mesoscopic structure.15,16 Within this, hybrid

materials with a multilayer morphology exhibited specific char-

acteristics and functionalities that were not detected in nano-

composites with a uniform filler distribution into a polymeric

matrix.16,17 The literature reports that an intermediate clay

layer between the polymers promotes a flame retardant action

on well-ordered nanocomposites.17 Alginate/montmorillonite

nanocomposites with a multilayer structure showed excellent

flame and fire shielding property.18 The layer-by-layer assembly

of polyacrylamide and graphene oxide allowed the fabrication

of fire retardant coatings for cotton fabric.19 The layer-by-layer

(LBL) method represents an easy and successful strategy for

the manufacture of thin films with a multilayer structure. This

approach presents several advantages with respect to the
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traditional Langmuir–Blodgett (LB) technique, which is restricted

to amphiphilic molecules capable of forming monolayers at the

liquid–vapor interface.20 In addition, the LB method requires

special instrumentation21 and presents several limitations on the

shape/size of the substrate as well as on the stability and quality

of the films.22

The preparation of multilayer materials through the LBL

method can be driven by electrostatic attractions between oppo-

sitely charged molecules22 and hydrophobic interactions.23

Besides ionic and hydrophobic forces, charge transfer inter-

actions can determine the formation of multilayer films.24 The

LBL preparation of multilayer assemblies can be achieved

through several deposition procedures including spin-coating,

spray-coating, co-extrusion and solvent-casting.25

Here, we prepared chitosan/halloysite composites with a

multilayer morphology by using a novel method based on the

water casting procedure. The sequential deposition of each

layer was controlled by pH conditions.

Both chitosan and halloysite are nontoxic and eco-compatible

materials.7,26 The biocompatibility of halloysite was demonstrated

by several in vitro and in vivo experiments.27–29 Accordingly,

halloysite was widely investigated as a nanocarrier for the

controlled release of drugs,26,30 tissue engineering,6,7 waste-

water decontamination,31–34 catalytic support,35–38 and filler for

food packaging.2,39–41 Halloysite possesses a hollow tubular

morphology generated by the rolling of flat kaolinite sheets.42

The sizes of halloysite nanotubes (HNTs) are quite polydisperse

on the dependence of their geological deposit.43 The length of

HNTs ranges between 50 and 1500 nm, while the intervals for

the external and internal diameters are 20–150 and 10–15 nm,

respectively.43 The surfaces of HNTs possess opposite charges

in a wide pH range (between 2 and 8) as a consequence of their

different chemical composition. In detail, the SiO2 based outer

surface is negatively charged, while the HNT lumen composed

of Al2O3 presents a positive charge.
44 This peculiarity affects the

interactions between ionic biopolymers and halloysite and,

consequently, the properties of the corresponding bionanocom-

posite systems.15,16,45 It was observed that the encapsulation of

anionic alginate within the cavity of HNTs determines the

formation of nanocomposites with a higher thermal stability

than that of the pure biopolymer.15 On the other hand, chitosan/

HNT nanocomposites prepared by the classic casting method

did not reveal any thermal stabilization effect in agreement with

the adsorption of a positive biopolymer on the halloysite external

surface.15 The combination of chitosan and HNTs was investi-

gated to prepare composite biofilms for packaging,15,26 hydro-

gels for biomedical applications46 and nanocomposite scaffolds

for tissue engineering.7,47 As evidenced in a recent review,48 the

filling of chitosan with clay nanoparticles represents a successful

strategy for the fabrication of biocompatible hybrid systems

that are suitable as drug carriers, electrochemical sensors, and

sustainable packaging.

In this work, the sequential casting method was proposed

for the preparation of chitosan/halloysite nanocomposites with

multilayer morphology. Studies on the morphology and surface

properties of the prepared films were conducted to estimate the

efficiency of the preparation method. The flammability and the

thermal properties of the multilayer films were determined by

differential scanning calorimetry and thermogravimetry measure-

ments performed under both inert and oxidative atmospheres.

The attained knowledge can be useful to fabricate composites

with a sandwich-like structure that hold potential for several

technological purposes.

This paper contributes to the development of sustainable

nanocomposites with promising properties for industrial appli-

cations because their engineering properties (thermal perfor-

mances, flammability, and wettability) can be properly controlled

by their specific mesoscopic structure.

2. Results and discussion
2.1 Morphology and surface properties

SEM images of chitosan/HNT nanocomposites with variable

ratios between the HNTs and the total amount of chitosan

(RHNTs:CHIT) are presented in Fig. 1. As designed, the films showed

a sandwich-like morphology with the nanotubes confined in the

intermediate layer (Fig. 1).

Accordingly, HNTs were not observed on both surfaces of

the nanocomposites, while the cross-section view of the SEM

images evidenced the presence of nanotubes in the middle region,

which is between the outer layers of chitosan. The analysis of the

SEM images allowed us to estimate the thickness of the inter-

mediate HNT layer, which was compared to that of the film

(Fig. 2). As sketched in Fig. 2, the volume fraction of the middle

layer in the nanocomposite depends on RHNTs:CHIT.

The three-layer morphology of chitosan/HNT nanocomposites

was confirmed by water contact angle measurements, which

allowed us to investigate the surface properties of the films. The

contact angle (y) of a water drop deposited on the surface of

the film was measured as a function of time (t). Examples of the

water drop images collected just after the deposition of water

on the film surface are presented in the ESI.† As a general

result, y decreases over time as a consequence of the adsorption

and spreading processes. The y vs. t trends were fitted by means

of a semiquantitative approach expressed as49

y(t)=yi�exp(�ktn) (1)

where yi is the water contact angle just after the deposition of

the drop on the film surface, while k and n are the kinetic

constant and the exponential parameter, respectively. It should

be noted that n can assume values between 0 (pure adsorption)

and 1 (pure spreading). The fitting parameters data (Table 1)

highlighted that both adsorption and spreading occur for all

materials with n ranging between 0.64 (pristine chitosan) and

0.80 (chitosan/HNT composite with RHNT:CHIT = 1.27). In addition,

the k values evidenced that the HNT layer does not strongly affect

the kinetics of the adsorption/spreading processes.

As shown in Table 1, the presence of nanotubes induced a

slight decrease in yi, indicating that the relevant hydrophobi-

city of the chitosan surfaces was preserved in the bionanocom-

posites. This finding agrees with the absence of HNTs on the
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surface of the film evidenced by the SEM images (Fig. 1). In

contrast, the homogeneous filling of chitosan with halloysite

showed a significant reduction in yi(from 90 to 651) due to the

presence of the hydrophilic nanotubes on the film surface.15

Among the nanocomposites, the film with RHNT:CHIT = 0.62

showed the most hydrophobic surface as evidenced by the

largest yi value. This result indicated that the HNT inner layer

is well confined between the chitosan ones.

2.2 Thermal properties of layered chitosan/HNT

nanocomposites

2.2.1 Thermal degradation of chitosan. Thermogravimetry

represents an established technique to investigate the effect

of filler addition on the thermal stability of polymers.14,50

The ESI† reports some examples of thermogravimetric curves

for nanocomposites with variable composition. We determined

the water content of both pure chitosan and chitosan/HNT

composites using their mass losses in the temperature range

between 25 and 150 1C (see the ESI†). It should be noted that

the nanocomposites with a large HNT content exhibited a mass

loss at ca. 500 1C due to the expulsion of two water molecules

of the halloysite interlayer.51 The literature16,52 reports that the

thermal behavior of the polymer/HNT nanocomposites is

strongly related to their mesoscopic structure. The homogenous

dispersion of the HNTs into the matrix induced an increase

in the polymer degradation temperature because of both the

barrier effect and entrapment process towards the volatile

products.16,52,53 Accordingly, the activation energy of the poly-

mer degradation was reduced by the filling of the HNTs

indicating that the kinetics was slowed down.16,52 In contrast,

HNTs sandwiched between two polymer layers did not have any

thermal stabilization effects on the nanocomposite systems.16

On this basis, the specific effect of HNT addition on the kinetics

of chitosan degradation can be strictly correlated to the designed

multilayer morphology of the nanocomposites. In this regard,

thermogravimetry measurements at variable heating rates (b)

were conducted with the aim to investigate the non-isothermal

kinetics of the polymer degradation of chitosan/HNTs with a

different composition. The activation energy (Ea) of chitosan

Table 1 Initial water contact angle, exponential parameter and kinetic

constant obtained by the fitting of yvs.t trends for the chitosan/HNT

nanocomposites with variable composition

RHNT:CHIT yi/1 N k/s�1

0 86 � 3 0.641 � 0.004 0.0078 � 0.0001
0.33 79 � 3 0.63 � 0.01 0.0046 � 0.0001
0.48 74 � 4 0.78 � 0.01 0.0085 � 0.0001
0.62 84 � 4 0.62 � 0.01 0.0038 � 0.0001
0.94 78 � 5 0.78 � 0.01 0.0013 � 0.0003
1.27 75 � 4 0.80 � 0.01 0.0032 � 0.0001

Fig. 1 SEM images of the cross section of chitosan/HNT nanocomposites with RHNT:CHIT = 0.62 (a and d) and RHNTs:CHIT = 1.27 (b and e). SEM images of

the surface of chitosan/HNT nanocomposites with RHNTs:CHIT = 1.27 (c and f).

Fig. 2 Schematic representation of the thicknesses of the layers determined from the SEM images of the chitosan/HNT films with variable RHNTs:CHIT.
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degradation was determined by the Friedman method, which was

successfully used to study the kinetics of thermal degradation for

materials based on chitin and chitosan.15,54 The Friedman

method is expressed by the equation

ln
bda

dT

� �

¼ ln½Af ðaÞ� �
Ea

RT
(2)

where f (a) is a function of the extent of conversion (a) that

depends on the degradation mechanism, while da/dT is the

first derivative of a with respect to temperature. In addition,

A and R are the pre-exponential factor and the gas constant,

respectively. According to eqn (2), the Ea value at each a corre-

sponds to the specific slope of the ln(bda/dT) vs. 1/T function. As a

general result, Ea does not depend on a for all investigated

systems. Fig. 3 shows the dependence of the average Ea values

on the composition of the chitosan/HNT nanocomposites.

We observed that the effect of HNT addition on the kinetic

degradation of chitosan depends on the filler concentration of

the nanocomposites. Compared to pure chitosan, an increase

in Ea was detected for composites with RHNT:CHIT o 0.5. Similar

results were obtained for chitosan/HNT nanocomposites pre-

pared by the classical casting method, which produced hybrid

materials with a homogenous distribution of the filler into the

polymer matrix.15 On the other hand, the presence of larger

amounts of nanotubes (RHNT:CHIT4 0.6) slowed down the kinetics

of chitosan degradation (Fig. 3). Interestingly, nanocomposites

with RHNT:CHIT = 1.27 exhibited a significant Ea reduction (ca. 20%)

with respect to that of pure chitosan. According to the literature,16

a thermal destabilization effect on polymer degradation is con-

sistent with a sandwich-like structure of the nanocomposites.

Namely, TG data showed that the formation of a well compacted

intermediate layer of halloysite was achieved only in nanocompo-

sites with a large filler content.

2.2.2 Oxidative degradation of chitosan/HNT nanocompo-

sites. DSC experiments were conducted in static air with the

aim to investigate the oxidative degradation of chitosan/HNT

nanocomposites. The analysis of the DSC thermograms provided

the enthalpy (DHox) and the temperature (Tox) of the material

degradation under the oxidative atmosphere. It should be noted

that Tox was determined from the onset of the DSC peaks. As

shown in Fig. 4, Tox was strongly enhanced by the addition of

HNTs into chitosan highlighting that the ignition temperature of

the oxidation process is much higher for the nanocomposites

compared to that for pure polymer. The Tox enhancement

indicates that the nanotubes generated a flame retardant effect

on chitosan. Similar results were observed for chitosan/sepiolite

nanocomposites.55 In addition, we detected that DHox decreases

upon filling chitosan with the HNTs (Fig. 4). Namely, the amount

of heat released during the oxidative degradation is lower for the

nanocomposites than that determined for the pristine chitosan

confirming the fire retardant action induced by the nanotubes.

The significant DHox reduction (ca. 50%) estimated in the

composites with a very large filler content (RHNT:CHIT = 0.94

and RHNT:CHIT = 1.27) might be partially due to the formation of

a well compacted HNT layer in the middle region.

3. Experimental
3.1 Materials

Chitosan (75–85% deacetylated, Mw = 50–190 kg mol�1) and

glacial acetic acid are Aldrich products. Halloysite nanotubes

(Al2Si2O5(OH)4�2H2O; Mw = 294.19 g mol�1) are from Imerys

Ceramics New Zealand Limited. The specific surface of the

HNTs is 22.10 m2 g�1.43

3.2 Preparation of multilayer nanocomposites

Chitosan/HNT nanocomposites with multilayer morphology

were prepared by means of a sequential casting method. As

sketched in Fig. 5, films with a sandwich-like structure (a layer

of halloysite between two layers of chitosan) were obtained

through the subsequent deposition of aqueous dispersions

with variable pH as follows: (1) chitosan (pH = 3.5); (2) HNTs

(pH = 6); (3) chitosan (pH = 3.5). This procedure allows us to
Fig. 3 The average activation energy of chitosan degradation as a function

of the composition of the nanocomposites.

Fig. 4 Enthalpy (up) and temperature (down) of oxidative degradation as

functions of the HNT/chitosan weight ratio for themultilayer nanocomposites.
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obtain a well-ordered structure because of the very low solubility

of chitosan at neutral pH.44

In detail, we prepared a 1 wt% chitosan solution in water

under stirring overnight at 30 1C. The pH of the polymer solution

was fixed at 3.5 by adding 0.1 mol dm�3 of acetic acid dropwise.

The obtained solution was poured into a glass Petri dish at 30 1C

to evaporate water until the weight was constant. Then, a 5 wt%

aqueous dispersion of halloysite was deposited on a chitosan

dried film, which is confined to the bottom of the Petri dish. A

stable HNT dispersion in water was prepared by sonication and

subsequent magnetic stirring overnight at 30 1C. It should be

noted that the selected concentration (5 wt%) ensures that the

HNT dispersion is highly stable due to hindered precipitation as

the nanotube contact distance was achieved.56Once the evapora-

tion was complete, a well compacted HNT layer was obtained.

Finally, the casting of a chitosan layer (from the 1 wt% aqueous

dispersion) was carried out on a halloysite deposit which allowed

obtaining a three-layered structure as shown in Fig. 1. The

thickness of the inner HNT layer was systematically varied by

changing the volume of its dispersion, while the thicknesses of

the outer chitosan layers were kept constant. The weight ratio

between the HNTs and the total amount of chitosan (RHNTs:CHIT)

ranged between 0.33 and 1.27. Similar to the chitosan/HNT

nanocomposites with a homogenous distribution of the filler

into the matrix,15 the prepared films with a multilayer morphol-

ogy exhibited compact mechanical features.

3.3 Methods

3.3.1 Scanning electron microscopy (SEM). The morphol-

ogy of chitosan/HNT nanocomposites were studied by using a

microscope ESEM FEI QUANTA 200F. Before each experiment,

the sample surface was coated with gold in argon by means of an

Edwards sputter coater s150a to minimize charging under the

electron beam. The measurements were carried out in high-

vacuummode (o6� 10�4 Pa) for simultaneous secondary electrons.

The energy of the beam was 20 kV, and the working distance

was 10 mm. Minimal electron dose conditions were employed

to avoid damaging the sample.

3.3.2 Contact angle.Water contact angle measurements were

performed using an optical contact angle apparatus (OCA 20, Data

Physics Instruments) equipped with a CCD camera with high-

resolution power. The SCA 20 software (Data Physics Instruments)

was used for data acquisition. The water contact angle just after

deposition (yi) was measured by the method by placing a droplet

of 5.0 � 0.5 mL onto the sample surface. Both the support and the

injecting syringe were maintained at 25.0 � 0.1 1C. Each sample

was analyzed three times, and the average values are reported.

3.3.3 Thermogravimetry. Thermogravimetry (TG) measure-

ments were conducted by using a Q5000 IR apparatus (TA

Instruments) under a nitrogen flow of 25 and 10 cm3 min�1 for

the sample and the balance, respectively. The weight of each

sample was ca. 5 mg. Experiments were performed by heating the

samples from room temperature to 900 1C in a platinum crucible.

The measurements were conducted at variable heating rates (b)

to determine the activation energy (Ea) of chitosan degradation.

Specifically, b values of 5, 10, 15 and 20 1C min�1 were selected.

3.3.4 Differential scanning calorimetry. Differential scanning

calorimetry (DSC) measurements were carried out by means of a

DSC 2920 CE apparatus (TA Instruments). The apparatus was

calibrated with indium. The pans were in aluminum and the weight

of each sample was ca. 2 mg. The temperature and the power

calibration were determined at variable heating rates in agreement

with the recent IUPAC technical report.57 The measurements were

performed in static air within a temperature range between 0 and

600 1C. The heating rate was set at 10 1C min�1.

4. Conclusions

Multilayer nanocomposites composed of chitosan and halloysite

nanotubes (HNTs) were successfully prepared by means of an

Fig. 5 Schematic representation of the preparation of chitosan/HNT nanocomposites with a three-layered structure.
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innovative casting method based on the sequential deposition of

aqueous dispersions with variable pH. SEM images evidenced

that the prepared bionanocomposites possess an intermediate

halloysite layer that is sandwiched between two chitosan layers.

The volume fraction of the middle layer can be easily controlled

by changing the experimental conditions employed in the pre-

paration of the composite biofilms. According to the sandwich-

like structure, the surfaces of the chitosan/HNT films exhibited a

strong hydrophobic character ruling out the presence of nano-

tubes at the interfaces. The kinetics of thermal degradation of

chitosan can be controlled by the HNT content in the nanocom-

posite. A significant reduction in the activation energy of the

chitosan degradation was detected for composite systems with a

large filler concentration because of the formation of a well-

compacted layer of HNTs in the middle region. In addition,

calorimetric measurements showed that all nanocomposites

exhibit potential flame retarding capacity compared to pure

chitosan as highlighted by the increase in the ignition tempera-

ture and the enthalpy reduction for thermal degradation under

oxidative conditions. With this study, an easy strategy to prepare

multilayer sustainable films with promising surface and thermal

properties was proposed. The attained knowledge represents a

fundamental point to fabricate composites with a sandwich-like

structure that hold potential for several technological purposes.
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