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Abstract

In this work a three-dimensional nano-fibrous network of chitin biopolymer has been

prepared using supercritical carbón dioxide as anti-solvent; additionally, thermal

properties of chitosan films have been analyzed with Impedance Spectroscopy. The

supercritical anti-solvent processed biomaterial presents high porosity and very low

density. Temperature and pressure were set to 40 °C and 103.4 bar, respectively;

chitin was dissolved in hexafluoroisopropanol and the solution was then sprayed

into supercritical carbón dioxide, which rapidly removes the organic solvent forcing

chitin to precipítate as fibers. The resultant fibers are a white-yellowish, fluffy and

sticky, with an estimated bulk density of 0.01 g cm-3 Based on Scanning Elec

tron Microscopy, each fiber is formed of a three-dimensional nano-fibrous structure

of about 80 nm in diameter. Fourier Transform Infrared Spectroscopy performed

on raw chitin and chitin nano-fibers indicates that chemical structure is preserved

during the supercritical anti-solvent process, while X-Ray Diffraction analysis evi

dence a loss in crystallinity for nano-fibrous chitin. There is a controversy about

the existence of a glass transition temperature in chitin and chitosan. Using Im

pedance Spectroscopy, thermal relaxations of chitosan films are investigated in the

frequeney range IO2 — IO7 Hz and temperatures from 25 to 250 °C. By applying the

Vogel-Fulcher-Tamann-Hesse relation on the conductivity and relaxation time plots,

a glass temperature of about 60-80°C is obtained.

Keywords: chitin, chitosan, biopolymer, biomaterial, supercritical carbón dioxide, super

critical anti-solvent, thermal relaxation, glass temperature, impedance spectroscopy.



Resumen

En este trabajo se preparó un material de quitina con estructura tridimensional

nano-fibrosa usando dióxido de carbono supercrítico como anti-solvente; adicional

mente se analizaron las propiedades térmicas de películas de quitosán mediante

Espectroscopia de Impedancia. El biomaterial procesado mediante anti-solvente

supercrítico presenta una gran porosidad y es extremadamente liviano. La temper

atura y presión se establecieron a 40 °C y 103.4 bar, respectivamente; la quitina se

disolvió en hexafluoroisopropanol y esta solución se atomizó dentro del dióxido de

carbono supercrítico, el cuál remueve rápidamente al solvente orgánico provocando

la precipitación de la quitina en forma de fibras. Las fibras obtenidas son color

blanco-amarillento, esponjosas y ligeras. La densidad aparente aproximada es de

0.01 g cm-3 Cada una de las fibras esta conformada de un estructura tridimen

sional nano-fibrosa con diámetros de 80 nm aproximadamente. La espectroscopia

de infrarrojo indica que la estructura química se preserva durante el procesamiento

supercrítico, mientras que el análisis de Difracción de Rayos-X hace evidente una

pérdida en la cristalinidad del material. Por otra parte, existe controversia sobre la

existencia de la temperatura vitrea en la quitina y quitosán. Por ello, se analizaron

las relajaciones térmicas de películas de quitosán utilizando espectroscopia de im

pedancia, en el intervalo de frequencia entre IO2 — 107 Hz y de temperatura de 25

a 250 °C. Apücando la relación de Vogel-Fulcher-Tamann-Hesse a las gráficas de

conductividad y tiempo de relajación, se obtuvo un valor de temperatura vitrea de

entre 60-80 °C.

Palabras clave: quitina, quitosán, biopolimero, biomaterial, dióxido de carbono super

crítico, anti-solvente supercrítico, relajación térmica, temperatura vitrea, espectroscopia

de impedancia.



Chapter 1

Introduction

In recent years, the related biopolymers chitin and chitosan have attracted grow

ing interest in diverse industrial áreas as health care, agriculture, biomedical, and

food additives. Chitin (CTN) is not only the second most common polysaccharide

in world, but it also possess a combination of individual properties that makes it

attractive for applications in several market niches, many of them potentially high-

value.

Chitin occurs as component of crustacean shells, insect cuticles, certain fungi, and

the cell walls of specific plants. It is found in crustacean exoskeletons in association

with proteins and minerals such as calcium carbonate. Different sources of chitin

differ somewhat in their structure and percentage of chitin content. For example,

a-chitin from crab and shrimp, is a highly crystalline polymorph in which poly

mer chains are tightly packed in anti-parallel arrangement forming an orthorhombic

crystal structure. making this polymorph very difficult to dissolve. In the other

hand, /.-chitin, from squid pen, has a less crystalline structure, in which polymer

chains are arranged in parallel, forming a monoclinic crystal structure. /í-chitin

1
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has weaker inter-molecular hydrogen bonding than a-chitin, and dissolution is not

as difficult; however, /.-chitin could revert to the a form when precipitated from

solution [4|. Chemically, chitin is a natural occurring polymer formed primarily

of 0 — (1
—> 4)-2-acetamido-2-deoxy-D-glucose repeating units. Few known sol

vents can dissolve chitin, like mixtures of N,N-Dimethylacetamide (DMAc) with 5

wt% LiCl, or l,l,l,3,3,3-Hexafluoro-2-propanol (HFIP). Chitosan (CTS) is obtained

upon deacetylation of chitin, it is soluble in aqueous dilute organic acids, and for

this reason is more widely used than chitin. Current research in the biomedical área

is being conducted for testing chitin hemostatic properties [5, 6, 7] as well as the

use of chitin/chitosan as scaffolds for tissue repair [8, 9, 10, 11, 12]. These kind of

materials might be further commercialized into the specialty medical field.

Regarding the process for manufacturing biomaterials, supercritical anti-solvent

(SAS) process is a novelty. Nowadays, several biomaterials are produced by dif

ferent means: extrusión, injection, and thermoforming for polymeric materials used

in artificial organs; melt spinning, wet spinning, or electrospinning for producing

fibers used in sutures, grapes and meshes; milling, grinding, and lyophilization, for

particle formation in pharmaceutical applications; and forging, casting, and machin-

ing for metáis to be used as implants. Recently, supercritical fluid (SCF) processes

are being used for particle design, mainly in the pharmaceutical field, in specific

for drug delivery applications[13, 14], but also for polymerization reactions in su

percritical carbón dioxide[15]. Both techniques can be useful in biomaterials field.

Any substance that exists above its critical temperature and pressure is called a

supercritical fluid, showing an advantageous combination of liquid and gas proper

ties. Its density can be tuned to achieve valúes comparable to a liquid, that will

impart the SCF appreciable dissolving power; the diffusion coefficient is generally

higher than in liquids with lower viscosities, therefore, by manipulating its temper-
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ature and pressure, a SCF can have liquid-like densities with enhanced transport

properties. Furthermore, because of the high compressibility of SCFs near the crit

ical point, their density and dissolving power can be adjusted by small changes in

pressure or temperature. SCFs have been proposed for replacing
—

or reducing
—

toxic organic solvents. Biomaterials science may take advantage of these benefits for

materials processing: a green technology capable to produce novel structures and

dry, solvent-free materials, which is highly desirable for biomaterials.

While the interest in CTN and CTS biopolymers has gained strong momentum,

development of commercial applications has occurred slowly. One of the reasons

for this situation is due to the lack of synthesized materials with high-added valué.

Although companies in the United States and the rest of the world have made seri-

ous efforts to market chitin, chitosan and their derivatives during the past decade;

markets for these biopolymers remain largely underdeveloped. Japan provides the

greatest promise for developing reasonably sized markets. Japanese companies are

producing roughly 5 000 ton of chitin and chitosan annually. By contrast, the

U.S. figure scarcely exceeds 5 ton per year. The medical field has emerged as the

most promising, despite the fact that companies entering that arena must cope with

tough requirements of regulatory approvals. Here, in particular, Japan leads the

way. Japanese sales of CTN and CTS related medical products have reached about

USD$1 billion per year. These uses promise higher margins than any other field,

because they will require starting substances with high purity. The most promising

application in health care at present is wound-healing. Several wound dressings are

on the market in Japan, like surgical sutures that dissolve in the body. In the U.S.,

wound-healing ointments are beginning to emerge. As a consequence of the above,

it is imperative to address a market-driven research.
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In the dawn of 2 lst century, the necessity for protecting the environment along with

development of altérnate renewable energies in substitution of fossil fuels, and the

increasing conscience of sustained development, are guiding research efforts to use

cleaner technologies and natural degradable materials such as SCFs and biopoly

mers. Biomaterials science is an increasing área of opportunity regarding natural

materials and clean technologies.

In part of this work, chitin biopolymer was processed with supercritical carbón diox

ide as anti-solvent, and a novel structure is obtained which may be used as a scaffold

for cell culture in tissue engineering. This part of the work can be regarded as a

first step in the technological production of a natural, biocompatible, solvent-free

biomaterial. Scaling the production of this material will not be an easy task. The

biomaterial should be first tested in vivo and it should meet several government

regulations. Though there are several tasks to be complied before commercialize it,

the opportunity is as large as biomaterials market, which is increasing every day

and represents, only in the United States, a USD$ 9 billion market[16], while the

global market can be two or three times greater.

On the other hand, understanding thermal relaxation processes in biomaterials is

highly important for processing. As a complement of the work, a thermal relaxation

study for chitosan films using impedance spectroscopy is done. Impedance spec

troscopy is a powerful and very sensitive tool for the analysis of thermal relaxations.

Having a complete knowledge of the material behavior will improve its processing

for different applications.
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1.1 Dissertation Outline

Background and fundamental concepts regarding chitin and chitosan biopolymers,

supercritical fluids technologies, dielectric measurements and glass transition tem

perature are provided in the following sections: Chitin and chitosan are the biopoly

mers used in this work and a complete chemical and molecular structure description

is provided along with a brief mention of their bioactive properties and some bio

medical applications are given in section 1.2. Fundamentáis on supercritical fluids

and a wide description of their industrial and research importance are reviewed in

section 1.3. Several techniques are used for determining the glass transition temper

ature in polymers, among them Impedance Spectroscopy (IS) is very sensitive for

detecting such transition. Basic concepts for dielectrics, impedance measurement,

and equivalent circuit approaching for relaxation time evaluation are explained in

section 1.4 along with the correlation for glass transition temperature in polymers

using the Vogel-Fulcher-Tamman-Hesse relation.

The main objectives of this work are detailed in Chapter 2. These are twofold:

to produce a nano-fibrous chitin biomaterial processed with supercritical carbón

dioxide as anti-solvent; and to study thermal relaxations in chitosan films using Im

pedance Spectroscopy.

Experimental details are given in Chapter 3, while results and discussion are pre

sented in Chapter 4. Part of the information contained in this thesis was already

published in the Journal of Biomedical Nanotechnology, from American Scientific

Publishers [17]. Finally, in Chapter 5, conclusions are presented and future work

perspectives are also discussed.
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1.2 Chitin and Chitosan

1.2.1 Chitin

Chitin is a natural occurring polysaccharide and can be regarded as nitrogenated

cellulose, with an acetylamino group substituted at C-2 (Figure 1.1 instead of the

hydroxyl group of cellulose, and henee, the IUPAC ñame is (1
—» 4)-2-acetamido-

2-deoxy-/.-D-glucan. It is defined as "a horny polysaccharide that forms part of

the hard outer integument especially of inseets, arachnids, and crustaceans" by the

Merriam-Webster Online Dictionary [18].

COzCH

H NH-COCH,

Figure 1.1: Chitin basic unit or monomer

It is the second most abundant polysaccharide in nature after cellulose, and its total

annual production by arthropods has been estimated to be more than one billion

ton per year [19]. Its existence was first reported by Braconnot in 1811 [20], who

discovered it when he was studying derivatives from Agaricus volvaceus and other

fungi. He called it "fungine" as it was a component of fungi. In 1823, Odier found

a similar material in the cuticle of beetles and named it "chitin" from the Greek

chiton, kítos, tunic [20, 21] or x«"OM7 [22], which means "coat of mail" or envelope.

A coat of mail is "a garment of metal scales or chain mail worn as armor" [23], and

this analogy is due to the protective character of chitin in inseets and arthropods.

The chemical composition and structure of chitin was elucidated as time passed.
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In 1935, Meyer and Pankow [24] found that chitin had an orthorhombic unit cell and

crystallized in space group V3 or V2. Clark and Smith [25] performed X-ray studies

verifying the proposed structure. In 1950, Darmon and Rudall [26] using infrared

analysis, found that adjacent chains are bound together by hydrogen bonds. Later

on, Carlstrom [27| proposed a refinement of the a-chitin structure, followed by other

works by Pearson et al. [28] and Dweltz [29]. Finally, in 1962, Carlstóm [30] made an

observation about the spatial configuration of the polysaccharide chain of chitin. In

the same manner, the structure of /.-chitin was initially proposed by Dweltz [31] in

1961 and by Blackwell [32] later in 1969. Finally, it was refined in 1975 by Gardner

and Blackwell [33]. Structural differences between a- and /.-chitins were studied

by infrared and X-ray diffraction analysis by Gow et al. [34] and Focher et al. [35].

Most of the recent research regarding chitin may be attributed to Prof. Muzzarelli

at University of Ancona. His 1977 book [36] was a pioneer work and, in conjunction

with the International Conferences on Chitin and Chitosan —initiated the same

year
—

,
were the generators of the increasing research interest on this biopolymer.

1.2.2 Chitosan: a Chitin Derivative

The discovery of chitosan is assigned to Rouget in 1859, when he found that boiling

chitin in potassium hydroxide yielded an acid soluble chitin. In 1894, Hoppe-Seyler

named it chitosan, however its molecular structure was not resolved until 1950. The

existence of chitosan in nature was unknown before 1954, when it was discovered

in the yeast Phycomyces blakesleeanus. Chitosan occurs as the major structural

component of the cell walls of certain fungi, mainly of the Zygomycetes species.

Chitosan undergoes a recent boom as a weight loss aid. It is obtained by alkaline

deacetylation of chitin isolated from shrimp or crab shells [37]. It is insoluble in

water but soluble in most acidic media (pH lower than 6.5), the preferred solvent



1.2 Chitin and Chitosan 8

being acetic acid. Unlike cellulose, chitosan biodegrades in human tissue because it

is susceptible to the action of the lysozyme enzyme, present in human body. It also

possess anti-viral properties such that it can be used in bandages, sponges, artificial

skin, contact lenses, controlled drug reléase, antimicrobial preparations, artificial

blood vessels, and bone healing treatment [38, 39, 40, 37]. The utilization of chitosan

in the above applications has many interesting advantages. It is inexpensive since it

is obtained from the naturally abundant crustácea which are the waste of the fishery

industry. Chitosan is non-toxic, biocompatible and biodegradable. Chitosan is also

a polyelectrolyte widely used as flocculant binding proteins and other negatively

charged molecules in solution. On the other hand, chitosan can also bind metal ions

by forming complexes rather than charge attractions.

Chitosan nanoparticles have been prepared for different medical and pharmaceutical

applications such as doxorubicin carriers [41], oral immunization synthesized with

plasmid DNA [42, 43, 44], cáncer therapy [45], as drug delivery in ocular mucosa

and body [46, 47], or as composite biomaterial like chitosan-hydroxyapatite. [48]

1.2.3 Sources and Production

Chitin occurs as component of crustacean shells, insect cuticles, certain fungi, and

the cells walls of specific plants. It is found in crustacean exoskeletons in association

with proteins and minerals such as calcium carbonate. Chitin is produced from the

processing waste of shellfish, krill, clams, oysters, and fungi. Chitin and chitosan

also have a commercial interest due to their relatively high percentage of Nitrogen

(6.89%) compared to synthetically substituted cellulose (1.25%), thus attracting

interest for its production and commercialization. Chitosan and chitin are sold for

pharmaceutical, cosmetical or medical applications. Here is a list of some of the

principal producers in the world:
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1. FYance Chitine (www.france-chitine.com) provides a wide range of prime qual

ity chitosan produced in two factories, one in África and one in India. France

Chitine's chitosans are made from shrimp shells and squid bones and has the

capacity to supply 500 tons of finished products annually.

2. Dalwoo-ChitoSan (http://dalwoo.com) is a Korea based Corporation involved

with the extraction, processing and sale of the highly purified chitin, chitosan,

and chitosan oligomer in various grades since 1988.

3. Heppe GmbH (www.biolog-heppe.de) from Germany, has a production capac

ity of 250 ton per year in its facility in Halle-Queis, near Berlin. This is

one-tenth of the world production of chitosan. The processing of the raw ma

terial is done in various countries to guarantee a wide variety of products and

balance out different seasonal conditions. This company have plans for extend

its capacity to 750 ton per year.

4. Primex (www.primex.is) from Iceland, manufacture chitin and chitosan from

the North Atlantic shrimp, Pandalus borealis, with an annual capacity of pro

duction up to 500 tons of chitosan. It has a market share in Europe and in

Asia of around 50%, and has strengthened its position as the world's leading

producer of chitosan products through the acquisition of the bulk chitosan

business of Vanson HaloSource from US.

1.2.4 Structure and Properties

Chitin ideal molecular structure is depicted in Figure 1.1 as a linear polysaccharide

of /.-(l—» 4)-2-acetamido-2-deoxy-D-glucopyranose where all units are comprised

entirely of N-acetyl-D-glucosamine. Chitosan is the deacetylated form of chitin,

and its molecular structure (Figure 1.2) is idealized as a linear polysaccharide of (3-
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(1—► 4)-2-amino-2-deoxy-D-glucopyranose where all units are comprised entirely of

D-glucosamine. However in most natural forms, this biopolymer exists as a random

copolymer of D-glucosamine and N-acetyl-D-glucosamine units. When the number

of acetamido groups is more than 50% (more commonly 70-90%) the biopolymer is

termed chitin, in contrast, when the number of acetamido groups is less than 50%

(more commonly 10-30%) it is termed chitosan [20].

C02CH

-K¡h |)r
H NH2

Figure 1.2: Chitosan basic unit or monomer

Even they differ chemically only on the content of acetamido groups
—

commonly

known as degree of acetylation (DA)
—

,
several properties are being affected dras

ticaíly by it. For example, chitin (Poly-N-acetyl-D-glucosamine) can be dissolved

by few known solvents. Mixtures of N,N-Dimethylacetamide (DMAc) with 5 wt%

lithium chloride (LiCl) [49, 50], methanol saturated with calcium chloride dihy-

drate [51], or hexafluoroisopropanol (HFIP) and hexafluoroacetone sesquihydrate [52,

53] are the known solvents that can solubilize it without alteration of its chemical

structure. Chitosan, on the other hand, can be solubilized in acidic media. The

most common solvents are diluted organic acids such as acetic, formic, and lactic.

Structure of chitin exists in three polymorphic states: a-chitin —from crab and

shrimp
— is a highly crystalline polymorph in which polymer chains are tightly

packed in an anti-parallel arrangement. The crystal unit cell is orthorhombic. The

second polymorph is /. -chitin
—found in squid pen and fungi

— and it has a less crys-
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talline structure. Polymer chains are arranged in a parallel fashion and the crystal

unit cell is monoclinic. It is known that /.-chitin has weaker intermolecular hydro

gen bonding than a-chitin, and henee can be solublized in concentrated formic acid.

The last polymorph is 7-chitin, which is a combination of the previous forms with

some chains in parallel and others in anti-parallel arrangement. Although chitosan

is a semi-crystalline polymer, it has much less crystallinity than chitin. Additionally,

the amino group protonates in acidic media facilitating its solubilization.

Typical chitin and chitosan properties are [36]:

1. Biodegradable. Chitin and chitosan are biodegradable biopolymers. En

zymes like chitinase and chitosanase
—and lysozyme, present in human body

—

break them down into oligo-polymers that are then dealt with by themetabolism.

2. Biocompatible. Chitin and chitosan are natural biopolymers. They have

no antigenic properties, and thus are perfectly compatible with living tissue.

Their antithrombogenic and hemostatic properties make them very suitable

for use in all fields of biology.

3. Cicatrizant. Chitosan forms films that are permeable to air. It facilitates

cellular regeneration while protecting tissue from microbe attack. In addition,

chitosan has been found to have a stimulant effect on the regeneration of tissue.

This property has allowed it to be used in making an artificial skin for skin

grafts on high degree burns and in surgical applications such as chitin suture

thread.

4. Anticholesterolemic agent. Chitosan can trap lipids at their insolubiliza-

tion pH in the digestive tract. Administered to rats, chitosan considerably

reduces the level of cholesterol in the blood.
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5. Chelation agent. Chitin and its derivatives are remarkable chelation agents.

Chitosan is used for a wide range of applications: as a chromatography médium,

or for trapping heavy metáis, or for water treatment. Chitosan has a strong

positive charge, which allows it to bind with negatively charged surfaces or

materials, including metáis, skin, and macromolecules such as proteins.

1.2.5 Biomedical Applications

Chitosan can be referred to as a polycation. Polycations have been known to bind

to red blood cells, thus are effective cellular agglutinating agents, even at very low

concentrations. For this reason it is considered a hemostatic agent [54, 55, 36, 56].

The agglutination of red blood cells by polycations is dependent both on polymer

structure and molecular weight. Out of six common polycations, only chitosan is

able to effectively initiate gel formation of heparinized blood.

In the 1970s, researchers with the University of Delaware Sea Grant College Pro

gram [57] developed a method to spin puré chitin filaments [49]. These new chitin

sutures could be absorbed by the body, eliminating the need for surgical removal.

In addition chitin is used to make dressings for burns, surface wounds, and skin-

graft donor sites, which dramatically accelerate heaüng and reduce pain compared

to standard treatments where the dressings must be removed.

For burn treatments, chitosan can form a tough, oxygen-permeable films, which can

be formed directly on the burn by application of an aqueous solution of chitosan

acétate. The solution, although acidic, provides a cool and pleasant soothing ef

fect when applied to the open wounds of burn patients. Oxygen permeability is

important to prevent oxygen-deprivation of injured tissues. Additionally, chitosan
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films have the ability to absorb water and are naturally degraded by body enzymes.

This fact means that the chitosan need not to be removed. In most injuries (and

especially burns), removing the wound dressing can cause damage to the injury site.

Some applications include artificial skin and suture thread that are absorbed nat

urally after cicatrization, and contact lenses that are well tolerated. Betschitib W,

an artificial skin based on chitin, has been made in Japan since 1987 [58]. This skin

is in the form of a tissue that is applied to the wound in one single operation: the

dressing does not have to be changed. Betschitib W is gradually biodegraded until

a new epidermis is formed.

Lastly, chitosan is an excellent médium for carrying and slow reléase of medicinal

active principies in plants, animáis and man. Since it is undigested by the stomach, it

is, for example, a good means of retarding the reléase of encapsulated products that

must reach the intestine without undergoing any transformation. The non-antigenic

behavior of chitosan promises unlimited development in the health field.

1.2.6 Other Applications

Besides the medical and pharmaceutical applications of chitin and chitosan, their

properties make them interesting candidates in diverse áreas such as: cosmetics,

dietetics, biotechnology, environment, water treatment, agriculture, paper manufac

ture, and textiles.

For water treatment, chitosan 's chelating behavior can gather organic materials,

such as oils, detergents, and other contaminants suspended in water. The mate

rial then coagulates to form flocs —

or flakes— that are easily filtered out. The

toxicity level of these natural products is about equal to table sugar. They are en-

vironmentally safe and harmless to plants, humans, fish and other animáis. Chitin
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and chitosan are also used for treating drinking water by separating organic com

pounds and heavy metáis, and for treating sewage by precipitating certain anionic

wastes and capturing pollutants such as DDT (Dichloro-Diphenyl-Trichloroethane)

and PCB (polychlorobenzene). The Environmental Protection Agency (EPA) has

already approved the use of chitosan in water at concentrations of up to 10 mg

per liter. For sewage treatment, chitosan can be used at up to 5 ppm. It reduces

the oxygen demand by 80 to 85% and reduces the phosphates level to less than 5

ppm [59].

As a dietary supplement, chitosan has properties similar to plant fiber and can sig

nificantly bind fat, acting like a sponge in the digestive tract. It is not digestible

itself and the bound fat leaves via the body without ever entering the bloodstream.

Chitosan is already part of our everyday diet: we absorb it in its natural state in

shellfish, crustaceans and mushrooms. It is already a common ingredient of food in

Japan and its official approval is currently pending in Europe, where it has achieved

a major breakthrough in dietetics as a fat trap.

In cosmetics, it is an ingredient of make-up powder; nail polish; moisturizers; face,

hand, and body creams; and toothpaste [60, 61, 62]. The chemical structure of

chitin is very cióse to that of mucopolysaccharides (heparin and hyaluronic acid),

whose biological tolerance has been demonstrated for a long time. In addition, it

is an efficient trapper of heavy metáis that are responsible for very many contact

allergies. Chitin is a particularly effective hydrating agent. It has two advantages:

it supplies water and avoids dehydration. In addition, the great advantage of chitin

and its derivatives is the lasting quality of their hydrating effect.
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Lastly, chitosan forms a protective tensor film on the skin's surface that can fix

other active principies for the skin. Thus other hydrating agents, solar filters, or

ganic acids or other active principies can be combined with the derivatives of chitin.

Chitin facilitates their effects.

In Agriculture, seeds treated with chitosan are larger and stronger and more resistant

to funga! diseases. Treating seeds with chitin can increase crop yields by up to 50%.

Chitin is added to commercial feed mixtures containing whey, a by-product of the

cheese industry [63]. Many animáis find it hard to digest the high-lactose whey.

But chitin supports the growth of beneficial microorganisms in the animáis' digestive

tract —these bacteria produce enzymes that help the animáis digest whey. Chitosan

and its derivatives have plant protecting and antifungal properties. They can trigger

defensive mechanisms in plants against infections and parasite attacks, in very low

concentrations in the order of a few milligrams per cubic meter of water. They can

be used in solution, in powder form or as coatings of seeds [64, 65]. Chitosan acts on

several levéis. Apart from its specifically antifungal action, it strengthens the root

system and thickens the stem. Some studies also show that chitosan stimulates the

plant's synthesis of protective agents. Moreover, chitosan behaves like a fertilizer

by accelerating the germination and growth of plants. Chitin and chitosan could

become both the natural fertilisers and the pesticides of the new century.

1.3 Supercritical Fluids

1.3.1 Definition and Properties of SCFs

A supercritical fluid (SCF) is defined as a substance above its critical temperature

(Tc) and critical pressure (Pc). The critical point represents the highest temperature
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and pressure at which the substance can exist as a vapor and liquid in equilibrium.

The phenomenon can be easily explained with reference to the phase diagram for

a puré substance (Figure 1.3). The diagram shows the áreas where carbón dioxide

exists as a gas, liquid, solid or as a SCF. The curves represent the temperatures

and pressures where two phases coexist in equilibrium (at the triple point, three

phases coexist). The gas-liquid coexistence curve is known as the boiling curve.

With an increase in temperature and pressure along the vapor pressure coexistence

line, thermal expansión causes the liquid to become less dense, whereas the vapor

becomes more dense. At the critical point, the liquid and vapor densities become

identical and both phases merge into one fluid phase.

TEMPERATURE

Figure 1.3: Pressure-Temperature diagram for puré carbón dioxide. Taken from [1]

The shaded área in Figure 1.3 correspond to the supercritical fluid phase. SCFs

begin to exhibit significant solvent strength when they are compressed to liquid-

like densities, and this solvent capacity is pressure-dependent. This makes physical
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sense intuitively since gases are not considered as solvents. The variable solvent

capacity of a supercritical fluid is the basis on which separations processes can be

devised. Table 1.1 lists critical temperature and critical pressure for a variety of

substances. The critical point for carbón dioxide occurs at a pressure of 73.8 bar

(1 070 psia) and a temperature of 31.1 °C (304.25 K). Because this temperature

is near ambient, supercritical carbón dioxide (SCCO2) is an attractive solvent for

thermolabile compounds such as pharmaceutical, flavors, vitamins, and proteins.

Besides, these parameters make equipment design and reaction set-up relatively

simple.

Table 1.1: Critical parameters for various substances

Substance Mw,

g/gmol

Tc, K Pc, bar pc, g/cm3

Ethylene 28.05 282.4 50.4 0.215

Xenón 131.3 289.7 58.4 1.109

Carbón dioxide 44.01 304.1 73.8 0.469

Ethane 30.07 305.4 48.8 0.203

Propane 44.09 369.8 42.5 0.217

n-Butane 58.12 425.2 38.0 0.228

n-Hexane 86.18 507.5 30.1 0.233

Water 18.02 647.3 221.1 0.315

The most prominent property for SCFs is their density. Figure 1.3.1 shows the

change in density of a puré solvent around the critical point. At reduced tempera-

tures (Tr = T/Tc) in the range 0.9-1.2, the reduced solvent density (pr = p/pc) can

increase from gas-like valúes of 0.1 to liquid-üke valúes of 2.5 as the reduced pressure

(PT = P/Pc) is increased to valúes greater than one. This behavior is also observed
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for other properties such as cohesive energy density, enthalpy, viscosity, and diffu

sivity [1]. By operating around the critical región, pressure and temperature can be

used to regúlate density which, in turn, regulates the solvent power of a SCF. The

reason is because density is related to the solubility parameter, S, as:

where u is the internal energy, v is the molar volume, and the superscript ig refers

to the ideal gas. The solubility parameter valué for gaseous carbón dioxide is prac

tically zero, whereas, the valué for liquid carbón dioxide is cióse to the valué of a

hydrocarbon (15<¿<20). Above the critical temperature, it is possible to modify

the solubility parameter over a wide range with only small changes in temperature

or pressure.

T 1 1 I I I I I |
i I 1 I I I I I

Figure 1.4: Variation of density as a function of pressure of a puré solvent near critical

point. Taken from [1|
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Since the variation in density changes directly the solubility parameter (square root

of cohesión energy density), the behavior of 6 is similar to that of p near the critical

point as can be seen in Figure 1.5 where solubility parameter is shown as a function

of pressure for CO2 in supercritical, liquid and vapor states. The ability for tuning

the solvent strength of a SCF is a unique feature, which can be used for several

applications as we will learn later.

IOS I lll llllj I lililí I I I lll
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Figure 1.5: Solubility parameter for CO2 as a function of pressure in the gas, liquid and

supercritical states at -30 °C (squares); 31 °C (circles); and 70 °C (triangles), respectively.

Taken from [2]

In addition to its unique solubility characteristics, a SCF possesses certain other

physico-chemical properties that increase its attractiveness. For example, it exhibits

gas-like transport properties of diffusivity and viscosity. In addition, the very low

surface tensión allows facile penetration into micro-porous materials to oceur. Table
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1.2 shows some typical valúes for density and transport properties among gas, liquid

and supercritical states. In general, the attractiveness of SCFs is their liquid-like

density with gas-like transport properties, making them a "liquid" solvents with

increased mass transport properties.

Table 1.2: Comparison of some ].roperties among vapor, liquid and supercritical states

Property Liquid SCF Vapor

Density, g/cm3 1 0.1-0.5 io-3

Viscosity, Pa s IO"3 io-4 - io-5 io-5

Diffusivity, cm2/s io-5 IO-4 io-1

Among the substances used as solvents in supercritical phase, SCCO2 is the widest

used for a number of features to be discussed in the next section.

1.3.2 Supercritical Carbón Dioxide

Supercritical carbón dioxide is advantageous from an environmental standpoint be-

cause it is non-flammable, virtually inert, is not an ozone-depleting compound, and

has GRAS (Generally Regarded As Safe) status. Recently SCC02 has emerged as

an environmentally benign substitute for more conventional solvents. Although a

greenhouse gas, it can be obtained in large quantities as a by-product of fermen

tation, combustión and ammonia synthesis. Its ready availability coupled with its

ease of removal and disposal/recycling makes CO2 an exciting prospect for synthetic

and industrial applications. Therefore, it does not add to global warming potential

and, in fact, reduces dependency on ozone-depleting solvents.

For a number of reasons, supercritical carbón dioxide is now well established as a

solvent for different extraction processes. It can generally penétrate a solid sample
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faster than liquid solvents because of it's high diffusion rates, and can rapidly trans

port dissolved solutes from the sample matrix because of it's low viscosity. There

are also of course less solvent residues present in the products.

A crucial aspect for carrying out reactions in SCCO2 is the solubility of the sub

stance in the supercritical solvent. Puré supercritical carbón dioxide is a relatively

non-polar solvent, but has some limited affinity with polar molecules due to its

large molecular quadrupole moment. Modifiers can often be added (e.g. methanol)

to improve the solubility of polar molecules. Alternatively, if the reaction involve

more than one reagent, less polar reagents can be used as modifiers enhancing the

solubiüty of the substance in SCC02, thus avoiding the need to resort to additional

co-solvents.

There are also a number of practical advantages associated with the use of super

critical carbón dioxide as a solvent. Product isolation to total dryness is achieved by

simple evaporation. This could prove to be particularly useful in the final steps of

pharmaceutical syntheses where even trace amounts of solvent residues are consid

ered problematic. There are also two very useful complementary routes to particle

formation with SCFs and supercritical carbón dioxide in particular: rapid expansión

of supercritical solutions (RESS) and supercritical anti-solvent precipitation (SAS).

1.3.3 Supercritical Fluid Applications and Relevance

Supercritical Extraction. The most relevant application of supercritical flu

ids is the supercritical fluid extraction (SFE) process. There are several compa

nies that provides products extracted with supercritical carbón dioxide, like Scenz

(http://www.supercritical.co.nz) that manufacture extraets and oils by SCCO2 ex-
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traction. This technology provides high quality, puré, solvent-free natural prod

ucts and cosmetic oils. There is another company called Natex Prozesstechnologie

(http://www.natex.at) in Austria that provides technology for SFE. Some examples

for oil extraction performed in their R&D pilot plant are: árnica, eucalyptus, pep-

permint, parsley, ginseng, anise, cinnamon, garlic, paprika, cardamom, etc.

Supercritical Fluid Reaction. The properties of SCCO2 make it an especially

suitable solvent for large-scale industrial synthesis. In fact, two small-scale plants

using SCCO2, one owned by Thomas Swan & Co. (http://www.thomas-swan.co.uk)

and the other by DuPont (http://www.dupont.com), have been in operation for sev

eral years. Thomas Swan & Co. has very recently completed a large plant for the

use of supercritical carbón fluids in industrial scale synthesis. In addition, DuPont

has allocated initially USD$40 mülions for the construction of a plant for the pro

duction of fluoropolymers that was expected to be fully functional by 2006, and will

represent a USDS275 millions facility [66, 67]. Moreover, DuPont has decided to

construct a new facility in China with this technology [68].

Cleaning. Most traditional dry cleaning systems clean clothes using perchloroethylene

(perc), a chemical that the EPA has classified as a groundwater contaminant and a

potential human health hazard. Hangers Cleaners (http://www.hangersdrycleaners.net)

is a company that uses a SCCO2 patented process that yields superior cleaning re

sults. Semiconductor wafer cleaning is another interesting process. Current gen

eration technology relies on a variety of organic solvents and solvent blends for

photoresist removal. Supercritical Systems and Praxair (http://www.praxair.com)

in joint venture are developing a next-generation, single-wafer cleaning technology

that uses supercritical carbón dioxide to remove photoresist and etch residue from

low dielectric constant, k_, films.
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Particle design. Nowadays, SCF's are being used to obtain nano-particles with

narrow particle size distribution and free of solvent which is a major advantage for

medical and pharmaceutical applications since it is possible to minimize toxicity and

secondary effects. Supercritical fluids have been used in the formation of solvent-free,

drug-loaded polymer microspheres for controlled drug reléase of therapeutic agents

[69, 70], production of ultrafine and chemically puré ceramic precursors [71, 72],

formation of intímate mixtures of ceramic precursors [73], formulation of crystalline

powders of labile pharmaceutical drugs [74], and particle formation and design [14,

75]. The latter such interesting application for its ability to produce special material

properties such as particle size, particle size distribution, porosity, surface área and

morphology.

1.3.4 Particle Formation Processes

Particle formation or particle design is a major application of SCFs, basically for the

pharmaceutical, nutraceutical, cosmetic and specialty chemistry industries. There

is a very complete review published by Jung and Perrut in 2001, [14] the interested

reader in a more detailed explanation is referred to it.

There are several different processes for particle formation using supercritical car

bón dioxide. The first proposed process is called Rapid Expansión from Supercritical

Solution (RESS) and consists in saturating the SCCO2 with the solute to later de-

pressurize the solution through a nozzle into a low pressure chamber. This pressure

reléase causes a very fast nucleation and precipitation of the solute into small par

ticles —or fibers, or films. The process is based in the solubilization of a solute into

SCCO2; unfortunately, there are only few substances that are soluble in SCC02.

Very polar molecules such as sugars or amino acids and most inorganic salts are
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Supercritical Anti-solvent Atomization (SAA) process has been developed to pro

duce micro and nanoparticles of controlled size and distribution at University of

Salerno, Italy (http://www.unisa.it). World and US patents were issued by Prof.

Reverchon [76, 77]. This process is based on the solubilization of controlled quan

tities of SCCO2 in üquid solutions containing a solid solute and on the subsequent

atomization of the ternary solution through a nozzle. It has been successfully tested

for: superconductor and catalyst precursors, ceramics, and drugs, using different

liquid solvents like water, methanol and acetone.

Solution Enhanced Dispersión by Supercritical fluid (SEDS) was originally devel

oped at Bradford University (http://www.brad.ac.uk). Prof. York issued world and

US patents [78, 79, 80]. for this process which involves taking an aqueous solution

of the drug, then decreasing the solvating power of the water by saturating it with

carbón dioxide under supercritical conditions, the drug solution and a stream of

supercritical carbón dioxide are mixed using a coaxial nozzle. The high velocity,

turbulent, supercritical fluid stream breaks up the aqueous solution into very small

droplets. A third stream, containing an organic solvent can be used to overeóme im-

miscibility problems between the aqueous and supercritical carbón dioxide phases.

The three nozzle process enables proteins to be exposed to denaturing conditions

for a minimal amount of time [78]. Control over the size of the particles produced

is achieved by variation of a number of process variables, including the flow rates

of the three input streams to the nozzle, and the pressure drop across the noz

zle [81]. Bradford Particle Design was established in 1994 by Prof. Peter York, Dr.

Mazen Hanna and Dr. Gwyn Humphreys, to develop and manage the exploitation

of the patented technology for controlled particle formation initially developed by

Bradford University's School of Pharmacy. This company was acquired by Inhale

Therapeutics Systems from US in 2001, in near USDS24 millions. Later on, in Jan-
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for antisolvent than solute, forming a homogeneous phase. This can be explained

more easily using the schematic of Figure 1.6. During the atomization, a droplet

enters into the supercritical antisovent media (shaded área). The SCCO2 possesses

a higher diffusion coefficient into the solvent than the inverse. The arrows indícate

the diffusion of each component and have been drawn of different sizes, being the

SCCO2 diffusion which dominates, causing the droplet size to increase. Due to this

increase in size, the overall density of the solvent is decreased, and therefore its

dissolving power. There is a moment when the solvent can hold no more the solute

forcing it to precipítate, as depicted in Figure 1.6B. After the solute is precipitated,

it is further washed with the supercritical antisolvent to remove any residual solvent,

and finally depressurize the system for product collection.

.33 OOv-fV»

JuMs8%¿? ^&^lllim
JIF solvent 111110
lii + HÜ
■aSSóSt. a , _.__&<

||||Í§Í§&. solute M ^§§8$^^

A. Atomized drop

B. Precipitated solute

Figure 1.6: Schematic for SAS precipitation phenomenon
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Supercritical carbón dioxide has been widely used for pharmaceutical processing for

the last fifteen years, and several reviews have been published where the benefits of

using supercritical CO2 are highlighted, including: (a) reduced usage of conventional

liquid solvents; (b) production of relatively contaminant-free products; (c) micron

and submicron-size particles production with controlled particle size and purity; (d)

control of porosity by choosing the appropriate process path; (e) extraction and

fractionation of pharmaceutical compounds; (g) drug encapsulation, impregnation

and coating; and (h) sterilization of pharmaceutical products.

1.4 Dielectrics fundamentáis

1.4.1 Definition of a Dielectric

A dielectric material is a substance that is a poor conductor of electricity, but .an

efficient supporter of electrostatic fields. By definition it is (dia+electric) a non

conductor of direct electric current. In practice most dielectric materials are solids.

Examples include ceramics, glass, and plastics; also some liquids and gases can serve

as good dielectric materials. Dry air is an excellent dielectric, distilled water is a fair

dielectric, and vacuum is an exceptionally efficient dielectric. When exposed to an

electric field, the electric charges in a dielectric material, including permanent and

induced electric dipoles, can be moved, thus polarizing the material. An important

property of a dielectric is its ability to support an electrostatic field while dissipating

minimal energy in the form of heat. The lower the dielectric loss, e", the more

effective is a dielectric material. The dielectric constant, e', is the extent to which a

substance concentrates the electrostatic lines of flux.
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1.4.2 Permittivity and Dielectric Constant

Permittivity is the ability of a dielectric to store electrical potential energy under

the influence of an electric field. It is measured by the ratio of the capacitance

of a condenser with the material as dielectric, to its capacitance with vacuum as

dielectric. It is also called dielectric constant. Electric permittivity, £o> and magnetic

permeability, po, of the free space are related by the equation:

c=—L= (1.2)
v/Moeo

where c is the velocity of light, and the valué for permittivity of the free space is

equal to 8.854187817 x 10~14 F/cm. In the presence of a polarizable or magnetic

media the effective constants will have different valúes. In the case of a polarizable

médium, called a dielectric, the comparison is stated as relative permittivity or

relative dielectric constant. The relative permittivity or dielectric constant, ne, is

defined as the ratio of the statie permittivity of a substance to the permittivity of

the free space:

Ke
= ~

(1.3)

It is an expression of the extent to which a material concentrates electric flux and

is the electrical equivalent of the relative magnetic permeability. The permittivity

of the free space is derived from Maxwell's equations by relating the electric field

intensity, E to the electric flux density, D. Its relation to permittivity is given by:

D = e E (1.4)

where e is a scalar if the médium is isotropic or a 3 x 3 matrix if it is anisotropic.
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Permittivity can take a real or complex valué. In general it is not a constant as

it can vary with the position of the médium, the frequeney of the applied field,

humidity, temperature, and other parameters. In vacuum the relative dielectric

constant is unity. The relative dielectric constant can be measured for statie electric

fields (dc) as follows: first the capacitance of a test capacitor, C0, is measured in air

between its plates. Then using the same capacitor and distance between its plates

the capacitance with a dielectric between the plates, Cx, is measured. The relative

dielectric constant can be then calculated as:

«e
=

^ (1-5)

For time-varying electromagnetic fields, the dielectric constant becomes frequeney

dependent and in general is called permittivity. The permittivity of a given material

is an intensive physical quantity that describes how an electric field affects and is

affected by the médium. It can be looked at as the quality of a material that allows

it to store electrical charge. A given amount of material with high permittivity can

store more charge than amaterial with lower permittivity. A high permittivity tends

to reduce any electrical field present. Therefore the capacitance of a capacitor can

be increased by increasing thé permittivity of the material inside it.

The permittivity is usually given relative to that of vacuum, as a relative per

mittivity. The actual permittivity is then calculated by multiplying the relative

permittivity by Eq.

£ = KeE0 (1.6)

The frequeney dependence of permittivity reflects the fact that the polarization of a

given material does not respond instantaneously to an applied field. For this reason
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permittivity is treated as a complex function of the frequeney of the applied field, w.

The response of a médium to a statie electric field is described by the low-frequency

limit of permittivity, also called the statie permittivity, es:

E,= lime'(w) (1.7)
L_—.0

At the high-frequeney limit, the complex permittivity is commonly referred to as £„-.

At the plasma frequeney and above, dielectrics behave as ideal metáis, with electrón

gas behavior. Since the response of materials to alternating fields is characterized

by a complex permittivity, it is natural to sepárate the real and imaginary parts,

where j is the complex number:

£» = £'(u.)-..e"M (1-8)

At a given frequeney, the imaginary part of e* leads to absorption loss if it is positive

and gain if it is negative. Materials can be classified according to their permittivity.

Those with a permittivity that has a negative real part, e7, are considered to be

metáis, in which no propagating electromagnetic waves exist. Those with a positive

real part are dielectrics. A perfect dielectric is a material that exhibits a displace

ment current only, therefore it stores and return electrical energy as if it were an

ideal battery. In general, the absorption of electromagnetic energy by dielectrics

is covered by a few mechanisms that influence the shape of the permittivity as a

function of frequeney:

• Relaxation effects associated with permanent and induced molecular dipoles.

At low frequencies the field changes slowly enough to allow dipoles to reach

equilibrium before the field has measurably changed. For frequencies at which

dipole orientations cannot follow the applied field due to the viscosity of the
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médium, absorption of the field's energy leads to energy dissipation. The mech

anism of dipoles relaxing is called dielectric relaxation and for ideal dipoles is

described by classic Debye relaxation.

• Resonance effects, which arise from the rotations or vibrations of the atoms,

ions or electrons. These processes are observed in the neighborhood of their

characteristic absorption frequencies.

1.4.3 Polarization Mechanisms

Polarization of a dielectric may be classified according to: electronic, atomic or

ionic, and orientational polarization. Electronic and atomic polarization are tem

perature independent, but orientational polarization varíes inversely with absolute

temperature. All of these polarization mechanisms can only opérate up to a limiting

frequeney, after which a further frequeney increase will result in their disappearance.

Because of the spring-like nature of the forces involved, this is accompanied by an

absorption of the resonance type for electronic and atomic polarization, but for ori

entational polarization the disappearance, accompanied by a broader peak in the

loss factor, is more gradual, because the mechanism involved is of the relaxation

type, and may involve a broad distribution of relaxation times.

Electronic polarization occurs in a neutral atom when the electric field displaces the

electrón density relative to the nucleus it surround. A dipole moment is induced in

the atom, this atom is said to be electronically polarized. All atoms present this

type of polarization to different extents. It is established in a very short time and

remains appreciable until the frequeney exceeding that of visible light (1015Hz).
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Atomic or ionic polarization is observed when an agglomeration of positive and neg

ative ions is deformed under the forcé of the applied field. Whether a molecule

possesses a permanent dipole or not, if it has polar bonds the applied field induces

a displacement; this displacement is superimposed on the electronic displacement.

The charge displacement in an electric field involves changes in bond length and

bond angle, in addition to bending or twisting of polar groups with respect to each

other. The displacement is restricted by the degree of vibrational freedom of the

molecule.

Dipole relaxation originates from permanent and induced dipoles aügned to an elec

tric field. Their orientational polarization is disturbed by thermal noise and mis-

aligns the dipole vectors from the direction of the field. The time needed for dipoles

to relax is determined by the local viscosity. Dispersión for orientational polariza

tion may lie anywhere within a wide frequeney range (10-2-1010 Hz) depending on

the material and its temperature. These two faets make dipole relaxation heavily

dependent on temperature and chemical surrounding.

Dielectric relaxation as a whole is the result of the movement of dipoles and elec

tric charges due to an applied alternating field, and is usually observed in the fre

queney range 10-2-1010 Hz. Relaxation mechanisms are relatively slow compared

to resonant electronic transitions or molecular vibrations, which usually have fre

quencies above IO12 Hz. Because polarization cannot follow an electric field in a

high-frequeney field, permittivity has a dependence on the frequeney. This depen

dence is called dielectric dispersión. When the frequeney becomes higher it becomes

impossible for dipolar polarization to follow electric field in the microwave región

around IO10 Hz; in the infrared or far-infrared región around IO13 Hz, ionic polar

ization loses the response to electric field; electronic polarization loses its response
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in the ultraviolet región around IO15 Hz. Below ultraviolet, permittivity approaches

to eq. The dielectric responses to different polarization mechanisms are depicted in

Figure 1.7.

Figure 1.7: Dielectric responses as a function of frequeney. Taken from [3]

In addition to these polarization mechanisms, the existence of interfacial effects such

as macroscopic discontinuities in the material, or blocking at the electrodes, causes

the trapping of charge carriers, and such phenomena, as well as the inclusión in the

dielectric of impurities giving rise to conducting regions, result in behavior classified

under the general heading of Maxwell-Wagner effects. These give rise to an effective

polarization and associated loss, the frequeney behavior of which is similar to that

of orientational polarization, with a dispersión región which may lie in the región

of 1 Hz or lower. This polarization is different from previous in which the former

are all due to displacement of bound charges. This polarization takes the longest to

build up: it may take several minutes or even more.
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1.4.4 Simple Relaxation Theory

The molecular origins of dielectric relaxations had been established for dipolar mole

cular liquids and rotator-phase solids by Debye in 1929 [83] . It is a common char

acteristic of dielectric and other relaxation theories based on simple molecular or

macroscopic models that they predict a time rate of change of polarization, or other

response, which is proportional to the difference of the polarization from its equilib

rium valué. In such cases the complex dielectric constant is expressed by an equation

of the form:

where, ex is the instantaneous permittivity, or the high-frequency permittivity; e_ is

the statie permittivity, or the low-frequency permittivity; ro is the relaxation time;

and u is the angular frequeney.

In this equation the relaxation time, r, is related to the kinetics of the relaxation

process of the particular model and is analogous to the reciprocal of a rate constant

in first order chemical kinetics. Debye obtained the equation (1.9) from his model for

polar liquids or spherical polar molecules reaching equilibrium subject to Brownian

diffusion and viscous damping [84].

A plot of £r against e¿ is termed Argand diagram, and for Debye model is plotted

in Figure 1.8. This plot is also commonly know as a Cole-Cole plot. For Debye

model, it is a perfect semicircle centered at URC2
= 1 with relaxation time equal to

r = RC2.
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One disadvantage of the Argand diagram is that it is not easy to depict the behavior

of et and £j with frequeney. For this reason the Bode plot is also very useful. A bode

plot for et and e{ is shown in Figure 1.9, where the dielectric loss peak is symmetric

about a central frequeney, fmax.

~

Dielectric storage, e'

Figure 1.8: Argand plot for Debye model

The simple theory of Debye assumes that the molecules are spherical in shape and

therefore the axis of rotation of the molecule in an external field has no influence

in deciding the valué of e* This is more an exception than a rule because not only

the molecules can have different shapes, but
—

particularly in long chain polymers—

they can have a linear configuration.

Further, in the solid phase, dipoles are more likely to be interactive and not inde

pendent in their response to the alternating field.
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The relaxation time in such materials have different valúes depending upon the axis

of rotation and, as a result, the dispersión commonly occurs over a wider frequeney

range.
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Figure 1.9: Bode plot for real and imaginary permittivity of Debye model

1.4.5 Empirical Relations for Permittivity

For dielectrics that do not satisfy Debye equations, there are several empiric equa

tions for accounting this deviation from ideality. Some of such models are:

Cole-Cole

One of the most widely used distributions is that proposed by Colé and Colé to

describe the oceurrence of depressed semicircular ares in Argand plots obtained for

a wide variety of polar liquids and solids. This function gives a loss curve which
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is broad but symmetrical about logwr = 1. The complex permittivity behavior

(Figure 1.10) is described by:

e* = £«> +
£_ -eS cOO

(1.10)
1 + (jury-*

where, £___ is the high-frequency permittivity; es is the statie permittivity; r is the

mean relaxation time; w is the angular frequeney; and a is a parameter that describes

the width of the material property distribution with valúes of 0 < a < 1.

a = 0.2
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Dielectric storage, e'

Figure 1.10: .Axgand plot for Cole-Cole relation. The parameter q describe the width of

the material property distribution

Davidson-Cole

Some materials show a skewed semicircle in the Argand plot, for such geometry

Davidson and Colé suggested the empirical equation:

£oo +
-S cOO

(1 + jun)*
(1.11)
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where, £<_<_ is the high-frequency permittivity; es is the statie permittivity; r is the

mean relaxation time; o. is the angular frequeney; and /. is a fractional shape parame

ter and 0 < /? < 1. The locus of Equation (1.11) in the complex plañe (Figure 1.11)

is an are with intercepts on the e' axis at es and £■__ at the low and high frequeney

ends, respectively. As w —

> 0 the limiting curve is a semicircle with center on the e'

axis, but as u
—» oo, the limiting' straight line makes an angle of (3n/2 with the e'

axis (skewed semicircle).
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Figure 1.11: Argand plot for Davidson-Cole relation

Havriliak and Negami

Havriliak-Negami (H-N) relaxation accounts for the asymmetry and broadness of

the dielectric dispersión curve. The model was first used to describe the dielectric

relaxation of some polymers, by adding two exponential parameters into Debye

equation:
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e* = £oo +
Ae

(1.12)
[1 + 0W)f

where, e-, is the high frequeney permittivity; Ae is the relaxation strength, and

is equal to e_
—

£&,; r is the relaxation time; w is the angular frequeney; a and /.

are fitting parameters, which describe the width and asymmetry of the relaxation,

respectively (Figure 1.12).
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Figure 1.12: .Argand plot for Havriliak-Negami relation. Here <j> is the limiting angle

related to the /? parameter (skewness of the semicircle)

Furukawa et al. [85] used the H-N relation plus a conduction term for fitting exper

imental data as:

_■(..) = e-o +

Ae o

+ —

(1.13)
[1 + (JLJT)a}0 JW

With the last expression they sepárate dc conduction from the relaxation mechanism.

1.4.6 Impedance Measurements

The real and imaginary parts of impedance of a dielectric is measured using an

Impedance Analyzer. Impedance spectra is obtained and the Nyquist plot is con-
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ventionally plotted as -Z" vs Z' . Since e* = l/(ju>C0Z*) [86], impedance valúes

can be related to the permittivity using the following equivalences:

e' = rTWTW\ (114)
uiC0{Zf + Zf)

and

et = (1.15)
uC0(Zf + Zf)

with lj = 2irf and C0 = £oS/d. Where Co is the capacitance of the empty cell; S is

the contact área of the sample; and d is the thickness of the film.

1.4.7 Equivalent Circuit Approximation

A common approach for the interpretation of impedance spectra is the method of

equivalent circuits, which states that a real dielectric can be represented using the

oretical components, i.e. a capacitance in series with a resistance, or a capacitance

in parallel with a resistance. Neither the series ñor the parallel equivalent circuit

will represent all polar dielectrics. Other equivalent circuits must be considered.

HH/vv

Figure 1.13: Equivalent circuit for Debye model with capacitor and resistance in parallel

For a series-parallel circuit in which a series branch having a capacitance C-¿ and a

resistance R is in parallel with a capacitance C_, as depicted in Figure 1.13, the real

an imaginary parts of complex permittivity are given by:
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e' = e00 + (es -£__,)- (1.16)

e" = (es-e00):
oír

(1.17)
1 + w2r2

These are identical with Debye Equation (1.9) providing a basis for the use of the

equivalent circuit for polar dielectrics.

.1-

Hr

Figure 1 . 14: Equivalent circuit that models the Cole-Cole expression

The dielectric response corresponding to the Cole-Cole Equation (1.10) may be rep

resented by the equivalent circuit shown in Figure 1.14, which contains a constant-

phase element (CPE). The complex admittance Y* oí such circuit [86] may be ex

pressed as following:

Y* = juCí +
JLl)C2

(1.18)
[l + C2A(jw)i-°]

where capacitances are defined as C\ = £0£ooS/d, and C2 = (es
—

s^EoS/d; S is the

contact área; d is the distance between contaets; and A is the CPE constant defined

by:

A =

T(i-<*)

(e_
-

e-o)eo
(1.19)
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1.4.8 Temperature Dependence of Relaxation Time

When a direct voltage applied to a dielectric for a sufficiently long duration is sud-

denly removed the decay of polarization to zero valué is not instantaneous but takes

a finite time. This is the time required for the dipoles to revert to a random distribu

tion, in equilibrium with temperature ofthe médium, from a field oriented alignment.

Similarly the build up of polarization following a sudden application of a direct

voltage takes a finite time interval before the polarization attains its máximum

valué. This phenomenon is called dielectric relaxation. The relaxation time is a

function of temperature according to a chemical rate process defined by [86*, 87]:

T = T°eXP(f?) (120)

in which To is the pre-exponential factor and EaT is the energy of activation of the

relaxation process, and R is the universal constant of gases equal to 8.314 J/mole.

This is an Arrhenius equation. There is no theoretical basis for the dependence

of r on T. The relaxation time increases with decreasing temperature, as found

in many substances. The temperature dependence of r for the a relaxation in

amorphous polymers is usually found to follow the Vogel-Fulcher-Tamman-Hesse

(VFTH) equation [88]:

r = r0 exp í^—
—

J (1.21)

where ro is the pre-exponential factor, B is the activation parameter, and To is the

Vogel temperature closely related to the Kauzmann temperature.
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The common feature of the a relaxation in amorphous polymers is that the plot

of log fmax vs 1/T is strongly curved as the glass transition temperature, Tg, is

approached from higher temperatures. Several theories have been proposed to ac

count for Vogel-type behavior, and those involving free-volume concepts are promi-

nent [89]. The secondary or /. relaxations for amorphous polymers give extremely

broad loss curves but r is usually found to follow the Arrhenius Equation (1.20).

The temperature dependence of r reflects the fact that dielectric relaxation is a

thermally-activated process.

1.4.9 Dielectric Loss and Conductivity

Since the effectiveness of orientational polarization is determined by the ability of

the dipoles to reorient, it is dependent on the local environment. For instance, a

dipole attached to a flexible chain can reorient more easily than a dipole attached

to a stiff chain. Also, a dipole in a crystal will find it more difficult to reorient

than a dipole in an amorphous phase. If an alternating field experiment is carried

out as a function of increasing frequeney, there will come a time when the dipole

is unable to follow the oscillations of the field. When this occurs, dielectric losses

will be generated. In addition to dielectric loss, the terms dielectric dispersión and

dielectric relaxation are commonly used.

Ionic relaxation is comprised of ionic conductivity and interfacial and space charge

relaxation. Ionic conductivity predominates at low frequencies and introduces only

losses to the system. Interfacial relaxation occurs when charge carriers become

trapped at interfaces of heterogeneous systems. Many dielectrics possess a con

ductivity due to motion of charges and such conductivity is usually expressed by

a volume conductivity. The motion of charges in the dielectric gives rise to the
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conduction current and additionally polarizes the dielectric. The conductivity may

therefore be visualized as contributing to the dielectric loss. Experimental ac con

ductivity can be calculated from measured impedance [90] data with the following

relation:

Y_d _

Zrd

S
~

(Z2 + Zf)S

_ . .. I íl ¿JrlL

where V" is the real part of the admittance. The variation of the real part of ionic

conductivity with frequeney may be described, for a number of materials, by the

universal power law:

a(w) = oQ + Kun (1.23)

where a0 is a "dc" or frequeney-independent part and the second term is of the

CPE type, with K and n temperature-dependent frequeney-independent material

parameters. At low frequencies, a constant conductivity can be seen, but at higher

frequencies a power law contribution enters.

The dc conductivity, ct<í-, can be obtained from two different methods: the real

component of the complex conductivity measured in the very low frequeney range

as:

o-dc
=

oofn (1.24)

and the exponent n was empirically found to be between 0.0 and 0.1 for amorphous

materials (91). The second method is to obtain the material bulk resistance, ño, by

fitting the semicircle of the impedance spectra [92] :

adc=~és (125)
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Moreover, the dielectric loss spectra are strongly modified in the low frequeney range

by the conductivity. The imaginary part of permittivity can be corrected using the

dc conductivity as follows [91]:

e'dc-corr = £'éxp(f'T)
- - —

(1.26)
EqIjJ

The aje correction requires an accuracy of the Odc valúes better than 0.1% but this

is out of the range of the experimental confidence. Therefore, the dc-corrected e"

spectra have frequently shown physically incorrect behavior in the low frequeney

range.

1.4.10 Conductivity Dependence on Temperature

For dielectric materials, conductivity increase as temperature increase as opposed

for metáis. The temperature dependence of the dc conductivity can be described as

Arrhenius-type as follows:

o~dc(T) = ao exp (-sr) <127»

where <r0 is the pre-exponential factor and E^ is an activation energy for conduction.

Near the glass transition temperature, the Vogel-Tamman-Fulcher-Hesse (VTFH)

equation [88] in terms of conductivity is also used to describe ionic conductivity in

amorphous polymers as:

adc
=

a0exp(_T j (1.28)

where the pre-exponential factor, o0, the activation parameter, B, and the Vogel

temperature, To, are temperature-independent empirical parameters.
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1.4.11 Glass Transition Temperature in Polymers

The glass transition temperature, Tg, is defined as the temperature at which an

amorphous material undergoes a transition from a highly elastic to a glassy or brittle

state, and is accompanied by drastic changes in physical properties; henee, Tg, is

the temperature that separates glassy behavior from rubbery behavior and many

amorphous solids, including polymers, organic liquids, biomaterials, some metáis

and alloys, and inorganic oxide glasses, exhibit glass transition temperatures. The

drastic change in the local motion of polymer chains at Tg leads to large changes in

some physical properties like: density, specific heat, mechanical modulus, dielectric

constant, elastic moduÜ, etc.

It is common to associate the a-relaxation in dielectric measurements with the

glass transition. The VFTH equation describes the behavior of polymer near glass

transition temperature and in many polymers T0 is usually 50 K lower than Tg [93,

94, 95].



Chapter 2

Objectives

Supercritical fluids processing is a very interesting and promising technique for pro-

ducing novel materials, specially those related to the biomedical área. Among these

materials, chitin and chitosan have promising applications for such área. This work is

a fusión of both —

promising biopolymer and novel technique— for generating useful

biomaterials. To the best of our knowledge, there are very few successful attempt for

processing those polysaccharides with supercritical fluids techniques [96, 97]. Two

main objectives are pursued within this work, one in the processing field and another

of fundamental interest. The fist one is related to the processing of chitin nano-fibers

using supercritical carbón dioxide (SCCO2); the second one deals with the use of

Impedance Spectroscopy (IS) for studying thermal relaxations on chitosan films.

2.1 Chitin Nano-fibers Processed by Supercritical

Carbón Dioxide

There are few reports of biopolymers processed with supercritical fluids. The fabri

cation of a CaC03-biopolymer thin film have been reported [98], where chitosan or

48
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cellulose thin films were prepared at room temperature by spin coating and impreg-

nated later with calcium acétate in the presence of SCCO2 yielding composite films

of high uniformity. Supercritical carbón dioxide has also been used as media for poly

mer modifications; chitosan was reacted with glucose or malto-oligosaccharides yield

ing a water soluble, imine-linked, branched chitosan derivative [97]. Some biopoly

mers like dextran, poly-L-lactide (PLLA), and poly-(hydroxypropylmethacrylamide)

(HPMA) were successfully micronized using carbón dioxide as anti-solvent with

dimethylsulfoxide (DMSO) and dichloromethane (DCM) as liquid solvents [99]. Hi-

rokazu et al. [96] used supercritical anti-solvent (SAS) to produce chitosan powder

for pulmonary gene delivery.

However, so fax, chitin has not been precipitated by supercritical solvent, again

mainly because of the chitin insolubility issues. Recently, HFIP solvent was found

to be suitable for SAS process while processing insulin [100]. Fortunately this HFIP

solvent can dissolve chitin to some extent. Henee, chitin/HFIP solution can be used

for SAS process.

On the other hand, electrospinning has been used to produce chitin and chitosan

nano-fibers. Min et al. [101] produced chitin nano-fibers with an average diameter

of 110 nm with a broad fiber diameter distribution. Spasova et al. [102] prepared

chitosan/Polyethylene oxide nano-fibers with diameters that ranged from 40-290

nm. Materials having a structure in the nanometer range exhibit properties signif

icantly different from those for the same material with larger grain sizes, as to say,

incremented contact área and henee, bioadhesion.
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63 °C [108];102 °C [109]; 140-150 °C [110];161 °C [lll]; 170 °C [112]; 203 °C [113];

and even to be higher or equal to 220 °C [114],

Second Main and Secondary Objectives

For that reason, the second objective of this work is to elucídate the molecular mech

anism related to chitosan 's film thermal relaxations using impedance spectroscopy;

and to propose, whether or not, these relaxations can be related with a glass tran

sition temperature. Experimental details are provided in section 3.2, while results

are discussed in section 4.2.

For achieving this task, proposed secondary objectives are:

1. To develop a method for preparation chitosan films .

2. To get training in impedance measurements.

3. To evalúate the effect of contaets.

4. To evalúate the dc conductivity plot.

5. To fit the impedance spectrum with an equivalent circuit.

6. To evalúate the relaxation time of the low frequeney relaxation.

7. To propose a relaxation mechanism.

8. To elucidate if this relaxation can be related to the Tg.

In the following chapter, experimental details are provided in order to achieve the

stated objectives.
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3.1.2 Chitin Purification

Chitin purification requires removal of proteins and minerals. Detailed procedure is

described in the Standard Method 12-SM-001 of Appendix B.l based on different

purification methods [115, 20, 53, 116, 117, 36, 118]. Briefly, in order to remove

minerals, 90 g chitin were soaked for 24 hours with 0.5 liter HCI (2 N) at 10 °C.

This mixture was then rinsed with distilled water until neutral pH was obtained.

To remove proteins, the rinsed chitin from previous step was added to 1 liter NaOH

(2.5 N) and stirred at 90 °C for 2 hours. This mixture was then rinsed with distilled

water until neutral pH was obtained and then dried in a vacuum oven. Ash tests

were performed on raw chitin, demineralized chitin, and demineralized-deproteinized

chitin with the following purities: 96.7%, 99.2%, and >99.2%, respectively. Purified

chitin was stored at room temperature until used.

3.1.3 Chitin Dissolution

Chitin was mixed in HFIP to obtain either a 2.0 mg/mL or a 4.0 mg/mL concentra

tion, and then stirred for 48 h. After this period most of the chitin was dissolved,

except a small amount, which was filtered through a 0.2 micron PTFE syringe filter

before using in SAS process.

3.1.4 Phase Behavior Measurements

Phase behavior of CTN/HFIP/SCCO2 is analyzed using a high pressure variable

volume cell with pistón coupled with a light scattering measuring system. The anti

solvent effect of SCC02 is evaluated for the ternary system at 40 °C and 103.4 bar.

Concentrations of chitin in HFIP solvent used were 2.0; 5.0; 10.0; and 15.0 mg/mL.

The procedure consists in the following: the solution at a specific concentration is



3.1 Chitin Nano-fibers by SAS 54

charged into the view cell (40 mL) along with a small stir bar. Typical volume used is

5-7 mL. The view cell is closed, connected to the pressure transducer (SENSOTEC,

model TJE) and to the high pressure manual syringe pump (HIP, model 87-6-5) and

placed into a water bath in which temperature is controlled within ±0.1 °C, by means

of an immersion circulator (POLYSTAT, model U12112). The variable volume view

cell is equipped with three sapphire Windows: one at front and two laterals aligned

at 90° The light scattering measuring system is connected to the view cell using

optical fibers into the lateral windows. The light source is a Deuterium-Tungsten-

Halogen lamp (OCEAN OPTICS, model DT-1000) and detector is a photosensor

that converts the signal into voltage, which is measured with a voltmeter.

fy-.A: :

-

1

6—i C

D

F -A®H—tiL G

E

-i-txl-

©H

r\

><

Figure 3.1: Schematic for cloud point measurement in CTN/HFIP/SCCO2 system.

SCCO2 is now introduced into the back chamber of the view cell, the purpose of

this chamber is to pressurize the front chamber, where solution was initially charged,

until the desired pressure. At this point, pressure is set to 103.4 bar and temperature

to 40 °C. The system is left at this conditions for 2 h in order to equilíbrate it. After

this, SCCO2 is introduced very slowly into the front chamber of the view cell to

a fixed amount. The precise amount is calculated using volume and density. The

volume is measured using a calibrated scale attached to the manual syringe pump,

and density is calculated at P and T ofthe pump with the program C02PAC, which
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uses Wagner's equation of state [119]. After C02 is added to the solution, pressure

increases slightly. The back stage of the view cell is now slightly depressurized until

the set point is reached again. After 1-2 h the system reaches equilibrium again and

voltage and CO2 amount added to the solution are recorded. A small amount of

CO2 is added again and the procedure is repeated. The mixture is kept stirred at

all times by means of a magnetic stir bar. The experimental measurement was done

twice for repeatability, and experimental error is calculated to be ±2.0% of CO2

concentration. A schematic and a photograph of the view cell for phase behavior

measurements is shown in Figures 3.1 and 3.2.

Figure 3.2: Experimental setup for phase behavior measurements. Variable volume high-

pressure cell (inside water bath), fiber optic lines (blue cables), visible light source (at

center), and photosensor with voltmeter (not shown)

3.1.5 Apparatus and Procedure at Auburn University

A schematic and a photograph of the SAS apparatus used to produce the chitin fibers

are shown in Figures 3.3 and 3.4. Using a syringe pump (ISCO 500D), the vessel (100

mL) is filled with C02 from the tank and pressurized to the desired pressure, which is

measured using a pressure transducer (Heise ST-2H) connected directly to the vessel.
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The vessel is heated by means of a heating tape and temperature is controlled with

a temperature controller (Barnant) using a type K thermocouple inserted into the

vessel. Once the system is in equilibrium, the backpressure regulator (TESCOM

44100) is opened to allow CO2 to flow through the system while the flow rate of

CO2 is being maintained by the syringe pump. Once the system is equilibrated and

C02 is flowing, the chitin/HFIP solution is injected by means of an injection device.

The injection device is a small piston-cylinder assembly (HIP) with silicone O-rings.

The solution is taken in one side of the device, then water is pumped into the other

side using a hand pump (HIP). The solution is injected into the vessel using a 50-cm

long silica-capillary tubing (Upchurch) of 100-/_m inner diameter.
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Figure 3.3: Schematic for SAS apparatus showing (A) CO2 tank, (B) syringe pump, (C)

preheating coil, (D) precipitation vessel, (E) 0.5 micron stainless steel frit, (F) manual

syringe pump, (G) injection device, (H) high pressure filter holder, and (I) backpressure

regulator

When the solution injection is completed, the solution inlet line is closed and CO2

is kept flowing for purging step. A 0.5-/_m stainless steel frit (Valco) situated in the

C02 inlet line and a 0.2-/_m PTFE filter (Millipore) in the C02 outlet line are used to
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collect the particles/fibers formed during the process; however, the material formed

is fibrous and tend to agglomerate, almost nothing will be carried out to the filter.

The PTFE filter is kept inside of a high pressure filter holder (Millipore). After

the vessel is purged with a sufficient quantity of CO2, the CO2 feed is closed and

the vessel is allowed to depressurize slowly. Finally, the vessel is opened to harvest

the product. In these SAS experiments, temperature was set to 40 °C and pressure

to 103.4 bar. Enough CO2 flow was used to ensure a single phase (supercritical),

and this was verified experimentally performing one experiment injecting 5.0 mL

only of HFIP solvent (which is the máximum quantity of solution injected). The

HFIP/CO2 mixture is formed a single phase.

Figure 3.4: Photograph of the apparatus used for SAS process at Auburn University

3.1.6 Apparatus and Procedure at Cinvestav-Querétaro

A schematic and a photograph of the SAS apparatus used to produce the chitin

fibers is shown in Figures 3.5 and 3.6. Using a syringe pump (ISCO 100D), the

view cell (40 mL) is filled with CO2 from the tank and pressurized to the desired

pressure, which is measured using a pressure transducer (SENSOTEC TJE/7039-

01TJG) connected directly to the view cell, which is immersed in a water bath and
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the temperature is set by a immersion circulator. Once the system is in equilibrium

at the desired conditions, the outlet valve is opened to allow CO2 to flow through

the system while the flow rate of C02 is being maintained by the syringe pump.
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Figure 3.5: Schematic for SAS apparatus showing (A) CO2 tank, (B) syringe pump, (C)

precipitation cell, (D) water bath with controlled temperature, (E) metering pump, (F)

injection device, and (G) high pressure filter holder

Once the system is equilibrated and CO2 is flowing, the chitin/HFIP solution is

injected by means of an injection device. The* injection device is a small piston-

cylinder assembly (HIP) with silicoñe O-rings. The solution is taken in one side of

the device, and water is pumped into the other side using a metering pump (Lab

Alliance). The solution is injected into the vessel using a 25-cm long silica-capillary

tubing (Upchurch) of 100-micron inner diameter. When the solution injection is

completed, the solution inlet Une is closed and CO2 is kept flowing for the purging

step. A 0.2-/_m PTFE filter (Millipore) in the C02 outlet fine are used to collect

the particles/fibers formed during the process. The PTFE filter is kept inside of a

high pressure filter holder (Millipore). After the vessel is purged with a sufficient

quantity of CO2, the CO2 feed is closed and the vessel is allowed to depressurize
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slowly. Finally, the vessel is opened to collect the product. In these SAS experiments,

temperature was set to 40 °C and pressure to 103.4 bar. Three different injection

velocities were performed (0.1; 1.0; and 10.0 mL/min) in order to evalúate different

morphologies.

Figure 3.6: Photograph of the apparatus used for SAS process at Cinvestav-Querétaro

3.1.7 Chitin Nano-fibers Characterization

To characterize the obtained product, morphology analysis and FTIR and XDR

measurements were performed.

Morphology Analysis

Size and morphology of the obtained fibers was examined by scanning electrón mi

croscopy (SEM) either with a Zeiss, model DSM 940 or a Phillips ESEM XL30.
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Samples were sputter-coated with gold for 2 or 4 min prior to SEM analysis and

the operating voltage in SEM was variated between 10-30 kV. Transmission elec

trón microscopy (TEM) using a JEOL microscope model 2010-F, equipped with an

EDS unit, was also employed. Samples for TEM were dispersed in acetone. For

the analysis of macro-struct ure, an optical microscope (Microscope-Depot, model A

Trinocular Microscope) was also used.

Infrared Measurements

Chemical analysis of the fibers was performed by Fourier-transform infrared spec

troscopy (FTIR) either on a Perkin Elmer spectrophotometer model Spectrum GX,

equipped with a KBr beamsplitter and a DTGS detector. Spectra were obtained

using an ATR accessory in the range 4000-650 cm-1, resolution was set to 4 cm-1

and the spectra shown are an average of 32 scans.

X-Ray Diffraction Measurements

Crystal structure analysis was performed using a 2100-Rigaku diffractometer, equipped
o

with the CuKQ radiation (A = 1.5406 A) in the 26 range from 5 to 50 degrees, at

ambient temperature and operating at 30 kV and 16 mA.
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3.2 Chitosan Thermal Relaxations

3.2.1 Chitosan Film Preparation

Chitosan low molecular weight (Mw=150,000 g/gmol) was purchased from Fluka.

The manufacturer reported 1.2% of ash content and 96% degree of deacetylation.

Acetic acid was purchased from J.T. Baker. Both were used as received without

further purification. Detailed procedure for chitosan film preparation is given in

Appendix B.2. Briefly, chitosan was dissolved in diluted acetic acid (1.0 vol %) to

prepare a 1.0 % w/v solution. This solution was magnetically stirred for 2 h to

promote dissolution. Films were prepared by the solvent cast method by pouring

the solution into a plástic petri dish and allowing the solvent to evapórate at 60 °C.

The resultant films were further neutralized in NaOH 0.1 M for 10 minutes, washed

thorouhgly with distilled water until neutral pH, and re-dried at 60 °C.

3.2.2 Electrode Preparation

A thin layer of gold was sputter-coated onto both surfaces to serve as electrodes,

using a Sputtering device (plasma Sciences Inc.) with a gold target (Purity 99.99%)

and Argón as gas carrier. Pressure of gas was set to 30 mTorr and voltage was set

to 0.2 kV. Sputtering time was 4 minutes onto each surface.

Samples of these films were cut into rectangular pieces. Contact área and thickness

were measured with a digital calibrator (Mitutoyo) and a micrometer (Mitutoyo),

respectively



3.2 Chitosan Thermal Relaxations 62

3.2.3 Chitosan Films Characterization

The solvent-cast films were analyzed for thermal relaxations using Thermal Analysis

and Impedance Spectroscopy.

Thermal Measurements

Thermogravimetric curves were obtained using a Mettler Toledo apparatus, model

TGA/SDTA 851e, using a sample mass of ca. 3 mg and an aluminum sample holder

under argón or nitrogen atmosphere with a flow rate of 75 mL/min. Heating rate was

set to 5 °C/min. Differential scanning calorimetry measurements were performed in

a Mettler Toledo DSC 822e calorimeter, using a sample mass of ca. 3-4 mg. Heating

rate was set to 10 °C/min and standard aluminum pans were used within a nitrogen

atmosphere flowing at a rate of 80 mL/min. An empty pan was used as reference.

First and second scans are shown here.

Impedance Measurement

The impedance spectrum was obtained with different equipments. In the frequeney

range from 0.1 Hz to l'MHz with 500 mV amplitude, ifnpedance was measured using

an Impedance/Gain-Phase Analyzer SI 1260 from Schlumberger with an Impedance

Interface 1294 from Solartron. In the frequeney range from 100 Hz to 110 MHz

impedance was measured with an Agilent Precisión Impedance Analyzer 4294 A

using an amplitude of 100 mV.
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Figure 3.7: Impedance measurement furnace pictures: closed (A) and open (B), where

chitosan film placed between electrodes can be seen

Temperature was varied in the frequeney range 0.1 to 110 MHz using a home-made

furnace (Figure 3.7, with an accuracy of ±1.0 °C, in the range from 25 to 250 °C.

The temperature was controlled with a Watlow's Series 982 microprocessor-based,

with ramping controller. The sample was left for 5 min at each temperature to

ensure thermal equilibrium. The results of impedance measurements were analyzed

using the ZView©Electrochemical Impedance Measurement Software versión 2.2.



Chapter 4

Results and discussion

Since two main objectives are proposed in this work, results are presented in different

sections. Section 4.1 accounts for chitin nano-fibers production using supercritical

carbón dioxide. For chitosan thermal relaxations, results and discussion are pre

sented in section 4.2.

4.1 Chitin Nano-fibers by SAS

After purification, chitin is a brown-yellowish flaky material. These flakes are very

difficult to grind in the mortar due in part to its high crystallinity. The size of

purified chitin flakes prior to solution preparation is about 0.2 - 1.3 mm. In Figure

4.1 a micrograph and optical picture are presented.

Dissolution of chitin is not easily achievable. First, HFIP solvent is added to purified

chitin and stirred for several hours. After that, some insoluble particles remain in

suspensión and it is necessary to fíltrate or centrifuge the solution. Viscosity of final

solution strongly depends on chitin concentration. Dilute solutions (2.0 mg/mL)

64
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Figure 4.1: Scanning electrón micrograph (left) and optical picture (right) of a purified

chitin flake

form a transparent and low viscous homogeneous solution, while concentrated solu

tions (10.0 mg/mL) are very viscous and turbid.

4.1.1 Phase Behavior Measurements

Phase behavior of the ternary system CTN/HFIP/SCCO2 requires cloud point mea

surements. When a polymer-solvent solution is kept in a homogeneous phase by me

chanical stirring at constant pressure, the coexistence curve will be reached —the

solution will become turbid— if temperature is lowered. This condition indicates

phase separation. This point is known as the "cloud point", and the solution be-

comes turbid due to light dispersión because of the different refractive index in each

phase. If mechanical agitation is stopped, macroscopic phase separation will oceur.

In a similar fashion, cloud point can be measured by changing solution concentra

tion and maintaining the solution at constant pressure and temperature. Using a

light scattering apparatus, the cloud point can be easily detected since an increase

in turbidity will be reflected as a decrease in the intensity of the transmitted light.
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Figure 4.2 shows the voltage variation as a function of SCC02 concentration in the

ternary system CTN HFIP SCC02.
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Figure 4.2: Voltage dependence with SCC02 concentration. The abrupt change in voltage

indicates the cloud point

The voltage has a dramatic change at the cloud point, and the slope of the curve

changes. Different solution concentrations of chitin in HFIP were used (2.0; 5.0;-

10.0; and 15.0 mg/mL), the voltage change versus SCC02 concentration is plotted

and the cloud point calculated.

Figure 4.3 shows a ternary diagram and it is constructed at constant pressure and

temperature by plotting the concentration points at which phase separation occurs

(cloud point).
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Figure 4.3: Ternary diagram for the system CTN/HFIP/SCC02 at 40 °C and 103.4 bar

As a result the phase diagram of the ternary system can be plotted at 40 °C and

103.4 bar. However, chitin concentration is very low, henee the points fall in the

binary axis HFIP/C02.

For clarity, the phase behavior is plotted as a binary system: CO2 concentration

(g) in the y-axis versus chitin concentration in the initial solution (mg/mL). This

can also be regarded as an equilibrium curve. Below this curve, the system exists

as one homogeneous phase and above the curve, there are two phases. Anti-solvent

precipitation requires the system to be in the two-phase región, which is easily

achievable since the vessel is initially filled with CO2, and it is kept flowing during the

injection (semi-continuous mode). For the SAS experiments solution concentrations

were 2.0 or 4.0 mg/mL. If CO2 concentration is kept above 15 wt%, anti-solvent

process will oceur.



4.1 Chitin Nano-fibers by SAS

16-

14-

_1

E
Ol

E

12-

10-

Q.

LL.

I 8-

C

z

(-

o

6-

4-

2-

8

1 -phase

2-phase

10 11 12 13 14

C02, wt%

Figure 4.4: Phase diagram for binary system (CTN-HFIP)/C02 at 40 °C and 103.4 bar.

Dotted line is a guide to the eye

4.1.2 SAS-Processed Chitin

When the chitin/HFIP solution is injected into supercritical carbón dioxide, a fast

precipitation of chitin in fiber form occurs. Most SAS processing of organic materials

yields precipítate in the particulate form. However in the present case, due to strong

intra-molecular H-bonding in chitin, fibers were obtained. The material obtained is

white-yellowish (Figure 4.5), extremely fluffy and very light with an estimated bulk

density of about 0.01 g cm-3 When handling with tweezers, the fibers appear to

be sticky.

Similar characteristics were found for the material obtained at Cinvestav-México

using the same method The material is very light, and difficult to handle due to

high adhesión. A photograph of these fibers is shown in Figure 4.6.
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Figure 4.5: Fibrous chitin SAS-processed at Auburn University

Figure 4.6: Fibrous chitin SAS-processed at Cinvestav-Querétaro

4.1.3 Morphology

Figure 4.7 shows scanning electrón micrographs of the chitin fibers processed at

Auburn University at different magnifications. At 50x magnification (Figure 4.7a)

micro-structure of the material can be seen. The diameter of these fibers is around
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50-80 pm which is of the order of the diameter of the nozzle (100 fim) used for the

solution injection. To look at the actual structure in the nanometer range higher

magn ificat ions are needed. Figure 4.7b and 4.7c show that each fiber is composed

of many small fibers or a three-dimensional fibrous network. Figure 4.7d and 4.7e

are 20000 x magnifications which clearly show the presence of nano-fibers. Figure

4.7f, at 30000 x magnification, again confirms that resultant nanostructure of chitin

fibers after processing the biopolymer with SAS. The diameters of about two hun-

dred fibers in Figure 4.7e and Figure 4.7f were manually measured. The average

diameter was found to be 84 nm with standard deviation of 26 nm.

Microphotographs using TEM at different magnifications are presented in Figure 4.8.

In those images is possible to observe the open space between fibers evidencing high

surface área and porosity, and the small diameter of these nano-fibers.

Transmission Electron Microscopy is not an ideal characterization technique for this

material mainly for two reasons: (a) this technique requires of very high voltages

(typically 100 kV) provoking degradation of the biopolymer sample during measure

ment; and (b) the resultant three-dimensional nano-fibrous structure cannot be well

appreciated since this transmission technique provide the projection of the sample.

The projection of a three-dimensional set of fibers will not provide information over

the individual fiber.
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Figure 4.7: Scanning electrón micrographs of SAS-processed chitin at Auburn University
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Figure 4.8: Transmission electrón micrographs of SAS-processed chitin
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The same experiment was conducted at Cinvestav-Querétaro at different injection

velocities (0.1, 1.0, 10.0 mL/min) in order to evalúate the obtained morphology.

Table 4.1 lists the conditions for each experiment. Injection velocity is controlled

using a metering pump for CNF01, CNF10, CNF100. Solution injection for CNFAU

was achieved using a manual high pressure pump, and controlling the injection ve

locity was not precise, however, it was about 1.0 mL/min. Washing volumes means

the SCCO2 that is pumped into the vessel after the injection for dragging the or

ganic solvent. A rule of thumb is 7 times the volume of the vessel.

Table 4.1: Injection velocities and washing volumes for SAS-processed chitin nano-fibers

(CNF)

Experiment label Injection veloc

ity, mL/min

Washing volumes Vessel volume,

mL

CNF01 0.1 7 40

CNF10 1.0 5 40

CNF100 10.0 3 40

CNFAU 1.0 7 ' • 100

Figures 4.9A 4.9B correspond to chitin nano-fibers injected at 0.1 mL/min (CNF01)

and it is possible to observe the same micro- and nano-structure of those chitin

nano-fibers processed at Auburn University (Figures 4.7A and Figure 4.7E). At

100 x magnification (Figure 4.9A), the fibers micro-structure is seen with diameters

around 50-80 micron. Again, each of these fibers is formed of a nano-fibrous three

dimensional network (Figure 4.9B).
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For chitin fibers injected at 1.0 mL/min (CNF10) a transversal view of a fiber is

shown in Figure 4.9C at 1000x, where is evident that the micro-fiber is not solid

but porous. Figure 4.9D shows the nano-structure.
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Figure 4.9: Scanning electrón micrographs of SAS-processed chitin at Cinvestav-Querétaro
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For chitin fibers injected at 10.0 mL/min (CNF100) the micro- and nano-structure

are presented in Figures 4.9E and 4.9F. Injection velocity does not affect the mor

phology of the fibers.

The fine nano-structure of the obtained chitin fibers can be attributed to the strong

inter- and intra-molecular H-bonding. The molecular structure of chitin (Figure

1.1) has plenty of h-bonding sites which is also evident by the infrared spectra.

In addition, for the nano-scale materials, the van der Waals attraction also become

significant; this may be reason for very sticky nature of the obtain fibers as compared

to the original chitin. To further examine if the SAS processing resulted in any

chemical alteration, infrared spectra were taken from the nano-fibers and compared

to the original (purified) chitin.

4.1.4 Infrared Analysis

Figures 4.10-4.12 present the infrared spectra for raw (purified) chitin and chitin

nano-fibers obtained at Auburn University. In Figure 4.10 the spectra in the región

3800-2600 cm-1 is shown. Fór purified chitin the band centered at 3433 and the

shoulder at 3480 cm-1 are typical for a-chitin [120, 35] and are assigned to the

stretching vibration of hydrogen bonded -OH groups. These bands correspond to

two populations of CH2OH groups respectively, one half forming inter-molecular

hydrogen bonds with OH-6 groups of the neighboring chain, and the other half

forming intra-molecular hydrogen bonds with the C=0 groups of the next monomer

along the same chain [35]. Nano-fibers shows a broad shoulder at 3436 cm-1 which

coincides with the reported 3444 cm-1 (±10cm_1 band for /.-chitin, and suggest the

absence of inter-molecular hydrogen-bonds, and the existence only of intra-molecular

hydrogen-bonds.
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Nanofibrous chitin

Wavenumber, cm"

2600

Figure 4.10: Infrared spectra for chitin nano-fibers and purified chitin (raw material) in

the 3800 to 2600 cm-1 región

The asymmetrical and symmetrical stretching of -NH groups are centered at 3258

and 3103 cm-1, respectively [120]. Interestingly, the Bellamy-Williams[121] relatiop-

ship for these bands, do not hold true in this case, since it relates the asymmetric

and symmetric stretching of NH2 groups in which the two NH bonds are equivalent.

It is reported that, in the solid state, the NH stretch of N-monosubstituted amides

gives rise to a strong band near 3300 cm-1 and a weaker band near 3100 cm-1 the

latter due to an overtone of the 1550 cm"1 band [121]. In a-chitin, the band at

3258 cm-1 is displaced 42 cm-1 to lower frequencies respect to that reported for

N-monosubstituted amides, because this group is hydrogen-bonded. However, for

nano-fibers spectrum, this band shifts back to 3279 cm-1 evidencing a decrease in

hydrogen bonding, since this band is attributed to the inter-chain -C=0—H-N hy-
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drogen bonded -NH stretches. Moreover, this shift at 3268-3290 cm"1 for a- and

J-chitin, respectively, has been reported [34, 120]. Contrasting this band shift, the

band near 3100 cm-1 remain unchanged in both spectra.
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Figure 4.11: Infrared spectra for chitin nano-fibers and purified chitin (raw material) in

the 1800 to 1200 cm-1 región

The región between 2600-1800 cm"1 is not presented since no information is con

tained in it. In Figure 4.11, the spectra in the región 1800-1200 cm"1 is shown.

The appearance of a weak band at 1730 cm"1 for nano-fibers that can be attributed

to carbonyl groups that are hydrogen-bonded to HFIP hydroxyl groups [122]. This

explanation can be true since HFIP was the solvent used. The amide I band has a

doublet at 1653 and 1621 cm-1 for a-chitin . These bands are the result of two types

of hydrogen bonds formed by amide groups in the anti-parallel alignment present

in a-chitin crystalline regions. The band at 1653 cm"1 is related to the ordinary
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H-bonded carbonyl group (C=0-H-N) assigned to the stretching of -C=0 hydro

gen bonded to -NH group. [26] This band is also explained to correspond to the

stretching of C=0 groups hydrogen bonded to -NH groups of a neighboring chain,

i.e., an inter-chain hydrogen bond [35] . The band at 1625 cm"1 is related to -C=0

stretching when -C=0 is bonded both to an -OH-6 group and to -NH group of the

same chain [35]. The existence of one band for nano-fibrous chitin in these región,

at 1639 cm-1 accounts for the absence of inter-chain H-bonding. For /.-chitin is

reported a single peak at 1650 cm-1 accounting for the existence only of the intra-

sheet hydrogen bonding [123]. The amide II band is present at the same wavelength

in both spectra at 1553-1555 cm"1 and agrees with the fact that the band at 3100

cm-1 —also present in both spectra at 3102-3106 cm-1
— is an overtone of the amide

II band.
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Figure 4.12: Infrared spectra for chitin nano-fibers and purified chitin (raw material) in

the 1200 to 650 cm"1 región
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In Figure 4.12, the spectra in the región 1200-650 cm"1 is shown and no evident dif

ferences are present. Henee, the chemical structure is preserved after SAS process

ing, but crystallinity does change. The high stickiness of the nano-fibers can be

attributed mainly to the size reduction. Due to the increased surface área, there

are more surface molecules with -OH and -NH groups which possibly remain non-

H-bonded. The presence of these H-bondable groups may be giving rise to high

adhesiveness of the nano-fibers.

4.1.5 X-Ray Analysis

A very important feature of the precipitated nano-fibers by supercritical anti-solvent

process is the change in crystallinity, which can be appreciated in the infrared and

X-ray diffraction analysis. The infrared spectra of the purified chitin raw material

(solid une) and nanofibrous chitin (dashed line) are shown in Figure 4.11. Purified

chitin exists as the a-polymorph, since the infrared spectrum shows the two bands

in the Amide I región at around 1660 and 1626 cm"1 [35, 34, 28]. In contrast, chitin

nanofibers do not show these two bands but only one centered at 1639 cm-1; the

presence of only one band in the Amide I región is usually related to /3-chitin [35],

but here is more likely to be related with an amorphous chitin since the X-ray dif

fraction pattern indicates so.

The most common polymorph of chitin is the a-chitin. In Figure 4.13, the diffrac

tion pattern of purified chitin is shown with well resolved intense peaks at around

9.8 and 19.9 of 20 degrees, due to the presence of (020) and the mixture of (110) and

(040) planes, respectively. Less intense peaks appear at 13.14 and between 20 and

27 of 26» degrees, owing to the presence of (021), (101), (130), and (013) [124, 125].
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Figure 4.13: Diffraction patterns for a-chitin before processing and SAS-processed chitin

nano-fibers

The diffraction pattern of purified chitin was also compared with the diffraction pat

tern of a commercial purified chitin (not shown) and they are in good agreement.

Supercritical anti-solvent process performs a rapid precipitation of chitin yielding an

amorphous fibrous material, as indicated by the low intensity very broad diffraction

pattern of Figure 4.13.

The infrared spectra and X-ray diffraction pattern suggest that the a-chitin poly

morph is physicalfy transformed into an amorphous chitin with a three-dimensional

fibrous structure. The resultant nano-fibrous network of this biopolymer is proposed
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to be used as scaffold for cell culture in tissue engineering. Its high porosity and

less crystallinity can be advantageous in this field. Moreover, the proposed SAS

technique will provide a sterile, solvent -free biomaterial.

4.2 Chitosan Thermal Relaxations

4.2.1 Thermal Analysis

Thermogravimetric plot for chitosan film is shown in Figure 4.14. The initial weight

loss for chitosan film goes from 25 °C to 130 °C, and it is associated with water

desorption.
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Figure 4.14: Thermogravimetric curve for chitosan film
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For samples measured directly from ambient this loss can represent 10-12% of the

total sample weight, which are typical valúes of moisture content for polysaccha

rides [114]. In this case, the sample had a 6.1% weigth loss due probably to the

dryness of the ambient with a very low relative humidity at the moment of the mea

surement (solid line). Impedance measurements were done over annealed samples

which plot is shown with a dotted line. Sample was dried at 110 °C overnight.

Stainless steel pan

Aluminum pan

-i ■ 1 1 1 ' 1 1 i ' 1 ■ I ' I ' 1
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Temperature, °C

Temperature, °C

Figure 4.15: Thermogram of chitosan film using stainless steel pan (solid line) and alu

minum pan (dotted line) during the first sean.

Thermal Artifact

After several DSC measurements, it was found that the endothermic peak at around

150 °C, is indeed an artifact. If a sealed aluminum pan is used, an endothermic peak

at about 130-160 °C appear (Figure 4.15 dotted line), which can be misinterpreted

as a melting transition. This cannot be true since these polysaccharides do not melt.
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Figure 4.16: Thermogram for chitosan film. First sean from 10 to 130 °C. Heating rate

10 °C/min. The wide endothermic peak is centered at 68.5 °C

On the other hand, if a high-pressure stainless steel pan is used (Figure 4.15 solid

'liné), no event is present until 300 °C (exothermic thermal degradation). As dis

cussed previously, a 10% ofmoisture is usually present in these polysaccharides, thus

an explanation for this artifact is that free water evaporates inside the aluminum

pan increasing the pressure as temperature increases until an abrupt lid burst oceur

(máximum aluminum pan pressure
= 0.2 bar) with a change in the temperature

of the sample causing the endothermic peak. To avoid this artifact, samples were

measured using punctured aluminum pans.
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Thermogram for chitosan film is shown in Figure 4.16. First and second scans

are shown. The first sean was performed from 10 °C to 150 °C in order to avoid

degradation of the films. The wide endothermic peak centered at 68.5 °C is due

to water evaporation as previously explained. During the second sean it is possible

to observe a small change in the baseline at the same temperature. This change in

the baseline has the same shape as a glass transition, and their appearance will be

discussed in detail later.

4.2.2 Dielectric Analysis

Figure 4.17 shows a complex impedance plot for chitosan films measured at dif

ferent temperatures. These Nyquist plots demónstrate two well defined regions: a

depressed semicircle at high frequencies, and a linear part in the low frequeney range.

This linear part increase and change slope with increasing temperature. Another

feature at high temperatures and low frequencies is the appearance of a second semi

circle over imposed into the existing one. Such linear part can be associated with

contact effects and the second semicircle with interfacial polarization in the bulk of

the film also called Maxwell-Wagner-Sillars (M-W-S) relaxation [85, 126].

For analyzing the properties of chitosan films, it is necessary to understand the

nature of the low frequeney part of the complex impedance plot. Chitosan is a

semicrystalline polymer, and charge buildup can oceur in the volume or surface of

samples due to a change in conductivity and permittivity between phases. This in

terfacial polarization is known as the Maxwell-Wagner-Sillars polarization and can

be modeled with an equivalent circuit composed of two RC elements in series.
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Figure 4.17: Complex impedance spectra at different temperatures. Typical behavior for

chitosan films with a depressed semicircle at high frequeney

However in this case, the polarization effects (contaets and M-W-S) will not be taken

into account for fitting the experimental data; for this, some arguments are given in

the following section.

Interfacial Polarization and Contact Effects

The complex impedance spectra is very useful since more information can be deduced

from it than from the permittivity bode plot. In Figure 4.18 the complex impedance

spectrum of chitosan film at 180 °C is shown.

Features like contact effects and M-W-S polarization are well defined respect to ma

terial response. These extra effects appear at low frequencies and high temperatures.
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The initial information extracted from this plot is the bulk resistance, Rq, related

to dc conductivity with Equation (1.25).
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Figure 4.18: Graphical evaluation of material resistance at zero frequeney, Ro, fitting the

experimental data (dotted line) to a semicircle (solid line), with Ro taken as the intersection

p.oint with the Z' axis. Also shown are the M-W-S polarization and contact effects

The experimental data in the complex impedance plot is fitted to a semicircle using

Zview©software. Deviation is taken as low as possible in order to sepárate the

material response from the M-W-S polarization. For that reason a máximum error

of 0.2% is set.

The valué of the bulk resistance is taken as the intersection point with the Z' axis.

This valué will be further used for plotting the conductivity behavior versus 1/T

and for calcúlate the relaxation time.
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Real and imaginary parts of permittivity are plotted against frequeney in Fig

ure 4.19. It is possible to compare the behavior of permittivity versus impedance

and stand out the advantages of the complex impedance plot.
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Figure 4.19: Corresponding permittivity bode plot (real and imaginary parts) to the

impedance spectra of Figure 4.18. M-W-S polarization and contact effects are shown

The real part of permittivity shows a growth linear part at low frequeney which

is related to contact effects. These effects increases the valué of e' in two orders of

magnitude. The interfacial polarization (M-W-S) is not as evident as in the complex

impedance plot, henee being more difficult to observe in the bode plot. On the other

hand, in the imaginary part of permittivity, contact effects, M-W-S polarization, dc

conductivity, and the low frequeney relaxation are all over imposed in the same

growth linear part. There is no boundary to identify each one.
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It is known that the time constant of the interfacial polarization leads to a single

relaxation time [86|, which does not depend on the área of sample. Relaxation time

dependence on contact área of sample is plotted in Figure 4.20. Since r depends

on área of sample, it can be inferred that interfacial bulk polarization does not play

any important role in the mechanism of relaxation.
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Figure 4.20: Dependence of relaxation time, r, with contact área, 5, of chitosan films

(r = 0.94087)

In order to verify the influence of metal-polymer contact on the impedance spec

tra, non-symmetrical structures were prepared. A sample with a large back gold-

sputtered electrode with área of 0.75 cm2 was prepared in order to decrease series

resistance of the bottom face electrode. Also a counter gold electrode was formed

on the top face with an área of 0.008 cm2
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Due to difference in área of contaets, the current thorough the structure will depend,

basically, on the properties of the top face electrode.
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Figure 4.21: Current-Voltage response for chitosan films

A typical l-V curve is shown in Figure 4.21, where negative voltages correspond to

the forward direction. The current-voltage characteristic of such asymmetrical struc

ture is qualitatively similar to the dependence obtained in other metal-organic-metal

structures [127, 128]. To get more insight into the characteristics of Au-chitosan-Au

samples, impedance measurements were carried out with different applied forward

bias voltage as shown in Figure 4.22. In this plot, only the low frequeney part of

impedance spectra change with increasing of bias voltage, while the depressed semi-

circles at the high frequeney región remain unchanged. The increasing of forward

bias lead to: a change in barrier's parameters, a reduction of barrier resistance, and

a change in the low frequeney part of impedance spectrum.
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Figure 4.22: Impedance spectra at different bias applied voltage

From the results obtained, we can infer that the growth part of impedance spectra

in the low frequeney range, is related to the barrier behavior of the contact Au-

chitosan-Au. As a consequence, for the analysis of the bulk properties of chitosan
m

m »

films, it is necessary to use only the depressed semicircle at the high frequeney

región.

4.2.3 Equivalent Circuit Fitting

If the dc conductivity is subtracted from the imaginary part of permittivity, using

Equation (1.26), two well defined relaxations are observed. These relaxations are

shown in bode plots (Figure 4.23) as well as in the Argand diagram of Figure 4.24.
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The information of a relaxation due to a glass transition, if such transition exists,

must be contained into the low frequeney relaxation. Thus, only the low frequeney

part of the experimental data will be fitted using an equivalent circuit. In principie

the relaxation at lower frequeney is label as a, while the following relaxation is the

¡3- relaxation.
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Figure 4.23: Bode plots for permittivity with dc correction at 160 °C

Moreover, experimental data of chitosan films for the fitting is restricted to the re

gión where no contact effects and M-W-S polarization appear. Since the relaxation

moves to higher frequencies as temperature is increased. This frequeney región must

be adjusted for each temperature.
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Figure 4.24: Argand plot for chitosan film with dc correction at 160 °C

Furthermore, since the dc conductivity subtraction might introduce more error into

the experimental data (see section 1.4.9), the fitting is done using an equivalent

circuit which is a combination of a distributed element in parallel with a resistance

and with a capacitance. So, no dc correction is done in this work, since bulk resis

tance is taken into account into the equivalent circuit. This is the same approach of

Furuláwa et al. [85] and Viciosa et al. [126]; although it differs from that of Einfeldt

el al. [91] where they made the dc correction to the experimental data and fit the

resultant permittivity.

The equivalent circuit used in this work is shown in Figure 4.25, where the distrib

uted element is given in the Zview©software for Havriliak-Negami; the capacitance

Cinfty must be introduced for the £__,; and the resistance, Ro describes the dc con

ductivity.
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Figure 4.25: Equivalent circuit using a distributed element (H-N), a resistance and a

capacitor for describing the low frequeney relaxation

The complex admittance Y* of such circuit may be expressed as following:

v ,■ ,n ,
Ju{C0

-

C___) 1
Y

=3"C°°+H +Üt^-R0
(4J)

thus, dividing for jlúe0 it is possible to obtain the complex permittivity [86] defined

by:

£' = £oc +
h

ES~£™
+— (4.2)

[1 + (jüJT)a}0 JU£0

where ea and e^ are the low and high frequeney limit valúes/of.the real part of

complex permittivity, respectively; r is the relaxation time; and a and 0 are fitting

parameters. Which is the same equation proposed by Furukawa et al. [85], and ex

plained previously in section 1.4.5 as Equation (1.13).

The temperature dependence of the fitting parameters is depicted in Figure 4.26,

where a,/?, £___, and Ae are plotted. The a parameter remain almost constant at a

valué of 1.0, suggesting a Davidson-Cole type relaxation. Remember that the em-

pirical correlation of Havriliak-Negami includes the special cases of the relaxation

expressions of Debye (if a = ¡3 = 1.0), Cole-Cole (if (3 = 1.0), and Davidson-Cole
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Figure 4.26: Temperature dependence of fitting parameters

(if a = 1.0). This behavior of a also indicates a narrow distribution of relaxation

times. While low valúes for 0 represent an asymmetrical distribution in the time

and frequeney scales. The 0 shows a slight increment with temperature, with valúes

between 0.25 < ¡3 < 0.50.

The dielectric strength shows a peak at 45 °C and, even the points are disperse,

a decreasing behavior with temperature. An interesting feature is the behavior of

£oo vs temperature. It has a máximum valué of 13.5 at 60 °C, and then it shows a

constant valué of about 11.5 from 120 to 230 °C. After this temperature it further

decreases. The behavior of this parameter will be discussed later.

Using the equivalent circuit approach it is possible to sepárate the dc conductivity

of sample just eliminating the resistance Rq from the circuit depicted in Figure 4.25,
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and thus simúlate the low frequeney relaxation using the equivalent circuit from

Figure 4.27.

H-N

t_^T

Figure 4.27: Equivalent circuit for sepárate dc conductivity of sample and simúlate the

low frequeney relaxation

For further illustrate the agreement between experimental data and fitting, a com

parison among experimental valúes, dc corrected experimental valúes and simulated

data from fitting are presented in Figure 4.28. Simulated data is plotted as a solid

line in Figure 4.28 and is in good agreement with dc corrected data (open circles).

Experimental data

dc corrected data

Equivalent circuit fit

Frequeney, Hz

Figure 4.28: Comparison among experimental data (filled circles),
dc corrected data (open

circles), and equivalent circuit fitted curve (solid line) for the sample measured at 90 °C

The corrected dielectric loss was done using Equation (1.26). As can be seen, the
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Figure 4.29: Dielectric loss spectra from simulated data at different temperatures

dielectric loss corrected data show a second feature in the low frequeney end, which

is not part of the relaxation. If experimental data had been corrected and the fitting

done over dc corrected data, the results would had contained1more error. The fitted

data valúes for imaginary part of permittivity can be plotted against frequeney at

different temperatures (Figure 4.29) in order to visualize the behavior of the relax

ation. It is possible to see that relaxation moves to higher frequencies as temperature

increase. Of course, the shape of the relaxation corresponds to a Davidson-Cole re

laxation.

Furthermore, dielectric loss is plotted as a function of temperature at two different

fixed frequencies in Figure 4.30. It is interesting to note the effect of dc conductivity

over dielectric loss at high temperature and low frequencies. The solid symbols
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represent the dielectric loss taken from simulated data at 10 Hz (filled circles), and

1.0 kHz (filled triangles). At 10 Hz it is possible to observe a relaxation with a

máximum valué of 4.2 centered around 40 °C, while at 1.0 kHz the relaxation at

about 210 °C is more pronounced. The open symbols represent the dielectric loss

taken from experimental data without subtracting dc conductivity.

This conductivity obscure the material response. For 1.0 kHz, experimental (open

triangles) and simulated are very cióse at low temperatures, but after 80 °C, exper

imental data increases exponentially. The same effect occurs at lower frequencies

(open circles) tough it appears at lower temperatures.
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Figure 4.30: Dielectric loss as a function of temperature at 10 Hz and 1000 Hz. Compar

ative of experimental data (open symbols) and simulated data (filled symbols)
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4.2.4 Temperature Dependence of Relaxation Time

Relaxation time for each temperature is obtained form fitting the experimental data

(with no dc correction) to the equivalent circuit of Figure 4.25. The logarithm of

relaxation time is plotted against reciprocal temperature in Figure 4.31. Two well

differentiated regions are observed: an Arrhenius type at high temperature (solid

line), and a Vogel type in the low temperature región (dotted line). The low tempera-

ture región is well described with the Vogel-Fulcher-Tamman-Hesse Equation (1.21),

while for the high temperature región the Arrhenius Equation (1.20) for relaxation

time
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Figure 4.31: Relaxation time dependence on reciprocal temperature. Valúes obtained

from fitting the low frequeney relaxation with the equivalent circuit of Figure 4.25. Two

regions are observed: an .Arrhenius-type at high temperature (solid line), and a Vogel-type

in the low temperature región (dotted line)
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For the Arrhenius type at high temperature región (313-373 K), it was found an

energy of activation of 43.8 kJ/mole, and a pre-exponential factor of 6.62 x IO-9

The activation energy does not corresponds to a typical valué for the a relaxation

of chitosan as reported by Viciosa et al. [126], with valúes between 95-110 kJ/mole.

Our measured valué is half of those reported. Probably due to the presence of

residual moisture in the sample. All samples were annealed at 110 °C prior to mea

surement, however the atmosphere inside the furnace cannot be controlled. Thus it

is highly possible that chitosan film adsorbed some water from ambient even during

the measurement. These water contained in the bulk material exert some influence

to the polymer relaxation which can be detected using dielectric analysis. Moreover,

Einfeldt eí al. [91] found difficult to detect this a relaxation in chitosan as well as

in some strongly or per-substituted polysaccharides.

Another feature is that typical valúes for relaxation strength for a relaxation of

polysaccharides are nearly independent of temperature and lay between 1 and 10 [91].

The relaxation strength measured in this work is somewhat independent of temper

ature (above 100 °C) with valúes between 4-8, as can be seen in Figure 4.26.

The water contained in the sample modifies the response its response. Water can act

as a plasticizer for chitosan. For that reason, it is possible to fit the low temperature

región using the VFTH Equation (1.21). The VFTH equation describes the behavior

of polymer near glass transition temperature, Tg, and in many polymers T0 is usually

50 K lower than Tg [93, 94, 95]. The Vogel-temperature obtained is 296.74 K, and

thus, the Tg valué must be 73 °C.
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4.2.5 Conductivity Dependence on Temperature

The behavior of conductivity can also be analyzed as a function of temperature.

Interestingly, it shows nearly the same behavior as relaxation time. It makes sense

since both quantities correspond to the low frequeney región. Although a striking

difference is that dc conductivity is evaluated from experimental data while relax

ation time is calculated from fitted data to the equivalent circuit. As previously

explained (sections 1.4.9 and 4.2.2), dc conductivity, aje, is calculated using equa

tion (1.25), where the bulk resistance, Rq, is graphically evaluated [92] as depicted in

Figure 4.18. Dependence oí Ina versus reciprocal temperature is plotted in Figure

4.32.
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For the low temperature región, the VFTH relation can be written in terms of con

ductivity |88| which is Equation (1.28). The Vogel-temperature obtained with this

relation is 278.52 K, thus a predicted glass transition temperature of 55 °C is given.

For the Arrhenius-type process in the temperature range from 110-240 °C, an ap

parent activation energy of 53.8 kJ/mole was found. This valué is very cióse to that

obtained in the relaxation time plot of 43.8 kJ/mole indicating a good correlation

in the measurement. Above 240 °C a negative energy of activation is found. This

is normally known as "metallic behavior" and can be attributed to the beginning

of degradation of chitosan. A negative activation energy of conduction had been

reported in polymeric blends [129, 130] which corresponds to a non reversible degra

dation of the polymer films.

In Table 4.2 the valúes for fitting parameters of the Vogel-type relaxation are Usted.

It is noteworthy that Vogel-temperature, T0, and the activation parameter, B, have

very cióse valúes. The correlation factor for relaxation time is lower since this para

meter is provided from a previous fitting where systematical error was introduced.

Table 4.2: Parameters from fitting Relaxation Time and Conductivity for the Vogel-type

relaxation

Parameter Conductivity Relaxation Time

T0, K 278.52 296.74

ao, Scm-1 or t¡_, sec 1.27 x IO"9 9.46 x 10"4

B 151.18 64.78

R2 0.99238 0.980381

x2 0.00565 0.02658
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In Table 4.3 the valúes for fitting parameters of the Arrhenius-type relaxation are

listed. It is noteworthy that the activation energy, have very cióse valúes.

Table 4.3: Parameters from fitting Relaxation Time and Conductivity for the Arrhenius-

type relaxation

Parameter Conductivity Relaxation Time

Eaa or EQr, kJ 'mole -53.8 43.8

<7o> Scm-1 or to, sec 3.54 x 10~3 6.62 x 10~9

R -0.99512 0.9778

Std. Dev. 0.11257 0.20273

If the logarithm of relaxation time is plotted against the logarithm of dc conductivity,

the points can be fitted to a line with slope -1.0685. Einfeldt et al. [91] proposed this

correlation because the dc conductivity represents a migration property of movable

ions and the relaxation time corresponds with the formation of dipolar structures

in the material. For the a-relaxation, they found a good correlation described with

the following equation:

lnr = A + Blno-dc (4.3)

where B is the fraction of both activation energies, B = EaT/Eaa,_c, with typical

valúes between 0.89 and 1.15 for polysaccharides. In Figure 4.33 the double loga

rithmic plot is shown. The slope of the line is -1.0685 while the calculated B is equal

to -0.901.
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Figure 4.33: Correlation between dc conductivity and relaxation time for the a-relaxation

in the temperature range from 110 to 240 °C

4.2.6 Proposed Relaxation Mechanisms

It was found that two different processes oceur in the low frequeney relaxation of

chitosan; both, in the relaxation time and conductivity plots. The low temperature

process with the features of an a-relaxation which is well described by the VFTH

relation. The high temperature process is Arrhenius-type and present some features

that might associate it with the a-relaxation found in a series of polysaccharides.

Finally, above 240 °C, degradation of the biopolymer begins.
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Low temperature relaxation: 40-100 °C

The VFTH relation yields a glass transition temperature of about 73 °C and 65 °C

in the relaxation time (Figure 4.31) and conductivity (Figure 4.32) plots, respec

tively. A peak centered around 40 °C is obtained when dielectric loss is plotted

against temperature at 10 Hz (Figure 4.30), indicating a relaxation. Evaporation

of water is observed in the thermogram of Figure 4.16 at 68.5 °C during first sean.

However, a change in baseline is seen at the same temperature during the second

sean, indicating &Tg. As explained previously, it is possible that some small quan

tity of water remains inside the bulk material acting as a plasticizer and giving

rise to this relaxation in the temperature range 60-80 °C. This has to be proved

yet, however, experimental evidence has been obtained in our research center using

ellipsometry spectroscopy, that even with a very low water content (<1.0%) this

effect at around 60-70 °C can be detected, but in well dried samples it is not de

tected [131]. To further support this proposed relaxation, it has been reported as a

glass transition [107, 108].

High temperature relaxation: 110-240 °C

Even this process is Arrhenius-type it cannot be related to a ^-relaxation since it

occurs in the high frequeney range and was not studied here. The only reference

to this process is the a-relaxation found in some polysaccharides by Einfeldt et

al.\91\, but they are not able to detect this a-relaxation for chitosan. Viciosa et

al.[126] reported a well correlated a-relaxation for chitosan neutralized and non-

neutralized, with the difference that they used a less deacetylated chitosan with a

higher molecular weight (DD=68-70%; Mv=594kDa) than the sample studied here.

Differences that can modify the response in parameters such as energy of activation

and preexponential factor. In this work it was found,
for a a-relaxation, a dielectric
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strength valúes between 4-8, and the good correlation between dc conductivity and

relaxation time with a slope equal to -1.0685 [91|. The energy of activation valué

(41-46 k,l mole) does not lie into the typical valúes for these relaxation (95-110

kJ mole); and the preexponential factor for the relaxation time is several orders of

magnitude less: 7.7 x 10-9 compared to 2 x 10~17 for neutralized chitosan reported

by Viciosa et al. [126].

Above 240 °C

In the conductivity plot, a negative slope has been associated to polymer degrada

tion [129, 130]. This transition can be attributed to the movement of end groups

of the backbone as it could be the onset of depolymerization, due to breaking of

glycosidic bonds [112].



Chapter 5

Conclusions and Recommendations

5.1 Chitin Nano-fibers by SAS

Nano-fibrous chitin can be successfully produced using supercritical antisolvent

process. The obtained nano-fibrous chitin ís very porous and sticky, and has very low

bulk density. The average diameter of the nano-fibers is 84 nm. Infra-red analysis

show that the molecular structure is not altered during the supercritical antisolvent

processing.

An important feature of the precipitated nanofibers by supercritical antisolvent

process is the change in crystallinity. The infrared spectra and X-ray diffraction

pattern suggest that the a-chitin polymorph is physically transformed into an amor

phous chitin with a three-dimensional fibrous structure.

It is proposed that, by combining the bioactive properties of chitin with the SAS

ability for obtaining porous structures, a novel biomaterial can be successful used

as scaffold in tissue engineering. An important feature of this work is the repro-

ducibility of results, being capable of produce the nanofibrous chitin material in

106
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Auburn University laboratories as well as in Cinvestav-Querétaro. Using a similar

setup but with different vessels (100 mL and 40 mL) the process was reproduced

with satisfactory results.

5.2 Chitosan Thermal Relaxations

It is possible to observe three different processes in the conductivity plot of solvent -

casted chitosan films. In the low temperature región (40-100 °C), the VFTH relation

yields a glass transition temperature of about 73 °C and 55 °C in the relaxation time

and conductivity plots, respectively. A change in the baseline of the thermogram

during the second sean indicates a Tg at 68.5 °C. It is possible that some small

quantity of water remains inside the bulk material acting as a plasticizer and giving

rise to this relaxation in the temperature range 60-80 °C.

The high temperature Arrhenius-type process (110-240 °C)might be related to the

a-relaxation found in some polysaccharides. In this work it was found that, for a

a-relaxation, dielectric strength valúes are between 4-8, and there is a good correla

tion between dc conductivity and relaxation time with a slope equal to -1.0685 [91].

Differences in parameters such as energy of activation and preexponential factor can

be due to different properties of the material such as degree of deacetylation and

molecular weight.

The process above 240 °C is associated to the beginning of degradation of chitosan,

due to chain scission giving rise to depolymerization. Impedance Spectroscopy is

a very sensitive tool for analyzing thermal relaxations on biopolymers. Dielectric

analysis is already used as a characterization technique, although, including
the con-
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ductivity plot and the complex impedance spectrum will result in a more complete

understanding of the phenomenological behavior of these biopolymers.

5.3 Perspectives for future work

5.3.1 Chitin and SAS for Biomaterials Processing

Even though the produced nanofibrous biomaterial can be commercialized in the

medical specialty field, it would be necessary to evalúate a different solvent, not as

expensive as HFIP. An interesting opportunity is to evalúate a mixture of HFIP with

some other solvents such as dichloromethane (DCM) or dimethylacetamide (DMA).

The evaluation of this biomaterial as a scaffold for cell culture in Tissue Engineer

ing may be straightforward, once the application is decided. Either for cartilage or

nerve repair, or even as a scaffold for bone tissue. A study on its biocompatibility

with different cells might be done.

Also different composites can be produced using this SAS technique. A mixture

of chitin with polymethylmethacrylate (CTN/PMMA) may be dissolved in HFIP

and precipitated in the same fashion, yielding a composite biomaterial for different

applications.

5.3.2 Impedance Spectroscopy for Biopolymer Analysis

Polysaccharides are a very interesting área of study due to its commercial impor

tance. Measurements with Impedance Spectroscopy can be done in different polysac

charides such as chitin, cellulose, amylose, amylopectin, dextran, pullulan, heparin,
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or hvaluronic acid, in order to assess the capability of this powerful tool. Conduc

tivity plot may be compared and a description of the thermal behavior of these

polysaccharides can be done. Impedance measurements can be extended even to

different gums as xanthan, guar, tragacant, etc.

In order to evalúate the glass transition temperature of chitosan films, it is impor

tant to take care in the preparation of the sample. Also the measurement cell must

be modified to get control over the atmosphere, i.e. to use a hermetically closed

cell with a purge gas or in vacuum during the measurement. This measurement can

also can be done over chitosan films with different moisture contents. Water acts as

a plasticizer decreasing the valué of glass transition temperature.

It is possible to investigate different fitting procedures to obtain a complete separa

tion of the low frequeney relaxation. This can be done either using the equivalent

circuit approach or using the Havriliak-Negami relation in series with other terms

accounting for interfacial polarization and electrode polarization effects.
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1. PURPOSE.

1 .1 . To purify 10 g of chitin from shellfish sources.

2. SCOPE.

2.1. All shellfish derived sources of chitin from commercial vendors. Specially chitin practical

grade from crab shell (Sigma).

3. RESPOSABILITY.

3.1. All students of Dr. Gabriel Luna Barcenas and M.C. Reina Araceli Mauricio Sánchez.

4. SAFETY.

4.1 . Students must worn apron, safety glasses and gloves at all times.
4.2. All acids and bases must be handled in the fume-hood.
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5. TERMINOLOGY.

5.1. Chitin: Biopolymer.

6. METHOD.

6.1. Materials and apparatus
6.1.1. Raw Chitin

6.1.2. 800 mL of 5 % Sodium Hydroxide (NaOH)
6.1 .3. 180 mL of 1 N Hydrochloric Acid (Hcl)
6.1.4. Deionized and distilled water

6.1 .5. Mechanical stirrer and magnetic bar
6.1.6. 1 L Beaker

6.1.7. Crystallization dish
6.1.8. Parafilm

6.1.9. pH paper

6.1.10. Pipet

6.2. Preparation of acid and base dissolutions

6.2.1 . Add slowly 1 8 mL of 36.5 % HCI into 1 60 mL of deionized water.
6.2.2. Add slowly 40.5 g of NaOH (assay 98.7%) into 800 mL of deionized water.
6.2.3. NOTE: Keep the beaker cool (immersed in iced water) and stir during the addition

of both acid and base into the water, to avoid overheating. And always inside the
fume-hood.

6.3. Purification of Chitin

6.3.1. Deproteinization
6.3.1.1. Weigh 10 g of raw chitin and place into a 1 L beaker along with a magnetic

bar

6.3.1 .2. Add 800 mL of 5 % (w/v) NaOH solution

6.3.1 .3. Stir the raw chitin suspended mixture with a mechanical stirrer for 7 days at
room temperature. Adjust the stirring speed so that the solution is swirled

homogeneously without any spillage or splashing of the solution and cover

the top of the beaker with parafilm to minimize evaporation of NaOH.

6.3.1.4. After 7 days of stirring, tum off the stirrer and wash the chitin mass with

distilled water until the washings are pH neutral as indicated by pH paper.
6.3.1 .5. Dispose the washing water appropriately.
6.3.1.6. Allow to air dry for one day.

6.3.2. Demineralization.
6.3.2.1 . Add the dry neutral washed chitin into 1 M of HCI solution ensuring that the

chitin is immersed in the acid. It is important to ensure that the chitin is
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almost dried before transferring into the acid to minimize diluting the

solution.

6.3.2.2. Stir the suspended chitin mixture for 2 h.

6.3.2.3. Allow the chitin to settle down again and decant most of the HCI followed by
several washes with distilled water until the washings are pH neutral as

indicated by pH paper.
6.3.2.4. Decant the distilled water and dispose appropriately.
6.3.2.5. Place the chitin into a crystallization dish covered with a paper sheet, and

allow to air dry for 1 day.
6.3.2.6. Finally, place the crystallization dish containing chitin in a stove at 150 °C for

48 h.

6.3.2.7. Store in an ambeer flask away from light until required.

6.3.3. Ash Test. Mineral content.

6.3.3.1 . Weigh a Petri dish with cap (Wds). And record this data.
6.3.3.2. Weigh 1 .0 g of purified chitin (Wpc) and put in the Petri dish.

6.3.3.3. Repeat 6.3.3.1 and 6.3.3.2 for raw chitin.

6.3.3.4. Put both samples in in a píate of heating for its calcination.

6.3.3.5. Put both samples in the muffle furnace at 800 °C for 6 h.

6.3.3.6. Weigh the Petri dish with the ashes (Wda) and do the math:

Purity % = (( Wpc
-

Wash) I W^) x 1 00

6.3.3.7. Any remaining ash was assumed to be calcium carbonate.

7. HISTORY.

July, 2005 | First Edition

8. REFERENCES.

8.1. E. Khor. Chitin: Fulfilling a biomaterials promise. Elsevier, 2001.

8.2. Capozza. US Patent 3989535 (1976)
8.3. R. A. A. Muzzarelli. Chitin. Pergamon Press. Oxford. 1977, pp 57-58.

8.4. A. Pastor de Abram. Quitin y Quitosano: Obtención, caracterización y aplicaciones. Pontificia Universidad
Católica del Perú/Fondo Editorial, 2004, pp 158.

8.5. Rheology of Chitin. Web site address: www.lboro.ac.uk/deDartments/ca/Proiects/2001 /clarke/exper.html#chitinDurif
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1. PURPOSE.

1.1. To prepare chitosan films for dielectric measurements.

2. SCOPE.

2.1 . Chitosan form commercial vendors.

3. RESPOSABILITY.

3.1. All students of Dr. Gabriel Luna Barcenas and M.C. Reina Araceli Mauricio Sánchez.

4. SAFETY.

4.1 . Students must worn apron, safety glasses and gloves at all times.
4.2. All acids and bases must be handled in the fume-hood.
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5. TERMINOLOGY.

5.1. Chitosan: Biopolymer.

6. METHOD.

6.1 . Materials and apparatus
6.1 .1 . Chitosan from commercial vendors.

6.1 .2. Acetic acid 1 .0 wt%.

6.1.3. Sodium hydroxide 0.1 M.

6.1 .4. Mechanical stirrer and magnetic bar.

6.1.5. pH paper.

6.1.6. Plástic Petri Dish.

6.1.7. 1 00 mL beaker.

6.1.8. Disposable transfer pipet.

6.2. Preparation of acid and base dissolutions

6.2.1 . Add slowly 1 .0 mL of glacial acetic acid (100%) into 99 mL of deionized water.

6.2.2. Add slowly 0.202 g of NaOH (assay 98.7%) into 50 mL of deionized water.

6.2.3. NOTE: Keep the beaker cool (immersed in iced water) and stir during the addition

of base into the water, to avoid overheating. And always inside the fume-hood.

6.3. Chitosan film preparation

6.3.1 . Chitosan dissolution

6.3.1.1. Weigh 1 g of chitosan and place into a 100 mL beaker along with a

magnetic bar

6.3. 1 .2. Add 99 mL of 1 .0 wt% Acetic Acid solution

6.3.1.3. Stir the chitosan suspended mixture with a mechanical stirrer for 1 hr at

room temperature.
6.3.1 .4. After complete dissolution, store at room temperature.

6.3.2. Solvent-cast film

6.3.2.1 . Add slowly the chitosan solution 1 wt% into the top part of a plástic Petri dish

until half of height of Petri dish. Use a disposable transfer pipet.

6.3.2.2. Allow the solution to dry at room temperature for 24 h.

6.3.2.3. Put the Petri dish inside an oven at 60 eC overnight.

6.3.2.4. Note: Chitosan films obtained by this procedure are in the non-neutralized

form with the amino side group protonated, called chitosan acétate films.

6.3.2.5. Store in a dessicator away from light until required.

6.3.3. Neutralization of chitosan acétate film
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6.3.3.1.

6.3.3.2.

6.3.3.3.

6.3.3.4.

6.3.3.5.

Add slowly 5 mL of the NaOH 0.1 M solution into the Petri dish with the

chitosan acétate film.

Stir gentle with you hand to ensure the dissolution get in contact with the

film. Also use tweezers to allow free movement of the film.

Dispose the NaOH solution after washing the film. Add another 5 mL of

NaOH 0.1 M solution.

Repeat steps 6.3.3.2 and 6.3.3.3 until neutral pH.
Put the bottom part of Petri dish inside the top part, both facing up as

depicted in Figure 1. This process will ensure that chitosan film will not roll

up when drying.

Chitosan rilm (bine)
Petri dish bottom

Figure 1. Chitosan film after neutralization covered with bottom Petri dish for drying.

6.3.3.6. Put the film inside an oven at 60 °C overnight.

6.3.3.7. Store in a dessicator away from light until required.

7. HISTORY.

February, 2006 First Edition

8. REFERENCES.

8.1. M. T. Viciosa, M Dionisio, R.M. Silva, R. L Reis, and J.F. Mano. Molecular motions in chitosan studied by
dielectric relaxation spectroscopy. Biomacromolecules. 5: 2073-2078, 2004.
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