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ABSTRACT 

Bio-ferroelectric composites have recently sparked intensive research in order to develop 

inexpensive and environmental electronic devices such as capacitors, transistors, and 

actuators. The present research involves the synthesis of composites made of a chitosan-

cellulose polymeric layer and ferroelectric nanoparticles. To fabricate the bio-ferroelectric 

composites, a chitosan/cellulose layer was synthesized followed by a layer containing 

ferroelectric nanoparticles. The variables considered includes the volume percentage of 

cellulose (15v% and 25v%) in the matrix and the amount of ferroelectric nanoparticles 

(10wt% and 20wt%). Additionally, the acetic acid concentration upon synthesis was 

studied due to its effects on the swelling degree of the composites. The composites 

underwent tensile, thermogravimetric and thermomechanical tests. Furthermore, 

dielectric properties were measured; including capacitance, dielectric constant, current 

density, and electrical resistivity. In order to analyze their sustainability for electronic 

applications, the composites were degraded under different acid solutions. The results 

showed that higher percentages of cellulose decreased the ultimate tensile strength 

(UTS) and the degradation temperature Tdeg of the chitosan-cellulose composites while 

the addition of cellulose slightly raised the UTS and Tdeg of the chitosan-cellulose 

composites with strontium titanate nanoparticles. Conversely, our results demonstrated 

that the acidity of the solution decreased the mentioned mechanical and thermal 

properties. The most interesting part consisted in the study of the dielectric properties; 

capacitors with higher dielectric constants were fabricated. Additionally, our capacitors 

are able to withstand higher voltages; the dielectric breakdown of the bioferroelectric 

composites at 60V was not observed. 
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RESUMEN 

Recientemente, los compuestos bio-ferroeléctricos son investigados para desarrollar 

nuevos componentes eléctricos tales como: capacitores, transistores y actuadores. En 

esta investigación se fabricaron compuestos de quitosano-celulosa con partículas 

ferroeléctricas. Para la fabricación de los compuestos bio-ferroeléctricos se sintetizó una 

película de quitosano-celulosa seguido por una película polimérica con partículas 

ferroeléctricas. Entre las variables consideradas se encuentran: el porcentaje por 

volumen de celulosa (15p/v y 25p/v) y el porcentaje por peso de nanopartículas 

ferroeléctricas (10p/p y 20 p/p). Además, se consideró la concentración de ácido acético 

(1.25 p/v y 2.50 p/v) debido a su efecto directo en la retención de agua en el polímero. A 

estos bio-compuestos se les realizaron pruebas de tensión, termomecánicas y termales. 

También se analizaron las propiedades eléctricas de los compuestos tales como: 

capacitancia, constante dieléctrica, flujo de corriente a través del capacitor y resistividad 

eléctrica. Altos porcentajes de celulosa disminuyeron la máxima resistencia mecánica y 

la temperatura de degradación de los compuestos de quitosano-celulosa. Sin embargo, 

la adición de celulosa aumentó las propiedades mecánicas y termales de los compuestos 

con nanopartículas ferroeléctricas. Por otra parte, altas concentraciones de ácido acético 

disminuyeron la resistencia mecánica y la temperatura de degradación de los 

compuestos. La parte más interesante de nuestra investigación consistió en el estudio 

de las propiedades dieléctricas del material; se logró fabricar exitosamente capacitores 

con altas constantes dieléctricas a bajas frecuencias. Estos capacitores lograron resistir 

60V y no se observó una ruptura dieléctrica del capacitor.    
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ACRONYMS AND ABBREVIATIONS  

Some terms were abbreviated to explain process or characterization in the research. The 

following list provides the expansion of the abbreviated terms: 

 

Chitosan polymer  Ch 

Cellulose polymer  Cel 

Strontium titanate nanoparticles  STO 

Acetic acid solution Ac 

Degradation temperature 

Glass transition temperature 

Tdeg 

Tg 

Ultimate tensile strength UTS 

Creep compliance J(t) 

Current density J 

Resistivity divided by the thickness ρt 

Thickness of the sample t 

Dissolution rate constant kdis 

X-ray diffraction XRD 

Thermogravimetric analysis TGA 

Thermomechanical analysis TMA 

Fourier transform infrared spectroscopy FTIR 
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1 INTRODUCTION 

Biopolymers have attained great potential in the market due to their vast applications in 

diverse fields: “bio-ceramic, bio-sensing, biomedical engineering, bio-nanotechnology 

and biologically assembly” [1]. Recent and increasing interest in these materials is due to 

their unique characteristics such as: biocompatibility, eco-friendly qualities, and 

nontoxicity [2], [3]. Furthermore, these polymers can be recycled or can require a low cost 

treatment to do so.  As a result, the fabrication process is less extensive and more cost 

effective, as opposed to man-made synthetic polymers. Some biopolymers currently 

studied are chitosan and cellulose that are obviously environmentally friendly. At this 

point, it is deemed important to underscore that biopolymers can effectively interact with 

non-organic elements to create new composites. One relevant example is the formulation 

of a ferroelectric/biopolymer composite, which possesses unique properties that arise 

from joining a plastic organic compound with a hard ceramic one.  

Nowadays, ferroelectric particles trigger interest as an alternative for processable high 

permittivity materials [4], [5]. Appealing properties of these particles include high dielectric 

constant, moderate dielectric strength, high specific electrical resistivity, low dielectric 

loss, among others [4], [5]. These characteristics made these materials suitable for the 

fabrication of capacitors, transistors, actuators, etc. As mentioned, the ferroelectric 

nanoparticles are incorporated into polymers seeking for specific electrical properties of 

the composite. In the last decades, scientists and researchers fabricated nanocomposites 

in which the organic matrix is a bio-polymer. As a result, new studies aim at the fabrication 

of new composites bearing a biopolymer as the organic matrix. The ferroelectric materials 

can be employed in high dielectric constant capacitors, medical diagnostic transducers, 
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electro-optic light valves, radio and communication filters, and positive temperature 

coefficients [6]. 

The present research involves the development of a composite made of a chitosan-

cellulose matrix reinforced with ferroelectric nanoparticles. The intended addition of 

cellulose enhances the flexibility of the bio-ferroelectric nanocomposites due to the brittle 

behavior of chitosan. In addition, the ferroelectric nanoparticles are incorporated to 

functionalize the composite and make it suitable for diverse electronic applications. 

 

1.1 Literature Review 

As mentioned, chitosan and cellulose are the most studied biopolymers due to their 

unique characteristics such as biocompatibility, biodegradability and non-toxicity. 

Additionally, the fabrication process is unsophisticated and cost effective, which makes it 

attractive for researchers who are focused into developing new composites made of a 

polymeric matrix and nanoparticles. The present thesis details the fabrication and 

characterization of a novel nanocomposite made of chitosan-cellulose and ferroelectric 

nanoparticles for improved electrical properties. 

 

1.1.1 Synthesis of Chitosan-Cellulose Films and Fibers 

Natural polymers as matrices of composites have sparked the interest of scientists and 

researchers. For instance, Hosokawa and Nordqvist fabricated bio-composites made of 

chitosan and cellulose. Hosokawa et al. studied the mechanical properties of the 

composites, which were related to the crosslinking effect between chitosan and cellulose 

[7]. They discovered that the carbonyl (C=O) and carboxyl groups (C‒OH) in the cellulose 

structure affect the crosslinking and its formation depend on the oxidation-reduction 
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method applied to the cellulose polymer. The oxidation-reduction method increased the 

presence of these functional groups in the cellulose structure. To fabricate the chitosan-

cellulose films, a stock solution of chitosan and cellulose was prepared. The chitosan 

polymer was dissolved in water and acetic acid, whereas the cellulose fibers were diluted 

in an aqueous solution after oxidation and reduction. A small amount of chitosan was 

added into the cellulose solution containing glycerol. The resulting solution was 

mechanically stirred and degassed before being placed on a polystyrene dish to dry.  

Hosokawa analyzed the chemical structure of chitosan-cellulose composites by Fourier 

transform infrared spectroscopy (FTIR). The absorbance registered at 1590 cm-1 

corroborated the presence of amine groups, corresponding to the primary functional 

groups of chitosan. Furthermore, the absorbance at 1370 cm-1 indicates the presence of 

the C‒H groups pertaining to the cellulose structure. 

In addition, Hosokawa and collaborators measured the resulting tensile strength and 

swelling, as shown in Table 1. Dry films with unreduced cellulose exhibited higher 

strength and lower swelling. The authors suggested that the presence of carbonyl groups 

in unreduced cellulose affected the wet strength and the swelling of the composites [7].  

Table 1. Tensile strength and swelling of chitosan-cellulose composites from unreduced 
or reduced cellulose [7]. 

Composites 

Tensile Strength 
kg/cm2 Swelling 

Dry films Wet films 

unreduced micro fibril cellulose, carbonyl 
content = 33.3mmol/kg cellulose 

532 365 1.21 

reduced micro fibril cellulose, carbonyl content 
= 5.1mmol/kg cellulose 

521 266 1.50 
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This research also revealed that the swelling depends on the acidity of the solution. In 

this case, chitosan was dissolved in a water/acetic acid solution, which contributes in the 

acidity of the solution; the authors demonstrated that a higher swelling correlates with 

lower pH values.   

In another research of interest, Nordqvist et al. fabricated and studied four types of films 

made of chitosan-cellulose composites: chitosan without microfibrillated cellulose 

(chitosan A) and chitosan containing microfibrillated cellulose (chitosan AMFC). After 

obtaining chitosan A and chitosan AMFC, both films were treated with a tris-hydrochloric 

acid buffer. The buffered films were classified as chitosan B and chitosan BMFC [8].  

For the fabrication of chitosan A, the polymer was dissolved in a water/acetic acid solution 

without adding microfibrillated cellulose. In order to prepare the chitosan-microfibrillated 

cellulose, small amounts of a cellulose solution were added to a chitosan solution until a 

proportion of 5wt% of dry microfibril cellulose (MFC) was reached in the final film. The 

results showed higher tensile strength for buffered films, as shown in Table 2. 

Additionally, dry films presented higher strength and Young’s modulus, while wet films 

were more likely to be deformable.  

Table 2. Tensile strength obtained from dry and wet films [8]. 
 

 

 

 

 

As presented, high tensile strength have been observed by Hosokawa and by Nordqvist. 

Higher values of tensile strength were reported by Hosokawa, who added glycerol into 

Composites 
Tensile Strength 

(MPa) 

Dry films Wet films 

Chitosan A 38 ± 5 5 ± 3 

Chitosan AMFC 59 ± 9 14 ± 4 

Chitosan B 88 ± 16 13 ± 6 

Chitosan BMFC 89 ± 14 19 ± 8 
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the composites made of chitosan and cellulose [7]. The addition of glycerol raised the 

polar groups (‒OH), increasing the content of water in the polymeric films. Nemet et al. 

stated that the polar groups along the glycerol chains reduced the intermolecular forces 

between the polymers chains [9]. As a result, the molecular spacing and the mobility of 

the polymer chains increased, retaining the water molecules between the chains. At high 

pressure and temperature (70ºC), large water content is removed from the polymeric 

matrix, which effects a tensile strength increment. Cheng et al. and Chang et al. 

demonstrated that by adding glycerol, the polymeric films can withstand high temperature 

without affecting the structure of the polymers [10], [11]. On the other hand, Nordqvist 

placed the polymeric films in a tris-hydrochloric acid buffer treatment, which can degrade 

the films. Additionally, the films were dried at 23ºC, a lower temperature to remove the 

excess of water in the polymeric films.  

Of particular interest to this thesis was, in recent years, the addition of ferroelectric 

nanoparticles for the fabrication of polymer-based nanocomposites. These ferroelectric 

nanoparticles help adjust the electrical properties of the polymeric matrix, which in general 

does not possess attractive electrical properties. For this reason, some studies of 

polymer-ferroelectric composites are rendered in the following section.   

 

1.1.2 Polymer-ferroelectric Composites 

Historically, ceramic materials have been employed in ferroelectric composites to improve 

their dielectric properties. However, recent studies developed novel materials based on 

organic and ceramic materials in which the organic matrix provides flexibility to the 

composite.  
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In one example, Jang et al. studied the electrical properties of chitosan-blended cellulose 

(CBC) [12]. The solutions were prepared with different chitosan blending levels dissolved 

in an acid solution: 0 wt% to 40 wt%. Cellulose was treated with de-ionized water, 

methanol and acetone in order to remove water. Additionally, the cellulose and chitosan 

were heated at 110ºC to remove the remaining water in the polymers. After that, the CBC 

films were obtained by spin coating, utilizing the chitosan blending solutions. In order to 

neutralize the free amino groups and produce fixed cations (NH3
+), the films were treated 

with NaOH and HCl solutions, and then washed with de-ionized water.  

At lower frequency values, the dielectric constant increased, which also was affected by 

the amount of chitosan blending, as shown in Figure 1. They attributed this to the space 

charge accumulation and the concentration of ions resulting from the chitosan blending. 

As mentioned before, the ion mobility was also studied by Jang et al. who discovered that 

high humidity raised the ion mobility due to the content of water adsorbed by the cellulose, 

a hydrophilic polymer.   

 

 
 
 
 
 
 
 
 
 
 
 

Figure 1. Dielectric constant for chitosan-blended cellulose composites [12]. 

 
Furthermore, Neagu et al. focused on the electrical properties of BaTiO3-chitosan 

composites, especially on the dielectric constant with different percentages of BaTiO3 
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particles: 0%, 1% and 10% [13]. For the fabrication of the composites, BaTiO3 powder 

was prepared by a solid state reaction of BaCO3 and TiO2. The BaTiO3 powder was 

sieved before being added to the chitosan solution to avoid agglomeration sites in the 

chitosan matrix. The resulting BaTiO3 powder was then dispersed in the chitosan solution. 

In order to improve the BaTiO3 particles dispersion in the chitosan solution, all the 

suspensions were magnetically mixed for 4 h. To fabricate the polymeric films, the 

chitosan/BaTiO3 solutions underwent a dry phase inversion casting process. The results 

showed that the addition of BaTiO3 particles slightly increased the dielectric constant from 

42.5 to 47.5, as presented in Figure 2. This research presents a simple approach for 

generating flexible structures based on polar polymers filled with ferroelectric materials. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Dielectric constant as a function of the electric field for nanocomposites made 
of chitosan and barium titanate nanoparticles [13]. 
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The precipitation of barium titanate nanoparticles via plant pathogenic fungus was studied 

by Bansal and collaborators [14]. A solution of barium acetate and potassium 

hexafluorotitanate precipitated the nanoparticles in the presence of fungus, which was 

separated from the solution via filtration. To remove the fungal residues, the nanoparticles 

were washed and calcined until the protein residues were degraded. The characterization 

was performed before and after the calcination process. After this calcination process, 

the particle size increased from 4nm to 8nm.   

For dielectric measurements, the titanate nanoparticles were added to poly (methyl 

methacrylate) (PMMA), and the dielectric properties were measured at room temperature 

and at frequencies from 1MHz to 1Hz [14]. The amount of nanoparticles varied from 0% 

to 33%. The results showed that higher percentages of nanoparticles in the composite 

increased the dielectric constant, which decreased at higher frequencies, as evidenced 

in Figure 3. For a BaTiO3-PMMA nanocomposite, the higher dielectric constant achieved 

was 100, for 33% of nanoparticles. 

 

 

Figure 3. Dielectric constant measurements at different percentages of barium titanate 
nanoparticles in the composite: (1) 0%, (2) 2%, (3) 10% and (4) 33% [14]. 
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Another study based on composites made of an organic/inorganic matrix was conducted 

by Gorzkowski et al., who fabricated a ceramic-polymer nanocomposites based on 

polyvinylidene fluoride (PVDF) and PMMA [15]. In this case, barium strontium titanate 

(BST) and strontium titanate (ST) nanoparticles were added to the polymeric films. The 

experimental procedure consisted of dissolving the polymer into the solvent and mixing it 

with ceramic particles. The solution contained polyhedral ologomeric silsesquiox (POSS) 

particles to improve the dispersion of the ceramic particles. After casting the solution onto 

a glass slide, the solution dried in air. Finally, the resulting films were removed for 

electrical property measurements at room temperature and at 77K (-196.15ºC). The 

author also  analyzed the dielectric constant of both polymers without nanoparticles.  

The results in Table 3 suggested that higher dielectric constants were acquired for PVDF 

than for PMMA at room temperature [15]. Also, those results showed that the addition of 

POSS slightly affected the dielectric constant. Since PVDF posseses high dielectric 

constant, it was used to analyze the effects of the nanoparticles in the dielectric properties 

in which the nanoparticles increased the dielectric constant of PVDF, as shown in Table 

4. BST nanoparticles at room temperature produced higher dielectric constants than the 

ST nanoparticles. In the PVDF polymer, the authors discovered that the dielectric 

constant increased with the amount of ceramic nanoparticles in the nanocomposite. 

Table 3. Dielectric constant of PVDF and PMMA at different temperatures [15]. 

Temperature 
oC 

Dielectric Constant 

PVDF PVDF+POSS PMMA PMMA+POSS 

25 7.8 6.9 3.5 3.5 

-196.15 2.7 2.7 2.8 2.8 
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Table 4. Dielectric constant of PVDF with barium strontium titanate and strontium titanate 
nanoparticles [15]. 

Temperature 
oC 

Dielectric Constant 

PVDF 
PVDF+POSS 
+35v% BST 

PVDF+POSS 
+35v% ST 

25 7.8 19.9 14.0 

-196.15 2.7 6.2 6.4 

This research also uncovered that the addition of BST nanoparticles lowered the dielectric 

breakdown strength of the nanocomposites. At liquid nitrogen boiling temperature (77K), 

there are higher values of dielectric breakdown strength than at room temperature. The 

authors attributed this reduction in the dielectric break-down to two possible causes: a) 

local electric field concentration, and b) agglomeration of the nanoparticles.  

In addition, Gorzkowski et al. analyzed the dielectric constant of the composites at 

different frequencies and temperatures. At very higher temperatures, the dielectric 

constant decreased as well for lower temperatures. As stated in another work by Ahmad, 

temperature alters the intermolecular forces between the crystalline networks of the 

polymers, affecting the dielectric constant of the composite [16]. At lower temperatures, 

as the motion of the chains slows down, the orientation of the dipoles is disturbed. 

However, at too higher temperatures, the dielectric constant also decreased for the  

strong vibration of the chains. Similarly, the frequency of the electric field changes the 

dielectric constant because at lower frequencies, the electric dipoles had enough time to 

align with the electric field but not at high frequencies [16]. 

In the study of chitosan-cellulose composites, the amount of chitosan raised the dielectric 

constant of the material. Moreover, in composites made of chitosan-BaTiO3 particles the 

dielectric constant raised as the amount of particles increased. Thereupon, the dielectric 
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properties of PVDF and barium titanate particles or strontium titanate particles were 

studied and it was discovered that more particles increased the dielectric constant. Even 

though the electrical properties of polymer/nanofiller composites were analyzed, a 

polymeric matrix made of chitosan, cellulose and strontium titanate nanoparticles have 

been not studied. These composites represent a real alternative for electronic 

applications for their unique characteristics such as: biocompatibility, eco-friendly 

qualities, and nontoxicity. Although some interesting features of these composites are 

their less extensive and more cost effective fabrication process, with their dielectric 

properties being their most appealing characteristics. Thus, we conclude that composites 

based on chitosan, cellulose and STO nanoparticles represent an alternative to develop 

bio-capacitors suitable for electronic applications at low frequencies due to their 

interesting properties: dielectric constant, current density and resistivity.  

 

1.2 Research Objectives 

The objective of the present research is to devise and carried out an effective method to 

synthesize a composite made of chitosan and cellulose and reinforced with ferroelectric 

nanoparticles intended to adjust the mechanical properties and tune the resulting 

electrical properties. 

 
Specific Objectives 

The research work focuses on the following specific objectives: 

 
Phase I. Bio-composites 

 Fabricate chitosan-cellulose films via solution casting method. 
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 Characterize chitosan-cellulose films and the effects of small amounts of 

cellulose into the chitosan matrix via: 

 Thermogravimetric analysis (TGA) 

 Tensile test and thermomechanical analysis (TMA) 

 Degradation analysis 

Phase II. Bio-ferroelectric Composites 

 Synthesize bio-ferroelectric nanocomposites via a layer-by-layer fabrication 

method. 

 Characterize the bio-ferroelectric nanocomposites and the effects of the 

nanoparticles on the polymeric matrix, using the following characterization 

techniques: 

 X-ray diffraction (XRD)  

 Scanning electron microscopy (SEM) 

 Thermogravimetric analysis (TGA)  

 Tensile test and thermomechanical analysis (TMA) 

 Measurement of capacitance, dielectric constant, dielectric strength and 

electrical resistivity. 

 Degradation analysis 
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2 THEORETICAL BACKGROUND 

2.1 Biopolymers 

Biopolymers have emerged with great potential in the market due to their vast 

applications, such as “bio-ceramic, bio-sensing, biomedical engineering, bio-

nanotechnology and biologically assembly” [1]. It was aforementioned that these 

biopolymers present unique characteristics such as biocompatibility, biodegradability and 

nontoxicity [2], [3]. Since biopolymers are readily produced by Nature, their synthesis is 

cost effective and not complex. The most common biopolymers studied include chitin, 

chitosan and cellulose since they all have many applications in the medical, food, water 

treatment, industrial and agricultural fields. They also possess good biocompatibility with 

human body tissues and fluids [17].  

After cellulose, chitin is considered the most abundant natural polymer. Chitin consists of 

groups of β-(1,4)N-acetyl glucosamine, which are repeated in the structure of the polymer 

with multiple hydrogen bonds [3], [18], [19]. The glucosamine position in the structure can 

change to α (antiparallel), β (parallel) and γ (combined), which indicates the differences 

in packing and polarities of the chains [18], [19]. Of those structures, α-chitin is the most 

stable form and can be dissolved in stronger swelling agents such as aliphatic diamines 

[3], [20]. Additionally, α-chitin has a highly crystalline structure with intra-inter hydrogen 

bonding, which limits the access of the solvent into the network [18]. Contrary to α-chitin, 

the more open structure of β-chitin makes it susceptible to swelling; polar molecules 

(water or alcohol) can penetrate the structure of β-chitin and destroy the hydrogen bonds 

of the structure [18]. Consequently, N-dimethylacetamide/LiCl is the most common 

system to dissolve α-chitin for its crystalline structure [20].  
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Moreover, chitosan is a cationic polysaccharide with a molecular structure made of 

hydroxyl and amino groups; the structure consists of D-glucosamine and N-acetyl-D-

glucosamine [18], [21]. This biopolymer is a derivate of chitin, produced via the alkaline 

N-deacetylation of that polymer; this process consists of removing the acetate group and 

replacing it with an amide group in alkaline solutions [2], [20]. Such degree of 

deacetylation must be at least about 50% to be considered chitosan and to render it 

soluble in aqueous acidic media [20]. The mechanism of solubility occurs by protonation 

of the primary ‒NH2 group on the C‒2 position of the D-glucosamine repeating unit, by 

which the polysaccharide is converted to a polyelectrolyte in the acidic media [19]. The 

properties of chitosan depend on the pH, the molecular weight, the distribution of the 

acetyl groups in the structure, and the degree of de-acetylation [19]. As mentioned above, 

at low pH, the amide groups are protonated, increasing the solubility of chitosan in dilute 

aqueous solutions. On the other hand, the amide groups are deprotonated at high pH 

values, decreasing the solubility of the polymer [20]. Also, advanced functional materials 

derived from chitosan can be obtained by its chemical modification using the different 

functional groups already present in the molecule. N-alkylation, N-acylation, N-

carboxyalkylation, and polymer grafting have been used for the chemical modification of 

chitosan [22], [23]. 

As aforementioned, cellulose is the most abundant biopolymer in the planet, obtained 

from plant tissue after purification [20], [24]. This linear syndiotatic polymer consists of β-

1,4-glycosidic bonds linked with D-glucopyranose units. In the crystalline structure, every 

monomer is rotated 180º with respect to its neighbors. Additionally, each glucose 

monomer consists of three hydroxyl groups (‒OH) in the C‒2, C‒3 and C‒6 position. The 
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rotational conformation of the hydroxyl group on C‒6 position can alter the hydrogen 

bonding pattern and the crystallinity structure, affecting the dissolution of the polymer [24]. 

As in other polymers, some factors affecting the dissolution of cellulose are the length of 

the polymer chains and, subsequently, the degree of polymerization (DP), which indicates 

the number of glucose units present in the chain. As the glucose units increase, the 

number of hydroxyl groups present in the structure also increases. These hydroxyl groups 

form complex pattern of hydrogen bonds, causing the need of solvents with high hydrogen 

bonding capacity for the cellulose dissolution. The most common solvents used for the 

cellulose dissolution include: dimethylacetamide and lithium chloride (DMAc/LiCl), 

dimethylsulfoxide and tetrabutylammonium (DMSO/TBAF) and N-Methylmorpholine-N-

oxide (NMMO). In addition, cellulose can be dissolved in aqueous alkali media such as 

sodium hydroxide (NaOH/H2O), sodium hydroxide/urea and sodium 

hydroxide/poly(ethylene glycol) (NaOH/PEG). Furthermore, acidic media such as 

trifluoroacetic acid, dichloroacetic acid, formic acid, and sulfuric acid are useful to dissolve 

it too. 

As stated in the previous section, these biopolymers, i.e. chitin, chitosan and cellulose, 

are compatible with non-organic particles. This presents a further incentive to study the 

formulation of ferroelectric/biopolymer composites. As a consequence, such composites 

reinforced with ferroelectric nanoparticles are appealing to be studied due to their tunable 

dielectric properties. 
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2.2 Ferroelectric Ceramics 

Ferroelectric ceramics have sparked the interest of many researchers for a number of 

reasons, their piezoelectricity and pyroelectricity being the most appealing features. In 

piezoelectric materials, an electrical field is produced by an applied mechanical stress. 

For pyroelectric materials, a temperature gradient generated an electric field. The 

ferroelectric behavior of these materials is affected by the spontaneous polarization below 

a characteristic temperature (known as Curie temperature); this means that ferroelectric 

materials exhibit an electric dipole moment in the absence of an applied electrical field.  

The electric dipoles in these ceramic structures are aligned as a consequence of their 

mutual interactions and crystal symmetry as well as the applied local electric field. For 

ferroelectric materials, polarization increases as a function of that applied field [5], [25], 

[26]. When the field is removed, the polarization remains at a finite value, known as 

remnant polarization, as result of the oriented dipoles being unable to return in the original 

state. In addition, the magnitude of the electric field needs to be lower than the dielectric 

breakdown of the material. Summarizing, two conditions are needed to classify the 

ferroelectric materials: a) spontaneous polarization, and b) reorientation of the dipole 

moments [25]. As it can be inferred, the spontaneous dipole moments are physically tied 

to the lattices, whereas lattice parameters that can change with an applied force or 

temperature. Ferroelectric ceramics are divided in four subcategories [25]:  

1) tungsten-bronze group,  

2) oxygen octahedral group (perovskite structure),  

3) pyrochlore group, and  

4) bismuth group.  
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Nowadays, perovskite-type titanate ferroelectric ceramics are the most commonly used:  

BaTiO3, SrTiO3, CaTiO3 and PbTiO3. In addition, zirconates and other compounds such 

as LaGaO3, LaAlO3 and KNbO3 have a perovskite structure, but are not extracted from 

the mineral perovskite. The perovskite structure can be considered as a type of FCC 

structure in which the central titanium ion (Ti+4) is coordinated with six oxygen ions (O-2), 

whereas strontium cations (Sr+2) are surrounded by four TiO6 octahedral. These materials 

have mixed ionic and covalent bonds, which make them suitable for electronic 

applications. 

As mentioned, spontaneous polarization is affected by the lattice constants of the unit 

cell, which can change with an applied force or temperature. Some perovskites, such as 

BaTiO3 and PbTiO3, present higher spontaneous polarization where the large size of 

barium and lead ions increases the size of the unit cell. As a result, since the titanium 

atom is off-centered in the unit cell, it can be located at a higher or lower position in the 

cell. Consequently, an electric dipole forms in the unit cell [5], [26].  

Furthermore, spontaneous polarization is expected below the Curie temperature of the 

material, where the effect of the thermal energy is negligible [5], [26]. Then, the 

spontaneous polarization is kept with the electric dipoles aligned. In titanates below the 

Curie temperature, the octahedral structure changes from cubic to tetragonal and the 

titanium cation is off-center in the unit cell causing a permanent electric dipole [5], [26].  

In the last decades, ferroelectric ceramics have been extensively used in the fabrication 

of capacitors. These devices require particular characteristics such as energy storage, as 

well as the ability to filter out noise and to supply power to other components. To establish 

the effectiveness of the capacitors, specific dielectric properties are measured. Since 
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spontaneous polarization is key in ferroelectric materials, this property is discussed in the 

next section. 

 

2.3 Polarization 

As indicated before, ferroelectric nanoparticles possess spontaneous polarization, which 

is the alignment of permanent or induced atomic or molecular dipole moments with an 

externally applied electrical field [26]. As the field is applied, the charge carriers are 

displaced in a free space, allowing the redistribution of the charges present in the 

dielectric material [26]. These electric dipoles generate a dipole moment, which depends 

on the magnitude and direction of the applied electrical field [5]. The electric dipole 

moment (equation 1) consists of two opposite electric charges ±q, which are separated 

by a distance d [5]. 

 

q·d=μ         (1) 

 

When the dielectric material is placed in an electric field, the induced dipoles and any 

permanent dipoles turn aligned [5]. The polarization of the material is then described by 

equation 2 [5]. 

 

N·q·d=P         (2) 

 

N is the number of dipoles in the dielectric material, q is the charge, and d is the distance 

between the two opposite electric charges. As presented, dielectric materials can be 

polarized using an external electrical field. However, there are four possible polarization 
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mechanisms in a dielectric: electronic, ionic, dipolar, interfacial, schematically shown in 

Figure 4 and discussed in the next section [5].  

 

 

Figure 4. Polarization mechanisms 

 

2.4 Polarization Mechanisms 

In the presence of an electrical field, electronic polarization occurs as a result of the 

displacement of the centered negative electron cloud relative to the positive nucleus of 

an atom. The electrons concentrate on the side of the nucleus near the positive pole of 

the electric field. As a result, the atom acts as a temporarily induced dipole. Typical 

displacements are ~1 Å, giving a µ ~1.6 · 10-37 C·m. This is the only possible mechanism 

in pure materials covalently bonded without permanent dipoles.  

Ionic polarization occurs when an electric field is applied to ionically bonded materials. 

The bonds between the ions are elastically deformed, causing the redistribution of 

charges, and, thus, increasing the net dipole moment. Additionally, the direction of the 
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electrical field affects the displacement of the cations and anions that move either closer 

or farther apart. As a result, as polarization occurs, the dimensions of the unit cell of the 

material is affected. In this type of polarization, the magnitude of the dipole moment is 

smaller due to the displacements; 10 to 100 Å are typical displacements. 

In dipolar polarization, the substances need to possess a permanent dipole moment.  This 

polarization results from the alignment of the permanent dipole moments onto the 

direction of the applied electric field. Such alignment is counteracted by the internal 

energy of the material; this means that thermal vibrations of the atoms decrease the 

polarization at higher temperatures. In addition, dipolar polarization is generally 

uncommon in ceramics because most of the permanent dipoles cannot be reoriented 

without destroying the crystal structure. However, there are some very important 

exceptions such as perovskite-type ceramics, e.g. barium titanate. In this case, below the 

Curie temperature, the octahedral coordinated Ti4+ ion is displaced and a tetragonal 

structure is formed, allowing a permanent polarization. When an alternating electric field 

is applied, the Ti4+ ion moves back and forth between the allowable positions to ensure 

the alignment of the electric dipoles with the electrical field. 

In interfacial polarization, when impurities are present, a charge may develop at the 

interfaces. This charge will move on the surface when the material is placed in an 

electrical field. The total polarization for the material is cumulative, which means that the 

total polarization is the sum of all the individual contributions P, as presented in equation 

3. 

P+P+P+P=P linterfaciadipolarionicelectronictotal         (3) 
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2.5 Dielectric Properties 

Electrical insulators constitute an important field for electronic applications, such as 

capacitors in electronic circuits and electrical insulators [26]. For these applications, their 

main properties of interest are the dielectric constant, the dielectric loss factor and the 

dielectric strength. As electrical insulators, ferroelectric materials bear interesting 

electrical properties, such as low conductivity or high resistivity, high dielectric constant, 

moderate dielectric strength, low dielectric loss, among others [27]. In particular, titanates 

have triggered great interest in industries and researchers due to their appealing electrical 

properties that are summarized in Table 5 [27]. As mentioned, the most commonly used 

titanates are: BaTiO3, SrTiO3, CaTiO3 and PbTiO3. 

Table 5. Electrical properties of titanates. 

Dielectric Constant 
104 Hz 

Dielectric Strength 
V/mm 

Volume Resistivity 
Ohm-cm (23ºC) 

Loss Factor 

15-12,000 50-300 108-1013 0.0001-0.02 

Recent researches have centered on the fabrication of organic materials with ceramic 

particles because the organic constituent provides additional advantages to the 

composite, such as cost effectiveness and dimensional accuracy upon fabrication. 

Additionally, ceramics provide stability upon environmental changes (high temperatures) 

and thermal stresses. As presented, there are some electrical properties to determine the 

effectiveness of capacitors: the dielectric constant, dielectric strength and electrical 

resistivity.  
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2.5.1 Dielectric Constant 

Also known as dielectric constant, the dielectric permittivity is probably the most important 

property for dielectric materials. The dielectric permittivity (ε) relates the electric field with 

the free charge passing through the surface of the material [26]. This electrical property 

takes into consideration the capacitance described by equation 4 [26]. 

 

V

Q
=C         (4) 

 

Q is the charge through the plates and V is the voltage across the capacitor, which stores 

energy in a given volume. 

The capacitance of the material given by equation 4 does not take into account the 

geometry of the capacitor. As a result, the capacitance for a parallel plate capacitor is 

given by equation 5 [26].    

 

ε·
d

A
=C         (5) 

 

A is the area of the plates and d is the distance between the plates. Figure 5 shows a 

schematic of such capacitor.  
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Figure 5. Schematic of a capacitor which consists of a dielectric material and parallel 
plates on both sides of the dielectric material. 

 
In addition, the dielectric permittivity is given by equation 6 [26]. 

 

k·ε=ε o         (6) 

 

𝜀0 is the dielectric permittivity in vacuum and k is the dielectric constant of the material. 

The vacuum permittivity value is approximate to 8.854 × 10−12
𝐹

𝑚
 when the plates are 

attached to the ceramic material and no air flux passes between the plates. After 

substituting the dielectric permittivity equation into the capacitance equation for a parallel 

plate capacitor, the dielectric constant is given by equation 7 [26]. 

 

ε·A

C·d
=k

o

        (7) 

 

C is the capacitance of the dielectric material, A is the area of the plates, d is the distance 

between the plates and ϵo, the vacuum permittivity. 
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2.5.2 Dielectric Strength 

The dielectric strength measures the ability of a material to withstand higher electrical 

fields without breakdown. For a dielectric material, the dielectric strength is given by 

equation 8 [26]. 

 

t

V
=Strength Dielectric         (8) 

 

V is the maximum voltage that withstands the dielectric material before breakdown and t 

is the thickness of the capacitor.  

At low field strengths there exists a limited group of charge carriers due to electronic or 

ionic imperfections in the capacitor. As the field strength rises, the conductivity of the 

capacitor increases, promoting more electrons to pass through the capacitor until the 

breakdown. As the capacitor reaches the breakdown, two phenomena contribute to the 

dielectric rupture: an electronic breakdown and a thermal breakdown [26].  

Electronic breakdown takes place when a localized voltage reaches the maximum value 

that causes the overall capacitor breakdown. However, thermal breakdown occurs by a 

localized overheating produced by the electrical field. Higher electrical conductivity due 

to the higher temperature increases the channels of currents passing through the sample, 

which produce a local instability and the final capacitor rupture. 

 

2.5.3 Resistivity 

Electrical resistivity is the ability of dielectric materials to withstand the flow of electrical 

current. Thus, dielectric materials with high resistivity hinder the flow of electrical current 

[26]. This electrical property is the inverse of the conductivity, which takes the electrical 
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current density into consideration. For dielectric materials, the resistivity is given by 

equation 9 [26]. 

 

σ

1
=ρ         (9) 

 

σ is the conductivity of the dielectric material. If the electrical current density is defined as 

the charge transported through the cross sectional area of the capacitor, the electrical 

conductivity can be expressed by equation 10 [26]. 

 

E

j
=σ         (10) 

 

E is the electric field strength and j is the current density. Both electrical properties are 

given by equation 11 and 12, respectively [26]. 

 

t

V
=E         (11) 

 

A

i
=j         (12) 

 

V is the voltage through the capacitor, t is the thickness of the dielectric material, i is the 

current through the plates and A is the cross sectional area of the capacitor. 
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2.6 Thermomechanical Analysis 

2.6.1 Glass Transition Temperature (Tg) 

Polymer crystallinity is an important property for all polymers. There are three different 

types of polymer rearrangement such as crystalline, semi-crystalline and amorphous. For 

crystalline polymers, the molecules are orderly rearranged, which made the polymer more 

rigid. When polymers have both amorphous and crystalline regions, it is known as semi-

crystalline polymer. In an amorphous polymer, the molecules are oriented randomly and 

are intertwined. Figure 6 shows the schematic of crystalline and amorphous phases in a 

semi-crystalline polymer. 

  

 
Figure 6. Crystalline and amorphous phases in a semi-crystalline polymer. 

 
Polymer crystallinity affects the glass transition temperature (Tg), which relates with the 

thermal energy required to change the molecular conformation of the polymer structure. 

Below the Tg, the molecular conformation remains in the glassy state where the polymer 

is hard and brittle. When the temperature rises above the Tg, the polymer is in the rubbery 

state where it becomes soft and flexible.  
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In order to determine the Tg from a strain vs. temperature curve (obtained via 

thermomechanometry) tangent lines are drawn to both the glassy and rubbery parts of 

the curve (Figure 7). The intersection between both tangents is known as the glass 

transition temperature. This glass transition is exhibited for the amorphous portion of a 

semi-crystalline polymer since the crystalline portion remains crystalline during the glass 

transition.  

 

 

Figure 7. Strain of a polymer as a function of the temperature. 

 

2.6.2 Creep Analysis 

In the study of reinforced polymers a relevant mechanical behavior is creep, which is 

understood as the deformation of the polymer at a constant load at a given temperature. 

To study creep behavior at constant load and temperature, the material strain is 

measured as a function of time. A typical creep strain curve consists of three stages. 

Before the primary stage, an instantaneous deformation occurs at constant load as a 

function of the elastic modulus of the material at the experiment temperature. 

Subsequently, the deformation of the polymer increases upon the primary stage. In the 
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secondary creep stage, a steady state linear deformation is observed, which is followed 

by an accelerated deformation (tertiary stage) until the fracture occurs. 

For instance, the creep deformation depends of the load and the temperature applied to 

the polymer, the time of deformation, and the structure and morphology of the polymer. 

Additionally, the creep deformation can be affected by the addition of particles, interphase 

between the particles and the polymeric matrix, and the dispersion of the particles. 

Researchers normally model the creep deformation of these viscoelastic materials using 

a series of linear springs and linear dashpots. The spring element exhibits the elasticity 

and recovery of the material (equation 13), while the dashpot represents the viscous 

behavior of the material (equation 14).  

Figure 8 shows the spring and dashpot elements utilized to model the creep deformation 

of the materials.  

 

 

 

 

 

 

 
 

Figure 8. (a) Spring element and (b) dashpot element. 

 

ε·Ε=σ         (13) 

 

εη=
dt

εd
η=σ          (14) 
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E is the Young’s modulus,  is called as the creep strain,  is known as the coefficient 

viscosity and ε  is the creep strain rate.   

The linear springs and linear dashpots can be arranged in series or parallel to formulate 

different models. In particular, the Maxwell model consists of springs and dashpots 

connected in series while the Kelvin model a parallel arrangement of spring and dashpots, 

as shown in Figure 9.  As consequence, the overall strain for elements connected in series 

is given by equation (15). 

 

 

 

 

 

 

 

 

Figure 9. (a) Maxwell model and (b) Kelvin model. 

 

ε+ε=ε ds         (15) 

 

εs  and εd  are the strain of the spring and dashpot, respectively. These variables are 

expressed in terms of stress. As a result, the strain response is given by equation 16.  

 

( ) t
η

σ
+

E

σ
=tε         (16) 
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σ is the applied stress, η is the coefficient of viscosity, E is the Young’s modulus and t is 

the time under the applied load.  

In the Kelvin model, the springs and dashpots are connected in parallel. Since both 

elements are arranged in parallel, the cumulative stress is given by equation 17.  

 

σ+σ=σ ds         (17) 

 

σs  and σd  are the stress of the spring and dashpot, respectively. The creep strain 

response under a constant stress is given by equation 18. 

 

   ( )[ ]η/t·Eexp1
E

σ
=ε         (18) 

 

Based on the discussion of the Maxwell and Kelvin models, we are able to express the 

Burger’s model in equation 19.  

 

( )[ ] t
η

σ
+η/t·Eexp1

E

σ
+

E

σ
=ε

1

22

21

        (19) 

 

Moreover, the shear creep compliance J(t) is an important characteristics for polymers. 

This compliance is defined as the change in strain as a function of time under a constant 

stress, equation (20) [28]. 

 

( )
( ) ( )

σ

tεtε
=tJ

o

12
        (20) 
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ε is the strain as a function of time and 𝜎0 is the constant stress applied. By writing 

equation 19 in terms of shear creep compliance, equation 21 is obtained. 

  

( )[ ]
η

t
+η/t·Eexp1

E

1
+

E

1
=J

1

22

21

        (21) 

 

Equation 21 states the response of the polymer under a constant stress and temperature. 

The study of the thermomechanical properties of the bio-composites is necessary. These 

bio-composites are placed inside or between metallic plates, which then are placed in an 

electrical circuit. All these factors produce tension or compression effects in the bio-

composites. Additionally, the applied electric field produces temperature changes in the 

capacitors. Thus, we decided to study the mechanical properties of the bio-capacitors 

under tension and at two different temperatures.   

 

 

 

 

 

 

 

 

 

 

 

 



32 

 

3  EXPERIMENTAL PROCEDURE 

The experimental procedure is divided in two parts. The first part consists of the 

fabrication of chitosan-cellulose polymeric films while the fabrication of bio-ferroelectric 

composites is presented in the second part. The composites then underwent a series of 

structural, mechanical and thermal analysis. Furthermore, dielectric properties have been 

measured. 

 

3.1 Materials Selection 

To fabricate the polymer films we used poly (D-glucosamine) deacetylated chitosan, i.e. 

(C6H11O4N)n (with 75% deacetylation provided by Sigma Aldrich), cellulose powder 

(cotton linens also provided by Sigma Aldrich), strontium titanium oxide, i.e. SrTiO3 

(99+%, provided by Fisher Scientific). The chitosan solution was prepared using acetic 

acid glacial CH3CO2H (99.7+%, obtained from Alfa Aesar). Moreover, 4-

methylmorpholine N-oxide solvent C5H11NO2, (50wt% in water, provided by Sigma 

Aldrich) was required to complete the cellulose solution. In the next section, the 

fabrication of the nanocomposites is presented.  

 

3.2 Fabrication of Chitosan-Cellulose Polymeric Films 

The polymeric films consisted of a mixture of two biopolymers: chitosan and cellulose, 

obtained by a solution casting method in which the solution was placed onto petri dishes 

and dried. For the chitosan solution, the polymer was dissolved into an acetic acid 

aqueous solution and mechanically stirred. We decided to limit the concentration of 

chitosan to 1.5 v% because in preliminary experimentations higher concentrations were 
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found to increase the viscosity of the solution to unmanageable conditions. Additionally, 

different percentages of acetic acid concentration were used in order to determine if the 

mechanical properties of the films were affected, particularly when using 1.25 v% and 

2.50 v% acetic acid. 

The cellulose solution was prepared by the addition of the polymer into 4-

methylmorpholine N-oxide (NMMO) solvent and mechanically stirred at 65ºC to favor 

more solubility of the polymer. As previously stated, a solvent is required to dissolve 

cellulose because its structure consists of three hydroxyl groups, which make a complex 

pattern of hydrogen bonds [29]. In our study two cellulose concentrations were analyzed, 

0.5 v% and 1.0 v%, in order to evaluate the effects of different concentration of cellulose 

in the composite. 

After the stock solutions of chitosan and cellulose were prepared, two batches of films 

were produced. In the first batch, the concentration of cellulose was set to 0.5 v% while 

1.0 v% was adjusted for the second batch. Each batch consisted of three small solutions 

containing, 5 v%, 15 v% and 25 v% of cellulose. 

The smallest solutions were mechanically stirred and poured into petri dishes, and dried 

in an oven at 40ºC. Afterward, the films were removed from the petri dishes using a basic 

solution. Since upon the films removal, they absorbed a great amount of water, a second 

dry process was necessary. Figure 10 shows the experimental procedure for the 

fabrication of chitosan-cellulose films. 
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Figure 10. Sequence of the fabrication of chitosan-cellulose films. 

 

3.3 Fabrication of Bio-Ferroelectric Composites 

Bio-ferroelectric nanocomposites were developed layer by layer via the solution casting 

method. Initially, they had been prepared by adding the nanoparticles into each smaller 

chitosan-cellulose solution presented in the previously section. However, the 

nanoparticles bearing a density of 5.118 g/cm3, i.e. three times the density of the polymer, 

settled at the bottom of the solution, which affected the dispersion of the particles. 

Therefore, to improve the dispersion of the nanoparticles, we deemed necessary to 

fabricate a composite with a chitosan-cellulose layer followed with a polymer-

nanoparticles layer.  

The first layer of the nanocomposite was prepared from a chitosan-cellulose solution, 

where the polymer was dissolved in an aqueous solution with acetic acid and 

mechanically stirred at room temperature. The cellulose was dissolved in a 4-

Chitosan (1.5v%) solution 
prepared and mechanically 

stirred at 25ºC. 

All small solutions 
mechanically stirred at 

25ºC. The solutions poured 
in petri-dishes and placed 

in an oven at 40ºC. 
 

Cellulose (0.5v%, 1.0v%) 
solutions prepared and 
mechanically stirred at 

65ºC. 

Small solutions with 5v%, 
15v% and 25v% of 

cellulose are prepared for 
(0.5v% and 1.0v%) of 

cellulose. 
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methylmorpholine N-oxide solvent under vigorous stirring at 65oC. After the stock 

solutions were completed, two small solutions with different volume percentages (15 v% 

and 25 v%) of cellulose were produced, poured into petri dishes and placed in an oven at 

40ºC. In the fabrication of the bio-ferroelectric composites, 5 v% solution was not used 

since the composites underwent crazing when the films were removed using a basic 

solution.  

For the second layer, other stock solutions of chitosan and cellulose were prepared. 

Cellulose and strontium titanate nanoparticles were added into that chitosan solution to 

formulate the smallest solutions, which were sonicated and mechanically stirred to 

disperse the nanoparticles that otherwise would have agglomerated in the solution. Such 

agglomeration is caused by strong van der Waals forces between the nanoparticles [30]. 

The amounts of the nanoparticles selected to analyze their effects in the mechanical and 

electrical properties were 10 wt% and 20 wt%. The solutions were poured onto the first 

layer of chitosan-cellulose and placed in an oven at 40ºC. Finally, the films were removed 

from the petri dishes with a basic solution and let dry to remove the excess of water 

present in the composite. Figure 11 shows the experimental procedure for the fabrication 

of the bio-ferroelectric nanocomposites.  
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Figure 11. Experimental procedure of the fabrication of chitosan-cellulose films with 
ferroelectric nanoparticles. 

 
As presented, these bio-ferroelectric nanocomposites consisted of 0.5 v% of cellulose. 

Composites with 1.0v% of cellulose were not considered due to the negative effect in the 

mechanical and thermal properties obtained for the chitosan-cellulose films. 

 

 

 

Cellulose (0.5v%) solutions 
prepared and mechanically 

stirred at 65ºC. 

Small solutions with 15v% 
and 25v% of cellulose are 

prepared for 0.5v% 
cellulose. 

 

Chitosan (1.5v%) solution 
prepared and mechanically 

stirred at 25ºC. 

All small solutions 
mechanically stirred at 

25ºC. The solutions poured 
onto the first layer and 

placed in an oven at 40ºC. 
 

Addition of 10wt% and 
20wt% of SrTiO3 

nanoparticles.  
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3.4 Materials Characterization 

3.4.1 Structure Analysis 

 The samples structures were characterized via x-ray diffraction, which provides 

crystalline structural information such as the average size of the nanoparticles and 

the crystalline phases present in the composites. The average size of the 

nanoparticles was obtained through the Scherrer’s equation [31]. All samples were 

characterized with a Rigaku ULTIMA III diffractometer operated at 40 kV and 44 

mA. The diffraction patterns were collected at 25ºC with a 2 step of 0.02º and a 

dwell time of 1 second. The target used was copper with a Kα wavelength of 

0.154178 nm.  

 Additionally, Fourier transform infrared spectroscopy (FTIR) was used to analyze 

the structure of the samples. The FTIR unit emits light in the infrared region in order 

to study the vibrations and rotations of the bonds present in the sample. The 

energy provided by the FTIR is absorbed at the frequency of the bonds between 

the atoms, allowing its identification. All samples were analyzed with a Shimazdu 

IRAffinity-1 at a range of 4000 cm-1 to 600 cm-1. For each run, the accumulation of 

scans was 200 at a resolution of 4 cm-1. 

 

3.4.2 Mechanical Analysis 

 A thermomechanical analyzer (TMA) allowed studying the deformation of the 

composite materials as a function of time, as well as their glass transition 

temperatures (Tg). In addition, this TMA allowed evaluating the elastic behavior of 

the bio-composite, including the shear creep compliance. To determine these 
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properties, 10 mm long by 5 mm wide samples underwent a temperature ramp of 

5ºC/min from 25ºC to 300ºC in an air atmosphere. The applied force was 1.0 N, 

which was kept constant during each run. In this case, the composite underwent a 

1.0 N load at two temperatures, 25ºC and 100ºC, for 3 hours. All these properties 

were measured using a TMA/SDTA84e from Mettler Toledo thermomechanical 

analyzer. 

 All samples were characterized in a low force universal testing machine Instron® 

model 5944 to determine their ultimate tensile strength. The deformation velocity 

was set to 1mm/min at room temperature (25ºC). For the dimensions of the 

samples, the ASTM D-1708 standard was used: 22mm gauge length, 5mm wide 

and 5mm radius fillet. 

 

3.4.3 Thermal Analysis  

 A TGA/SDTA from Mettler Toledo thermogravimetric analyzer (operated at a 

temperature ramp of 5ºC per minute from 25ºC to 500ºC) helped to determine 

properties such as degradation temperature (Tdeg). The samples were placed on a 

balance that records the mass loss of the samples as a function of temperature. 

To determine the degradation temperature, the first derivate of the mass loss vs 

temperature was obtaining from the TGA/SDTA analyzer; the degradation 

temperature was the minimum value of the first derivate.  
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3.4.4 Electrical Analysis 

 The electrical properties measured included capacitance and the current passing 

through the dielectric material. The capacitance was measured using a QuadTech 

2200 automatic transformer test system (with an AC supply) as a function of the 

frequency, set from 1 kHz to 10 kHz. Subsequently, the dielectric constant as a 

function of the frequency was determined from the capacitance.  

 A GW INSTEK GPS-3303 DC power supply permitted to assess the current 

passing through the dielectric material when the applied voltage changed between 

5V and 60V and a GW-INSTEK GDM-8246 power meter connected in series was 

used to collect the electrical current values. A step-by-step method was 

implemented, i.e. the applied voltage was raised at equal increments for a specific 

time. Increments of 5V were applied to the capacitor and then, after 10 seconds, 

the current flow was recorded at each one of the 5V increments. 

 In order to develop a capacitor, an XLX sputter unit applied a titanium coating on 

both nanocomposite sides for 20 minutes at 200 watts. All these capacitors were 

characterized using a CalframoTM stirrer clamp made of cast zinc-aluminum alloy 

coated with epoxy, as shown in Figure 12. This clamp included a hold chuck key 

in which a copper electrode was placed. In addition, another copper electrode was 

placed at the base of the Calframo™ stirrer clamp. Then the electrical properties 

were measured by placing the capacitor between the two copper electrodes as a 

1.27 N load was applied on the capacitors to ensure proper contact. For the 

dimensions of the samples, we used the ASTM D-150 standard, which requires a 

10 mm length and 10 mm wide specimen [32].  



40 

 

               

Figure 12. Calframo™ stirrer clamp utilized in the measurement of the dielectric 
properties. 
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4 CHARACTERIZATION OF CHITOSAN-CELLULOSE BIO-COMPOSITES 

In this chapter, we focused on the study of thermal and mechanical properties of the bio-

composites. For this study, the variables considered includes: the concentration of 

cellulose (0.5 v% and 1.0 v%) and the amount of cellulose (5 v%, 15 v% and 25 v%) 

added into each small solution. Furthermore, the effects of the acetic acid concentration 

were analyzed, thus, two concentrations were studied, 1.25 v% and 2.50 v%. In addition, 

to study the effects of the nanoparticles on the electrical properties of the composites, 

different percentages of strontium titanate nanoparticles were used: 0 wt%, 10 wt% and 

20 wt%.  

 

4.1 Thermogravimetric Analysis (TGA) 

 The degradation temperature (Tdeg) was determined from the TGA analysis. The results 

suggest that higher concentrations of cellulose decreased the degradation temperature 

of the bio-composites made of chitosan and cellulose (Figure 13). For bio-composites 

made of 0.5 v% of cellulose, higher Tdeg values were obtained compared to the 1.0 v% 

one. Furthermore, the Tdeg lowered as the amount of cellulose increased from 5 v% to 25 

v%.  
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Figure 13. TGA analysis for bio-composites made of 1.5 v% chitosan / (0.5 v% and 1.0 
v%) cellulose and 1.25 v% of acetic acid. 

 
As aforementioned, in the fabrication of the bio-composites, cellulose adversely affects 

the degradation temperature due to the water content in the composites, which depends 

of the chitosan dissolution in a water/acetic acid medium and the cellulose addition. The 

interaction between the cellulose hydroxyl groups with the water molecules contributes to 

the larger presence of water molecules in the polymeric matrix: a) directly linked to the (‒

OH) groups or b) confined between the polymer chains due to the hydrogen bonds formed 

by the OH groups and the water molecules [33], [34]. To remove the water content in the 

polymer, higher temperatures are required in the drying process but those can affect the 

chemical structure of the polymer. 

In addition, the effects of the acetic acid concentration on the degradation temperature 

were also studied. For bio-composites made of 1.25 v% and 2.50 v% of acetic acid, the 

addition of cellulose lowered the Tdeg of the composites. However, lower values of Tg were 

obtained for 2.50 v% acetic acid concentration compared than 1.25 v%, as shown in 

Figure 14.  
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Figure 14. TGA analysis for bio-composites made of 1.5v% chitosan / 0.5v% cellulose 
considering 1.25v% and 2.50v% of acetic acid. 

 
Higher concentrations of acetic acid lowered the Tdeg due to the swelling degree of the 

composites. Hosokawa et al. stated that the swelling degree depends of the crosslinking 

between chitosan and cellulose, which can originate from the Schiff base reaction. In the 

Schiff base reaction, the hydrogen ions of the primary amino groups of chitosan (‒NH2) 

interacts with the aldehyde groups (‒COH) in the cellulose leading the formation of (‒

CH═N‒) groups at pH 6.0 [7], [35], [36]. In other words, at pH 6.0, the amine groups are 

partially deprotonated. When the pH is below than 6.0, the amine groups (‒NH2) are fully 

protonated in the form of (NH3
+); increasing the electrostatic repulsion between the 

polymer chains. Higher electrostatic repulsions allow more water molecules between the 

polymer chains. Thus, the swelling degree increases, resulting in a lower cross-linking 

degree of the polymer chains. 

  

4.2 Tensile Analysis 

One of the mechanical properties analyzed was the ultimate tensile strength (UTS), which 

i.e. the maximum stress that the bio-composites can withstand before the rupture. Figure 
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15 suggests that higher concentrations of cellulose diminished the ultimate tensile 

strength. For 0.5 v% and 1.0 v% of cellulose, the UTS lowered 3.5 MPa, as the amount 

of cellulose increased from 5 v% to 25 v%. In addition, the effects of the acetic acid 

concentration were also analyzed. For bio-composites made of 1.25 v% and 2.50 v% of 

acetic acid, the UTS diminished as the amount of cellulose increased from 5 v% to 25 

v%, as shown in Figure 16. When the acetic acid concentrations were compared, a 

reduction of 7 MPa was observed for 5v%, 15v% and 25v% of cellulose, as evidenced in 

Figure 16.  

As stated in the previous section, higher amounts of cellulose and acetic acid increase 

the water content in the polymer films. Cellulose possesses three hydroxyl groups, which 

interact with the water molecules while the acetic acid increases the electrostatic 

repulsions between the polymer chains at pH values below 6.0. As a result, there is an 

increase of the water content between the polymer chains. 

   

 
  
Figure 15. Tensile analysis for bio-composites made of 1.5 v% chitosan / (0.5 v% and 1.0 
v%) cellulose and 1.25 v% of acetic acid. 
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Figure 16. Tensile analysis for bio-composites made of 1.5 v% chitosan / 0.5 v% cellulose 
considering 1.25 v% and 2.50 v% of acetic acid. 
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5 CHACTERIZATION OF BIO-FERROELECTRIC NANOCOMPOSITES 

In order to perform a more exhaustive study of the thermal, mechanical and electrical 

properties, we evaluated the percentage of cellulose (15 v% and 25 v%) and the amount 

of particles incorporated into the nanocomposites; i.e. 10 wt% and 20 wt%. Contrary to 

the variables considered in Chapter 4, 5 v% of cellulose was not considered because the 

polymeric films started experiencing crazing effect at that level of cellulose. For the acetic 

acid concentration, it was set to 1.25 v% because higher thermal and mechanical 

properties were obtained for 1.25 v% than for 2.50 v% of acetic acid. 

 

5.1 SrTiO3 Nanoparticles 

According to the literature, reinforcing particle size affects the mechanical, thermal and 

electrical properties of similar composites [37].  In our case, to enhance the nanoparticles 

dispersion in the matrix, their size was reduced using a Vario-Planetary Ball Milling 

Pulverisette 4 FritschTM. Since this technique can create impurities, the crystalline 

structure of the STO powder was analyzed using XRD. The resulting diffractogram, 

shown in Figure 17, matched with the expected STO pattern without the presence of 

impurities.  
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Figure 17. XRD pattern of STO powder after 10 hours of milling. 

 
The particle size of the ball milled STO powder was determined at different milling times 

using the Scherrer equation, based on the width of the largest XRD peak [31], [38]. Before 

milling, the particle size ranged between 40 to 50 nm, and decreased to 18 nm after 5 

hours of milling (Figure 18); after that time it did not show a significant change. According 

to previous findings, as the particle size is reduced, the agglomeration of the particles 

diminishes, improving the mechanical, thermal and electrical properties of the 

nanocomposites [37], [39]. When the particle size reach the microscale, the particles tend 

to agglomerate due to the electrostatic forces acting in each particle. 
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Figure 18. STO particle size as a function of milling time. 

 
After mixing with the polymer, the dispersion of the nanoparticles was observed using a 

scanning electron microscope (Figure 19). At low magnification, STO agglomerates are 

observed on the polymer surface. Even though there is STO agglomeration, the 

dispersion of the nanoparticles was enhanced, as shown in Figure 19b, obtained at higher 

magnification.  

(a)                     (b) 

Figure 19. Scanning electron microscopy images obtained from a bio-ferroelectric 
nanocomposite (20 wt% STO): (a) low magnification; (b) high magnification. 
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5.2 Thermogravimetric Analysis (TGA) 

As discussed before, the degradation temperature of the nanocomposites was analyzed 

via TGA. The results suggest that the degradation temperature raised as the volume 

percentage of cellulose increased, contrary to the observed behavior for the bio-

composites without nanoparticles, as shown in Figure 20. The presented behavior could 

be due to charge interactions between the STO nanoparticles and the polymeric chains. 

Furthermore, higher percentages of STO nanoparticles lowered the Tdeg of the 

composites. 

  

 
 
Figure 20. TGA analysis for bio-composites made of 1.5 v% chitosan / 0.5 v% cellulose 
considering 20 wt%, 10 wt% and 0 wt% of strontium titanate nanoparticles. 
 

Even though the addition of STO nanoparticles slightly increased the Tdeg of the 

composites, larger amounts of nanoparticles greatly lowered the Tdeg, as evidenced by 

comparing 0 wt% and 20 wt%. At low nanoparticle content, the interfacial adhesion 

polymer-nanoparticles dominates. To promote thermal stability, it is required to utilize a 

nanoparticle content above 30 wt% [40]. Additionally, the Tdeg is affected by the 

agglomeration of the nanoparticles, which reduces the polymer-nanoparticles interfacial 
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bonding. Furthermore, in another research, the nanoparticles were found to increase the 

presence of pores in the polymeric matrix, affecting the interaction between the 

nanoparticles and the polymer [39].   

 
5.3 Tensile Tests 

As shown in Figure 21, the UTS raised as the amount of cellulose increased from 15 v% 

to 25 v% for the composites containing STO nanoparticles, contrary to the behavior 

observed for composites without nanoparticles. When the UTS values for the composites 

are compared, the UTS values increased as the percentages of STO nanoparticles 

decreased from 20 wt% to 0 wt%.  

 

 
 
Figure 21. Tensile analysis for bio-composites made of 1.5 v% chitosan / 0.5 v% cellulose 
considering 20 wt%, 10 wt% and 0 wt% of STO nanoparticles. 

 
As stated in the TGA section, the addition of cellulose and STO nanoparticles slightly 

increased the pH values of the solutions; improving the interaction between chitosan and 

cellulose. This interaction reduced the amount of water in the resulting polymeric films. 
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However, larger amounts of STO nanoparticles decreased the UTS of the composites; 

even though increased the pH of the solution.  

There are a number of factors that could affect the mechanical properties of the 

composites: particle content, particle size, particle structure and particle dispersion [39]. 

For instance, higher percentages of nanoparticles increase the polymer-nanoparticles 

interfacial energy, which causes cracks through the nanoparticles in the polymeric matrix. 

Additionally, as mentioned in the TGA section, the agglomerates of nanoparticles 

adversely affected the polymer-nanoparticle interfacial bonding. The agglomerates can 

increase the presence of pores and nucleate microspaces through the nanoparticles, 

raising the brittleness of the composites.  

 

5.3.1 Thermomechanical Analysis 

5.3.1.1 Glass Transition Temperature 

 
Figure 22 shows that Tg did not appear to significantly change as the volume percentage 

of cellulose increased from 5 v% to 25 v% when no STO nanoparticles are present. The 

glass transition temperature of the bio-composites ranged between 210ºC to 220ºC.  
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Figure 22. Glass transition temperature (Tg) for biopolymers made of 5 v%, 15 v% and 
25 v% of cellulose. 

 
When the STO nanoparticles were added to the bio-composites, the Tg remains 

unchanged at high percentage of STO nanoparticles, according to Figure 23 and 24. 

Again, our results suggest that the cellulose and STO nanoparticles did not affect the 

glass transition temperature of the composites. In our case, the results approximate the 

Tg values reported in the literature [41]–[43]. In the literature, the reported chitosan and 

cellulose Tg varies very much, e.g. from 150ºC to 203ºC and 180ºC to 250ºC, respectively 

[42]. This Tg variation can be due to the polymer source, polymer fabrication, hydrophilic 

characteristics and even the techniques utilized to measure the Tg [41].  
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Figure 23. Glass transition temperature (Tg) for bio-composites made of 15 v% and 25 v% 
of cellulose and 10 wt% STO nanoparticles. 

 

 
 
Figure 24. Glass transition temperature (Tg) for bio-composites made of 15 v% and 25 
v% of cellulose and 20 wt% STO nanoparticles. 
 

The fact that STO nanoparticles did not appear to change the nanocomposites Tg requires 

further explanation. When the particles are incorporated into the polymeric matrix, there 

are some essential elements that could affect the composites Tg, including the extension 

of the amorphous regions, the extent of the crystallized chains and the interface between 

nanoparticles and polymeric matrix [44]. In our case, the nanoparticles did not affect the 

crystallinity of the polymers because the Tg did not change for the chitosan-cellulose 
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composites and the polymer-STO nanoparticles composites; the Tg values ranged 

between 210ºC and 220ºC for all composites. Additionally, the polymer-nanoparticles 

interfacial energy bonding is not enough to raise the Tg of the composites. 

 

5.3.1.2 Creep Analysis 

 
The creep analysis was performed at two different temperatures and at 1.0 N constant 

load. In order to observe the effects of the temperature, only 25ºC and 100ºC were 

considered since higher deformation occurs around the glass transition temperature of 

the polymer [28]. In our case, the highest deformation was not observed since the glass 

transition temperature of the nanocomposites ranged between 210º to 220ºC. Thus, our 

creep analysis took place at a maximum temperature of 100ºC, i.e. well below to the glass 

transition temperature of the polymers.  

Creep strain curves as a function of time at 25ºC and 100ºC are presented in Figure 25 

and 26. Two creep stages are apparent in the figures along with the corresponding 

instantaneous deformations: the primary stage and the unfinished secondary stage. The 

tertiary stage was not observed, as the time to failure was deemed excessive for the 

scope of this thesis. Surprisingly though, the overall deformation of the polymer-STO 

nanoparticles composites was higher than the chitosan-cellulose composites. When no 

nanoparticles are added, the maximum creep strain for 100ºC was 1.8% and 0.6% for 

25ºC. On the other hand, the creep strain approximates to 2.4% at 100ºC and 1.6% at 

25ºC for composites bearing 20wt% of nanoparticles, respectively. Naturally, the creep 

strain rose as the temperature increased. 
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Figure 25. Creep strain as a function of time for a nanocomposite made of 15 v% of 
cellulose and 0 wt% STO nanoparticles. 
 

 

Figure 26. Creep strain as a function of time for a nanocomposite made of 15 v% of 
cellulose and 20 wt% STO nanoparticles. 

 
Chitosan (present in larger amounts than cellulose in the matrix) possesses high stiffness 

and resistance to deformation, which was observed upon the tensile analysis. In the 

presence of nanoparticles in the polymeric matrix, there are essential elements that could 

affect the creep deformation of the composites: amorphous regions, crystallized chains, 

interface between nanoparticles and polymeric matrix, polymer-nanoparticles junction, 
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bridging segments between nanoparticles and dangling polymeric ends, as shown in 

Figure 27 [44]. 

 

Figure 27. Schematic structure of nanoparticles-semicrystalline polymer composites. 

 
As mentioned, the amorphous and crystalline regions could affect the creep deformation 

of the composites [44]. Our composites are made of semicrystalline polymers, i.e. with 

crystalline and amorphous regions. When a load is applied to the crystalline chains, they 

react rapidly to the mechanical stress and undertake the applied load. However, the 

amorphous regions take more time to withstand the load. If the polymer has high 

crystalline regions, the creep deformation is therefore retarded.  

The particles presence in the polymeric matrix could have affected the crystallinity of the 

material; this potential effect was evaluated by comparing the Tg of the polymer and 

composite. This comparison was presented in the previous section where it was 

demonstrated the Tg was not significantly altered with the addition of the nanoparticles. 

Thus, the crystallinity of the chitosan-cellulose and polymer-STO nanoparticles 

composites remained unchanged.  
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In our case, the strontium titanate nanoparticles tended to agglomerate due to the 

electrostatic forces between particles. The polymer-STO nanoparticles interface plays an 

important role on the creep deformation. The nanoparticles agglomerates could slip at 

higher shear stresses, resulting in the formation of new cracks around the agglomerates. 

Under the applied load, the crack propagation likely continued through the polymeric 

matrix at a slow velocity deformation. 

After discussing possible reasons of such anomalous creep behavior, we deemed 

important to study the viscosity of the solution. We believed that the viscosity of the 

solution is related to the creep deformation of the composites. Therefore, after 

determining the Burger coefficients, we analyzed the viscosity effects of the composites. 

Moreover, the dimensional stability of the nanocomposites was determined by the creep 

rate, i.e. the velocity of creep deformation (Figure 28 and 29). In the curves obtained, the 

creep rate, which started at a high value, decreased rapidly with time upon primary creep 

stage. This reduction of the creep rate could be due to the orientation hardening of the 

polymer with instantaneous deformation under stress [44]. This was followed by a 

constant creep rate after 1.5 hours during the secondary creep stage. In this stage, the 

polymer chains reached a dynamic equilibrium. Naturally, this creep rate is sensitive to 

temperature; higher temperatures caused higher creep rates. For our composites, the 

creep rate followed that trend (Figure 28 and 29).  

 



58 

 

 

Figure 28. Creep rate as a function of time for a nanocomposite made of 15 v% of 
cellulose and 0 wt% STO nanoparticles. 
 

 

Figure 29. Creep rate as a function of time for a nanocomposite made of 15 v% of 
cellulose and 20 wt% STO nanoparticles. 

 
The curves of creep compliance as a function of time were obtained under different 

temperatures and at a constant load of 1.0N (Figure 30 and 31). The creep compliance 

was studied at 25ºC and 100ºC; i.e. temperatures below the glass transition temperature 

of the chitosan and cellulose. Evidently at 100ºC, the creep compliance of each composite 

was greater than at 25ºC. Higher temperatures increase the mobility of the polymer 

chains; increasing the creep deformation of the material.  
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Figure 30. Creep compliance as a function of time for a nanocomposite made of 15 v% 
of cellulose and 0 wt% STO nanoparticles. 
 

 

Figure 31. Creep compliance as a function of time for a nanocomposite made of 15 v% 
of cellulose and 20 wt% STO nanoparticles. 

 
After analyzing the creep compliance at 25ºC and 100ºC, we computed the Burger 

coefficients E1, E2, η1 and η2 to finally obtain the creep compliance equation for each 

condition (Table 6 and 7). The Box-Lucas regression model is given by ( )bxexp1a=y  

while b+mx=y  represents the linear regression model. The Burger coefficients, E1 
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represent the elastic recovery since E2 represent the rubbery elasticity of the bio-

composites. The η represent the viscosity coefficient of the bio-composites.  

At 100ºC, the E1 values for 0 wt% STO nanoparticles were higher than for 20 wt% STO 

nanoparticles, which means that the instantaneous deformation was lower for the bio-

composites without nanoparticles. In other words, the polymer-STO nanoparticles 

composites suffered more deformation under an applied load and temperature. Similarly, 

the E2 values for 0 wt% STO nanoparticles were higher than for the bio-composites 

containing the strontium titanate nanoparticles resulting in high permanent deformation. 

Conversely, the coefficients of viscosity (η1 and η2) lowered for the composites made of 

STO nanoparticles, and thus, the permanent creep strain increased. When η1 and η2 were 

compared, we observed that the viscosity coefficients in the bio-composites containing 

20 wt% STO nanoparticles were lower than in the polymers without STO nanoparticles. 

In other words, the viscous flow of the polymer chains is higher at 20 wt% STO 

nanoparticles. At 0 wt% STO nanoparticles, there is a reduction in the mobility of the 

polymer chains due to the higher viscosity. 

Table 6. Burger coefficients for biocomposites made of 0 wt% STO nanoparticles. 

Temperature E1 MPa-1  E2 MPa-1 η1  η2  

100ºC 0.84 0.80 33,966 704 

 

Table 7. Burger coefficients for bio-composites made of 20 wt% STO nanoparticles. 

Temperature E1 MPa-1 E2 MPa-1 η1  η2 

100ºC 0.51 0.50 28,704 368 
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In order to determine the viscosity effects on the creep deformation of the composites, 

we analyzed the viscosity of the solutions: 20 wt% STO and 0 wt% STO. The results 

suggest that the bio-composites containing 20 wt% STO nanoparticles possessed lower 

viscosity than the polymers without nanoparticles, as shown in Figure 32.   

 

 

Figure 32. Viscosity study of bio-composites made of 15 v% Cel containing 0 wt% STO 
and 20 wt% STO nanoparticles.  

 
Recent studies demonstrated that the addition of nanoparticles can decrease the solution 

viscosity, which can be regarded as an unusual behavior. Nonetheless, Tuteja et al. 

stated that the solution viscosity can be affected by the entanglement of the polymer 

chains and the interparticle half-gap [45], [46]. In order to observe a viscosity reduction, 

the polymer chains must be entangled. As the polymer chains are entangled, the free 

volume increases, and thus, the viscosity decreases. Additionally, the interparticle half-

gap (h) and the radius of gyration (Rg) play an important role in the viscosity effects. When 

h < Rg, the nanoparticles do not participate in the entanglement of the polymer chains; 

resulting in an increase of the free volume, and thus, decreasing the viscosity of the 

solution.  



62 

 

As stated initially, we also studied the creep strain at 25ºC. At this temperature, the 

Burger’s model fail to predict the creep behavior of the composites. It is important to 

underscore that the viscoelastic behavior is only observed at higher temperatures when 

the mobility of the polymer chains is duly affected by temperature. At 25ºC, the elastic 

behavior predominates than the viscous behavior.  

 

5.4 Electrical Properties 

An important part of this research consisted of the assessment of electrical properties of 

the bio-ferroelectric nanocomposites made of chitosan, cellulose and strontium titanate 

nanoparticles (STO), namely the capacitance, the dielectric constant, the current density 

and the resistivity. For the electrical measurements, the concentration of chitosan and 

cellulose was set at 1.5 v% and 0.5 v%, respectively. Additionally, the percentage of 

particles were 10 wt% and 20 wt%. In chapter 4, we concluded that the mechanical and 

thermal properties lowered as the concentration of cellulose increased. As a result, we 

only assessed the effect of 0.5 v% of cellulose. Additionally, since the electrical properties 

depend on the distance between the plates and the dimensions of the capacitor, these 

parameters were carefully controlled. One should consider two factors: a) as the gap 

between the plates decreases, the capacitance of the dielectric material increases, raising 

also the dielectric constant, and b) the capacitance raises as the area of the plates 

increases. 
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5.4.1 Capacitance and Dielectric Constant Measurements 

The results in Figure 33 suggest that the amount of cellulose lowered the capacitance of 

the chitosan-cellulose and polymer-STO nanoparticles composites. As presented before, 

this capacitance was utilized to determine the dielectric constant. According to the 

capacitance equation for a parallel plate capacitor (equation 7), the dielectric constant is 

directly proportional to the capacitance. As a result, the dielectric constant also decreased 

as the amount of cellulose increased. Additionally, STO nanoparticles increased the 

dielectric constant of the composite material, as shown in Figure 34. 

 

 

Figure 33. Capacitance as a function of frequency at an electric field of 1V. 
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Figure 34. Dielectric constants as a function of frequency at an electric field of 1V. 

 
At this point one should note that the electrical field frequency alters the orientation of the 

dipoles of the ferroelectric nanoparticles. When the ferroelectric particles are aligned with 

the applied electrical field, the material becomes polarized. All four polarization 

mechanisms will contribute to the electrical properties at a given frequency [5], [13]. At 

higher frequencies than the necessary for each mechanism, the dipoles cannot remain 

aligned to the electrical field. As a result, the polarization mechanism cannot contribute 

to the dielectric properties, which explains the capacitance decrease as the frequency 

increases.  

The water content depends on the degree of the chitosan dissolution in a water/acetic 

acid medium and the addition of cellulose. As aforementioned, chitosan was dissolved in 

a water/acetic acid solution, increasing the presence of water molecules in the resulting 

nanocomposites. Furthermore, the interaction between the cellulose hydroxyl groups with 

the water molecules contributes to the larger presence of water molecules in the 

polymeric matrix by two means: a) linked to the (-OH) groups, or b) confined between the 

polymer chains due to the intermolecular hydrogen bonds [33], [34]. Related to these 
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interactions, Mazeau et al. stated that cellulose is a hydrophilic polymer in which the polar 

groups of the cellulose interacted with the water molecules of the chitosan solution, 

becoming retained in the polymer chains [34]. At higher electrical fields, the water content 

raised the space charges, which heightened the current flow through the dielectric 

material [37].  

Additionally, higher percentages of nanoparticles increased the capacitance and the 

dielectric constant of the material, as presented previously. The ferroelectric 

nanoparticles utilized increased the stored energy in the dielectric material, enhancing 

the capacitance, dielectric constant and resistivity [37]. It is important to recall that the 

nanoparticles dispersion affects the electrical properties of the bio-composites. In order 

to enhance this dispersion, it is recommended to reduce the particle size to the nanoscale 

as Barber et al. did in their study of particle size effects on electrical properties [37]. 

Nanoparticles become better dispersed, increasing the surface area of the nanoparticles 

in the organic layer. As a result, the properties of polymer-particles interface become 

dominant over the bulk properties of the constituents, raising the dielectric constant.  

 

5.4.2 Current Density and Resistivity Measurements 

According to our results, higher current density was recorded as the voltage increased 

(Figure 35). In effect, as a result of the water content in the nanocomposite, higher 

percentages of cellulose increased the current passing through the capacitor. Moreover, 

the percentage of STO nanoparticles greatly affects the electrical properties of the 

nanocomposites. It has been proven, therefore, that the STO nanoparticles did improve 

the ability of the capacitor to store more energy; decreasing the current flow through the 

capacitor.   
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Figure 35. Current density as a function of voltage for bio-ferroelectric nanocomposites. 

In order to determine the conductivity divided by the capacitor thickness (σt), i.e. the 

conductivity per unit thickness, we applied a linear regression analysis to the curves of 

current density as a function of the electric field (V). The linear regression provides the 

slope of the curve, which represents σt of the dielectric material. After that, the resistivity 

per unit thickness (ρt) was obtained as the inverse of the conductivity per unit thickness. 

According to these results, the resistivity per unit thickness of the dielectric material 

increased for higher amounts of STO nanoparticles while the addition of cellulose lowered 

it (Figure 36). Cellulose increased the water content in the polymeric matrix, reducing the 

resistivity of composites. Conversely, the addition of STO nanoparticles increased the 

stored energy of the capacitor, which raised the resistivity of the dielectric material.  
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Figure 36. Resistivity as a function of cellulose percent of the bio-ferroelectric 
nanocomposites. 
 
 

5.4.3 Electrical Measurements of Chitosan-Cellulose-STO nanoparticles and 
Commercial Ceramic Capacitors 

 
As a baseline and for the sake of comparison, the electrical properties of the polymer-

STO nanocomposites and four types of commercial ceramic-disk capacitors 

(capacitance, 0.001 μF) were measured under similar conditions. As shown in Figure 37, 

the capacitance of the polymer-STO nanocomposite dramatically decreased as the 

voltage increased while the capacitance remained constant in the commercial capacitors 

from 5V to 60V. 
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Figure 37. Capacitance measurements for the polymer / STO nanocomposite and four 
commercial ceramic-disk capacitors. 

 
The capacitance behaves differently as a function of the applied frequency due to the 

nature of each dielectric material. For polymer-STO nanocomposites, the presence of 

water molecules generated space charge when an electrical field is applied. These space 

charges are highly polarized at lower frequencies. For ceramic capacitors, the electric 

field generates covalent polarization, which alters the dimensions of the crystalline 

structure [5], [26]. 

Capacitors made of particles-polymer composites and those made of ceramics exhibited 

different nonlinear dielectric properties, as shown in Figure 37. This adjustable quality is 

commonly known as tunability, which is extremely interesting for applications in 

microwave tunable circuits and flexible electronics. For example, to improve future 

microwave networks it is required to have high-performance tunable elements such as 

capacitors. As a result, researchers are interested in the fabrication of flexible organic 

electronics for a cost effective perspective and environment friendly point of view such as 

chitosan-based composites [13], [47]. 
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Furthermore, the current flow was also studied for all said dielectric materials, i.e. 

polymer-STO nanocomposite and commercial ceramic capacitors. As shown in Figure 

38, the current flow raised as the applied voltage increased for all materials. However, 

the results showed higher current flow through the commercial ceramic capacitors than 

through the polymer-STO nanocomposite. Figure 38-b demonstrates that the increasing 

current flow in this latter material only varies between 0 and 12·10-4 mA for the same 

voltage range. For commercial ceramic disk capacitors, the maximum current flow was 

1.0 mA while 1.0 μA was measured for the polymer-STO nanocomposite at 60 V. 

 

  (a)                                                                   (b)  

Figure 38. Current flow at different voltages: (a) commercial capacitors and experimental 
one; (b) detail of the polymer-STO nanocomposite response. 

 

5.5 Degradation Analysis 

The absorbed mass by the polymer-STO nanoparticles composites for 5 hours is shown 

in Figure 39, 40 and 41 for different aqueous media. The results showed that the addition 

of cellulose and nanoparticles delayed the degradation of the polymeric films due to the 

lower water content retained into the polymeric films. An interesting behavior was 

observed at 0.33 hour in which high absorbed mass was registered. After this time, the 
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absorbed mass diminished to eventually slightly increase with time. Moreover, the 

degradation of the composites was affected by the solution: hydrochloric acid, acetic acid 

and water. For hydrochloric acid, the absorbed mass ranged between 0.02 g to 0.45 g 

since 0.02 g to 0.23 g for acetic acid and 0.04 g to 0.18 g for water.  

 

 
 

Figure 39. Absorbed mass as a function of time for bio-composites made of chitosan, 
cellulose and STO nanoparticles degraded in hydrochloric acid solution, pH 3.3. 
 

 
 
Figure 40. Absorbed mass as a function of time for bio-composites made of chitosan, 
cellulose and STO nanoparticles degraded in acetic acid solution, pH 4.1. 
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Figure 41. Absorbed mass as a function of time for bio-composites made of chitosan, 
cellulose and STO nanoparticles degraded in water, pH 6.0. 

 
As presented, we attempted to degrade the bio-composites in different aqueous solutions: 

hydrochloric acid, acetic acid and water. We found that the bio-composites highly 

degraded in a hydrochloric acid solution than in acetic acid solution and in water. An 

interesting aspect of all these solutions is the pH values: hydrochloric acid (pH 3.3), acetic 

acid (pH 4.1) and water (pH 6.0). The pH value of the deionized water was not 7.0 due to 

the removal of the minerals.   

The marked differences between the results in HCl solution and acetic acid solution 

requires further explanation. The literature classifies HCl as a strong acid and acetic acid 

as a weak one. This classification let us understand the dissociation of the acids in an 

aqueous solution. The strong acids completely dissociate in its ions while, conversely, the 

weak acids partially dissociate. Thus, the complete dissociation of the strong acids can 

raise the protonation of the amine groups.  

As stated in previously studies, the amine groups in the chitosan structure are protonated 

at pH values below 6.0; protonation means that the hydrogen protons (H+) adhered to the 

amine groups (‒NH2), forming (NH3
+) groups [7], [35], [36]. These groups (NH3

+) raise the 
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negative charges, increasing the electrostatic repulsions between the polymeric chains, 

which led the relocation of water molecules between the chains, as shown in Figure 32  

[48]. These electrostatic repulsions increase the swelling of the bio-composites.  

 

 

Figure 42. Polymer chains under different pH values: (a) pH 7.0; (b) pH 4.0 [48]. 

 
As mentioned before, the results showed a maximum absorbed mass at 0.33 hours. As 

seen before, the absorbed mass decreased and then after 1 hour slightly increased. We 

believe that these behavior is due to the pH neutralization of the solution. Initially, the 

polymer absorbed a great amount of water because most of the (‒NH2) groups are 

protonated, rendering the formation of (NH3
+) groups [7], [35]. Seemingly this reaction 

reached the maximum protonation at 0.33 hours, eventually decreasing due to the 



73 

 

changes of the pH values from the acid level (pH ~ 3.0) to the basic level (pH ~ 6.0). As 

a result, the swelling of the bio-composites decreases. This is considered as a reversible 

reaction and dramatically affected by the pH of the solution.  

After this study, we measured the percentage of dry mass after the degradation analysis, 

as shown in Figure 43. As expected, the addition of cellulose and STO nanoparticles 

lowered the composites degradation. When the effects of hydrochloric and acetic acids 

were compared, the results indicated that the polymer degraded more in hydrochloric acid 

than in acetic acid.  

 

 
 

Figure 43. Dry mass for bio-composites made of chitosan, cellulose and STO 
nanoparticles. 

  
Afterwards, the dissolution rate constant (kdis) was obtained using equation 22. The 

results are presented in Figure 44 [49].  

 

tAkM=M tdis0ppt         (22) 
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Mpt  is the dry mass at time t, M 0p  is the dry mass at time t = 0, A t is the surface area of 

the specimen at time t. The dissolution rate constant (kdis) decreased for higher amounts 

of cellulose and STO nanoparticles. Once again, hydrochloric acid highly degraded the 

nanocomposites.  

 

 
 

Figure 44. Dissolution rate constant (kdis) for bio-composites made of chitosan, cellulose 
and STO nanoparticles. 

 
Figure 45 and 46, shows the FT-IR spectra of bio-composites made of 25 v% of cellulose 

degraded in both acid solutions. In the spectra obtained for the composites without 

degradation, one can observed bands at 3400 cm-1 characteristic of (‒OH) groups as well 

as two bands at 1650 cm-1 and 1560 cm-1, which represent the amide I and (‒NH2), 

respectively [35]. Moreover, these spectra show a band near 1733 cm-1 characteristic of 

(‒CHO) of cellulose [35].  

Figure 45 and 46 reveal that the degradation is readily detected in the FTIR spectra that 

show real bands and negative bands, which can change their shape and position 

according to Davidson [50]. For the degraded polymers, the characteristics bands of 

chitosan and cellulose disappeared. However, the spectrum reveals a band near 1072 
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cm-1 characteristic of (C‒O) groups, which are in the chitosan and cellulose structure. 

Furthermore, the results suggest that the addition of the STO nanoparticles reduced the 

degradation of the bio-composites.  

 

 
 
Figure 45. Fourier transform infrared spectra for bio-composites made of 25 v% of 
cellulose in acetic acid solution. 

 

 
 
Figure 46. Fourier transform infrared spectra for bio-composites made of 25 v% of 
cellulose in hydrochloric acid solution. 

 
In addition, the ultimate tensile strength was obtained for bio-composites degraded in a 

hydrochloric acid. As shown in Figure 47 and 48, the UTS diminished after the 

degradation process. For 0 wt% of STO nanoparticles, the UTS decreased 13 MPa for 

15 v% of cellulose and 7.5 MPa for 25 v% of cellulose. Additionally, a reduction of 6 MPa 

was observed for the bio-composites containing 20 wt% of STO nanoparticles. It is 
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evident that the degradation process lowered the mechanical resistance of the bio-

composites. When the polymers are degraded, the integrity of the materials structure is 

compromised with the loss of mass and scission of chains.  

 

 
 

Figure 47. Tensile analysis for degraded bio-composites made of 15 v% and 25 v% of 
cellulose in hydrochloric acid solution. 

 

 
 

Figure 48. Tensile analysis for degraded bio-composites made of 15 v% and 25 v% of 
cellulose in hydrochloric acid solution. 
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After the degradation analysis on different acidic solutions, we concluded that higher 

degradation was observed for strong acids (HCl) than weak acids (acetic acids). 

Furthermore, we found that the degradation is affected by the pH of the solution. Even 

though the composites degraded on acidic solutions, the addition of STO nanoparticles 

delayed it.  

We decided to study the degradation of the composites because capacitors can be 

exposed to acidic conditions due to the breakdown of another electrical component. There 

are components based on a liquid or gel containing high concentration of ions, namely as 

electrolytic capacitors. These capacitors achieved larger capacitance than others 

capacitors, but they present several drawbacks; including large leakage currents, 

overheating and limited lifetime. When this capacitors failed, they can cause damage to 

other components in the electrical circuit. As a result, we decided to study the degradation 

of the composites in order to observe its behavior under some acidic conditions.      

The degradation analysis help us to predict the degradation of the composites under 

different aqueous media. In our analysis, we utilized higher concentrations than the 

utilized in the fabrication of the electrical components. However, we expect that the 

degradation of the composites behaves similar to the presented at higher concentrations. 

It is known that at lower concentrations, the composites degraded slowly. 
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6 CONCLUSIONS 

This research aimed to study the mechanical, thermal and electrical properties of 

composites made of chitosan, cellulose and strontium titanate nanoparticles (STO). The 

variables considered includes: concentration of cellulose (0.5 v% and 1.0 v%), the volume 

percentages of cellulose (5 v%, 15 v% and 25 v%) added into each small solution, the 

acetic acid concentration (1.25 v% and 2.50 v%) utilized for the chitosan dissolution and 

the amounts of STO nanoparticles, 10 wt% and 20 wt%.  

The chitosan-cellulose and polymer-STO nanoparticles composites were successfully 

fabricated via sol gel casting method in which the cellulose did not precipitated. Strontium 

titanate were dispersed in the polymeric matrix. To achieve better dispersion of the 

nanoparticles, the particles size was reduced from 43 nm to 18 nm using the high ball mill 

technique, which also reduced the agglomerates of the nanoparticles. As stated in the 

analysis, this particles tend to agglomerate due to the high electrostatic forces between 

each particles. We achieved a high dispersion of the nanoparticles in the polymeric 

matrix.  

Mechanical and thermal analysis allowed establishing that the addition of cellulose can 

adversely affect the ultimate tensile strength and the degradation temperature of the 

composites made of chitosan and cellulose. Higher amounts of cellulose increased the 

water content in the polymeric films due to its hydrophilic behavior. For composites 

containing strontium titanate nanoparticles, the ultimate tensile strength and the 

degradation temperature slightly raised as the amount of cellulose increased. In this 

composites, cellulose and the nanoparticles increased the pH of the solution from 3.42 to 
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5.10, reducing the electrostatic forces between the chains, and thus, the water content 

decreased.  

Even though, the nanoparticles slightly increased the ultimate tensile strength and the 

degradation temperature of the composites, higher amounts of nanoparticles lowered 

those properties. We attributed such reduction to the detrimental effect on the interfacial 

energy between polymer-nanoparticles. Higher percentages of nanoparticles can 

increase the interfacial energy between polymer-nanoparticles, probably generating 

cracks through the nanoparticles, which then propagate through the polymeric film.   

In addition, the effects of the acetic acid concentration were analyzed. At higher 

concentrations of acetic acid, the ultimate tensile strength and the degradation 

temperature of the composites without nanoparticles decreased. As mentioned before, at 

lower pH values (pH < 6.0), the amine groups are highly protonated, increasing the 

electrostatic repulsions between the polymer chains. As a result, the polymer chains 

separate from each other, resulting in the relocation of more water molecules between 

the chains.   

Furthermore, the creep studies of the chitosan-cellulose and polymer-STO nanoparticles 

composites under an applied load of 1.0N at 25ºC and 100ºC revealed that the creep 

compliance of each composite was greater at 100ºC. Additionally, the STO nanoparticles 

raised the creep compliance of the bio-ferroelectric composites compared to the chitosan-

cellulose composites. Higher percentages of chitosan increase the brittleness of the 

composites due to its high stiffness and resistance to deformation. It is believed that the 

nanoparticles agglomeration could have affected the interface between the nanoparticles 

and the polymeric matrix. These agglomerates could slip at higher shear stresses, 
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resulting in the formation of new cracks that propagate through the polymeric matrix at 

slow velocity.   

Viscosity can affect the creep deformation of the composites, i.e. high viscosity reduces 

the creep deformation of the composites, as observed in the biopolymers without STO 

nanoparticles. The addition of the nanoparticles reduce the viscosity of the solution, which 

can be attributed to their interaction with the polymer chains. In this case, the 

nanoparticles did not participate in the entanglement of the polymer chains, reducing the 

viscosity of the solution.   

In terms of the measured electrical properties, the addition of the STO nanoparticles 

raised the dielectric constant, capacitance, and electrical resistivity of the composites. 

Similarly, the addition of the nanoparticles decreased the composites current density. At 

a maximum of 60V of applied voltage the dielectric rupture for the bio-ferroelectric 

nanocomposites did not occur. 

In order to study the degradation of the composites, the effects of different aqueous 

solutions were analyzed: hydrochloric acid (pH 3.3), acetic acid (pH 4.1) and water. The 

results showed that the composites degraded more in the HCl solution than in the acetic 

acid one. Through FT-IR analyses, the degradation of the composites was observed; the 

spectra rendered a reduction of all the characteristics peaks of chitosan and cellulose. In 

addition, the ultimate tensile strength for composites treated with hydrochloric acid was 

lower than composites treated with acetic acid and water (pH 6.0). At lower pH values, 

the protonation of the amine groups (‒NH2) takes place, resulting in the formation of 

(NH3
+) groups. These ammonium groups raise the negative charges, increasing the 

electrostatic repulsions between the polymer chains. Higher electrostatic repulsions led 
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the relocation of more water molecules between the polymer chains, increasing the water 

content in the polymer; hence, the polymer degradation increases. 
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