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ABSTRACT 

Plant protein-based biomaterials and biocomposites have gained great interest in 

non-biological and non-medical applications such as adhesives, foams, and plastics to 

substitute petroleum-based polymer products, because of their cost-effectiveness and eco-

friendliness, etc. Despite the widely recognized potential of plant proteins in functional 

materials applications, the understanding of protein structures and properties in resulting 

functional materials is still immature, and previous studies mostly focused on protein 

solutions and hydrated proteins intended for food and biomedical applications. Meanwhile, 

soy protein, extracted from soybeans, is one of the most abundant plant protein sources in 

nature, receiving great attention in protein-based functional materials. The United States of 

America, as the leading country in growing soybeans, contributes to more than 30% of global 

soybean production every year. Therefore, successful transformation of soy protein to 

functional materials will not only meet the increasing demand for environmentally-benign 

materials, but also increase the add-on values of the agriculture products, benefiting 

agricultural economy including soybean farmers and related industry sectors.  

This study targeted exploration of new knowledge of protein structures and 

properties for functional materials applications via studying dielectric polarization and 

relaxation behaviors of soy protein-based biomaterials and nanocomposites over broad 

temperature and frequency ranges. The effects of compression molding, moisture absorption 

and boron nitride nanomaterials on the dielectric relaxation and polarization behaviors were 

investigated.   

Keywords: Soy Protein; Biomaterials, Nanocomposites; Electrical Conduction; Dielectric 
Polarization; Dielectric Relaxation.  
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1. INTRODUCTION 

Petroleum-based products have an ever-increasing demand for replacement due to 

environmental concerns and cost associated with being a limited resource. Biomass-based 

alternatives for fossil fuels have been developed and this type of research is expanding into 

other industries.  Proteins from plants such as corn, wheat, or soy, or from animals such as 

whey protein are suitable material sources because they are renewable, cost effective, and 

eco-friendly. Products today are being designed to have shorter lifespans along with growing 

concern of land fill mass increases desire for materials that can biodegrade more quickly 

than current petroleum-based materials [1, 2].  

Soy protein makes a good biomaterial to research for reasons including high production 

which yields low cost, high protein content with a majority of reactive primary structures, 

and current industrial and medical applications being researched and commercialized.  

Soybean crops accounted for 82 million acres of harvested crops or about ¼ of the total 

number of acres harvested for the United States. This translated into 117 million metric tons 

of soybeans harvested for 2016 in the United States. As harvested, soy has a high protein 

content of approximately 38%. Soy protein is comprised of approximately 17 to 20 amino 

acids with 62% being polar and reactive. Soybean oil is edible oil, also used to make 

biodiesel, and accounts for about 90% of the fuel stock in the United States [3].     

About 120 million tons of soybeans are produced every year, and a large amount of 

defatted soybean meal remains after extraction of the oil [4]. Commercially available 

soybean products are defatted soy flour, soy protein concentrates and soy protein isolate 

(SPI) which differ in the amount of protein [5]. Among different soy products, SPI has a 

minimum 90% protein content [6], showing promising applications in functional materials. 
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Protein materials are biocompatible with the human body, non-toxic and break down 

quickly, which make biological products from protein materials desirable [7-9]. 

Additionally, due to the diverse functional groups in protein structures, soy protein has been 

developed for functional, renewable, and low-cost resource material applications in different 

industries like film food packing materials [1, 7, 10-29], wood adhesives [30-65], bioplastics 

and nanocomposites [2, 8, 9, 66-75]. These reasons make soy protein a good functional 

material with research opportunities, yet minimal research has been accomplished on the 

functional applications of soy protein in materials engineering.   

1.1. Statement of Research Problems and Significance  

Although a great number of research on protein-based functional materials has been 

reported, current understanding of protein structures and behaviors is mostly limited to 

proteins in solutions or highly hydrated proteins with intended biological and food 

applications. In other words, the understanding of protein structures and behaviors in 

materials application is still in insufficient, which will be the primary research focus in this 

study.  

The significance of this research is that it will provide new knowledge of materials 

relaxation behaviors in soy protein-based biomaterials via investigating the dielectric 

polarization and relaxation of soy protein structures with intended applications for functional 

electronic materials, using both low and high field dielectric analysis.  While previous 

research primarily focused on the protein solutions and hydrated proteins, the research 

subject in this study will be dehydrated soy protein-based materials.  In addition to varying 

the temperature and frequency, this research will also vary the processing of the protein 

material, including moisture absorption compression molding, and nano-modification.   
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1.2. Objectives 

The objective of this research is to understand the frequency and temperature dependent 

polarization and relaxation mechanisms of soy protein-based biomaterials and 

nanocomposites, and the effects of moisture absorption, compression molding and nano-

modification on dielectric polarization and relaxation, with intended applications in 

dielectric energy storage materials. To achieve this objective, the soy-protein-based 

biomaterial thin sheets will be fabricated for both structural and dielectric analyses. Both 

low-field dielectric analyses will be conducted with broad frequency and temperature ranges.  

The dielectric polarization of the soy-protein based biomaterials and nanocomposites will be 

studied using ferroelectric analysis under different temperature. The effects of moisture 

absorption, compression molding, and nano-modification by boron nitride nanomaterials on 

dielectric polarization and different protein relaxation mechanisms will be discussed. 
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2. LITERATURE REVIEW 

2.1. An Overview of Proteins 

 Proteins are organic biological macromolecules built out of amino acids which are 

chained by peptide bonds [76], folded into spatial conformations [77], and perform a vast 

array of functions within plants and animals.  Nature provides many different types of protein 

including animal proteins such as Collagen [78], whey [21, 79, 80], gelatin [18, 27, 79, 81], 

silk [9, 82, 83], and plant proteins like Zein [12, 21], wheat [68], Jatropha [11], Semolina 

[31], sesame [84], Locust Bean [85], palm pollen [8], and alga [67].  A typical protein 

molecule displays 3 levels of internal structures referred to as, primary, secondary and 

tertiary structures [86].  The primary structure is characterized by its sequential built up of 

charged, polar and nonpolar amino acids.  The secondary structure of a protein, known as 

the “Peptide”, is comprised of two or more amino acids, but usually less than 50.  The tertiary 

structure is the longer range organization of a polypeptide and overall shape of a protein 

molecule.  For a quaternary structure several protein molecules must be joined together to a 

functional protein complex. [76, 77, 86].   

  Due to the inherent nature that proteins are required for biological function, protein 

based materials have most commonly been used for human or livestock consumption, but 

functional applications of proteins in products like adhesives, bio-composites, food 

packaging and medical gels and dressings are being developed.  Generally, the functional 

properties of proteins are influenced by the molecular structure which determines inter- and 

intramolecular interactions such as formation of covalent and/or noncovalent bonds [87].  

Protein based bio-composites are made with many different types of protein including 

animal proteins like whey [21, 79, 80], gelatin [2, 18, 27, 79], silk [9, 82, 83], and plant 
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proteins like Zein [12, 21], wheat [68], Jatropha [11], Semolina [31], sesame [84], Locust 

Bean [85], palm pollen [8], and alga [67].   

It is most common to use the protein as a composite matrix and add a nanomaterial except 

as reported by Singh et al. [23]. The protein was the nanoreinforcement for the dextran 

composite.  Also Jin et al. [72] used the protein to coat a nanoparticle not as the composite 

matrix.  The Nanomaterials used are as numerous as the proteins including montmorillonite 

clay [11, 27, 31, 81, 82, 84, 85], Apatite [18], nanocarbon [9, 22], and oxides such as zinc, 

silicon [14, 18], and titanium [67].  Sometimes the nanomaterial used are other biomaterials 

like polysaccharide [8, 80], eggshell [30], or lignin [15, 21].  Multiple studies were found 

that investigated combinations of different protein sources and nanomaterials in food 

packaging with edible [25-29] but more commonly non-edible [1, 7, 10-24] film membranes 

such as Semolina (wheat gluten) protein film that incorporated Zinc Oxide nanorods [1], fish 

gelatin (FG) protein that incorporated different amounts of chitosan (polysaccharide) 

nanoparticles (CSNPs), bovine gelatin protein based Bio-nanocomposite films incorporated 

with halloysite (alumino-silicate clay mineral) nanoclay and nanoSiO2 with glycerol as a 

plasticizer [15], Sesame seed meal protein (SSMP) incorporated with nanoclay films [15], 

or spider silk protein processed together with synthetic layered silicate sodium hectorite [27].  

 Protein materials are compatible with the human body, non-toxic, and breakdown 

quickly providing a good source for medical material applications including drug delivery 

[84, 88] and tissue applications [6, 89].   Aspects of the multilevel protein structure and 

associated bonding have been identified along with current functional applications, but 

proteins are extremely large and complex even at the nano scale and this prevents the entire 

complete protein aggregation process to be understood. 



 

6 

2.2. Structures and Properties of Soy Protein 

Soy makes a good plant for protein based materials research for different reasons such 

as its high protein content and global production and also the majority of polar components.  

As harvested, soybean has a high protein content of approximately 38% when ground into 

soy flour.  De-fatted soy flower removes the oils and has approximately 50-54% protein 

content.  Soy protein concentrate removes the water soluble sugars and has approximately 

65-72% protein content.  The most refined form of soybean is Soy Protein Isolate (SPI) with 

a minimum 90% protein content [81].  The United States accounted for 1/3 of the total global 

production (352 Million Metric Tons in 2016) and within the United States soybeans 

accounted for about ¼ of the total crops harvested.   

There are two main classes of proteins, globular and fibrous. A fibrous protein consists 

of long molecules of somewhat variable molecular weight that are arranged more or less 

parallel to each other along the direction of the fiber axis with considerable regularity in their 

molecular patterns.  In general, fibrous proteins are soluble only through decomposition by 

the chemical action of a solvent.  A globular protein, on the other hand, usually consists of 

molecules of the same molecular weight, size, and shape.  An important part of the structure 

of both fibrous and globular proteins is a hydrogen-bonded helical configuration for the 

polypeptide chain [90].  Mixtures of such proteins are usually found in solution in living 

matter.  Proteins are much like organic polymers with repeating chemical and structural units 

and although not crystalline, proteins exhibit near perfect order of molecular arrangement 

where each molecule is surrounded by other molecules in exactly the same way [91].  

Proteins are different from one another mainly in their sequence of amino acids which 

results in different specific three-dimensional structures that ultimately determines its 
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activity.  Amino Acids are composed of 3 parts - amine functional group NH2, carboxyl 

functional group COOH, and the R group/side chain- making up over 500 different amino 

acids in nature.  The amino acid composition of proteins is a crucial factor for intrinsic 

properties, primary structures, and chemical potentials.  Resulting electrostatic interactions, 

hydrogen bonding, van der Waals forces, and disulfide bridges between amino acids can 

improve the stability of the protein.   

Peptides are formed with covalent bonds when the carboxyl group of one amino acid 

reacts with the amino group of another.  All peptides have an N-terminal and C-terminal 

residue at the end.  Some of the known secondary protein structures are α-helix and β-sheets. 

In the α-helix secondary structure the amino group forms Hydrogen bond to carboxyl group 

3-4 amino acids down the chain.  A helix has an overall dipole moment due to the aggregate 

effect of the individual dipoles from the carbonyl groups of the peptide bond pointing along 

the helix axis.  In the β-(pleated) sheets secondary structure peptide strings are folded 

perfectly back on themselves or laid next to each other.   

Although peptide aggregation has been researched for a long time, a consensus has not 

been reached with some aggregates demonstrating amorphous organization, whereas others 

form highly ordered amyloid-like fibrils. These findings suggest that protein aggregation 

may be a common structural property of proteins [92].  Polypeptide structure is stabilized by 

intermolecular interactions of lateral chains.   

One of the most important forces that sustain the tertiary structure of proteins is the 

interaction between hydrophobic groups, particularly within the molecules “core” or 

hydrophobic region. Hydrophobic interaction is a type of non-covalent bond between 
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ligands, and its exact chemical and physical properties and reactivity are still far from fully 

understood.  Generally speaking, most nonpolar amino acid side chains are buried inside a 

protein molecule in water forming hydrophobic cores and polar amino acids are distributed 

in hydrophilic environments on the protein surface. Analyses of the surface properties of 

proteins with known structures have shown that some hydrophobic groups may also be 

located on the protein surface and affect the protein’s surface hydrophobicity.  

Hydrophobic interactions are essential to the stability, conformation, and function of 

proteins, and surface hydrophobicity affects the interactions between different protein 

molecules. Therefore, this specific characteristic may be even more important to the protein 

function than overall hydrophobicity. The surface hydrophobicity of a protein can be used 

as an indicator of the ability of molecules to interact with each other [77].  Quaternary 

Structure also known as the “Native Conformation” of the protein is the natural occurring 

aggregated structure of proteins.  Processing of the protein (solvent, heat, pH) can break the 

weak tertiary bonds and un-aggregate the protein (see Figure 1). 

 

 

Figure 1. SPI Molecular Map & Imaging [93]  
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Soybean is believed to be a functional food. The composition of soybean is rich in 

valuable proteins, unsaturated fatty acids, soluble and insoluble fibers and isoflavones which 

are very important for human nutrition [94].  Soy is a legume protein, which stores nitrogen 

and energy reserves for the germinating plant [85, 86].  Legume storage proteins are 

generally poorly soluble in aqueous solutions and hinder the utility because to be functional 

(gelation, foaming, emulsification, so on) a protein must be in a relative soluble state [86].  

Soy proteins are composed of a mixture of albumins and globulins, 90% of which are storage 

proteins with globular structure.  Globulins are protein fractions in which the subunits are 

associated via hydrophobic and hydrogen bonding [5].  Soybean protein consists mainly of 

acidic amino acids (aspartic and glutamic acids) and their amides, nonpolar amino acids 

(alanine, valine, and leucine), basic amino acids (lysine and arginine), and an uncharged 

polar amino acid (glycine) which can be used for crosslinking and improving the tensile and 

thermal properties [3, 5]. 

Soy has 17 to 20 amino acids with 62% being polar and/or reactive [95].  As seen in 

Figure 2 soy protein has many common amino acids with both whey and wheat gluten 

proteins [76].  Soy has multiple different peptide structures such as leucine, lysine, aspartic, 

phenylalanine, tyrosine and glutamic acid with the main components being Glycinin and 

Beta (β)-Conglycinin [81, 93].   
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Figure 2. Amino acid concentrations of whey, soy and wheat gluten [76] 

Based on molecular weight and sedimentation coefficient, soy protein can be separated 

into 2S, 7S, 11S, and 15S fractions.  The two major peptide fractions, Glycinin (11S) and β-

conglycinin (7S), account for approximately 65-80% of all the peptides in the soybean, and 

contribute to the physicochemical properties of the soy protein [4, 42, 76, 86, 96-102].  The 

β-conglycinin fraction (7S), which makes up 20-30% of the soybean, has 3 subunits.  They 

are γ-conglycinin, β-conglycinin, and a basic globulin [86].  β-conglycinin (150–200 kDa) 

has a trimeric structure composed of three major subunits with mass: α (~72 kDa), α′ (~68 

kDa), and β (~52 kDa).  The α and α′ subunits contain two covalently bound carbohydrate 

moieties and the β subunit contains one [4, 61, 93, 97, 98, 100-102].  On the other hand, 

analysis of the individual β-conglycinin subunits showed that the extension region of α and 

α′ subunits conferred better solubility and emulsifying ability while the core regions 

determined the thermal stability [99].  Also β-conglycinin has tendency to form more 

disulfide bonds than the glycinin [81].  Glycinin (300–380 kDa) has a hexameric structure 

composed of five major subunits that have been identified and classified into two groups 
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according to their amino acid sequences.  Each subunit consists of an acidic polypeptide (α-

polypeptide, 32 kDa) and a basic polypeptide (β-polypeptide, 20 kDa) which are connected 

by a single disulfide bond forming the AB subunit [61, 98, 100-102].  The peptide has five 

genetic variants, which are named as G1 (A1aB1b, 53.6 kDa), G2 (A2B1a, 52.4 kDa), G3 

(A1bB2, 52.2 kDa), G4 (A5A4B3, 61.2 kDa), and G5 (A3B4, 55.4 kDa).  At present, 

Glycinin is classified into group I (A1aB1b, A2B1a, and A1bB2) and group II (A5A4B3 and 

A3B4) based on homology in subunit sequences. Group II is further classified into two 

subgroups named as IIa (A5A4B3) and IIb (A3B4). Three groups (I, IIa, and IIb) differ 

especially in the carboxyl terminal end of the acidic subunit. In amino acid sequences of 

groups I and IIb, about 60 and 30 amino acid residues are deleted from group IIa, respectively 

[98, 102].  In their native forms, the subunits within these proteins are tightly associated with 

each other through both noncovalent (hydro-phobic, electrostatic, hydrogen bond, and Van 

der Waal’s forces) and covalent (disulfide bond) interactions [86].  Inherent differences in 

structure and molecular properties of each component of soy protein make them possess 

different properties such as solubility, thermal properties, and adhesion performance.   

Soy protein contains carboxyl (ACOOH), amine (ANH2), or hydroxyl (AOH) chemical 

groups and these reactive chemical groups can interact and/or react with cellulose fibers [3].  

Native proteins may show some resistance toward proteolytic degradation, and the 

hydrolysates of soy isolates produced with single proteases (e.g., trypsin, pepsin, 

chymotrypsin, and papain) often show a limited degree of hydrolysis [103].   

Wu et al. found that the oxidation extent of soy protein was affected by the content of 

residual lipids and activity of lipoxygenase in commercial low denatured defatted soybean 

flours [104].  These include limited enzyme hydrolysis, ultrasound, high pressure 
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processing, and heat treatment. Each of these techniques has its own successes but also 

limitations and disadvantages. For example, moderate oxidation could improve the 

emulsifying activity of β-conglycinin. However, the oxidation caused significant damage to 

essential amino acids, particularly lysine, and the process was difficult to control [86].  

The thiol groups of cysteine residues allow intra- and intermolecular thiol-disulfide 

interchange, as noted for β-lacto globulin. A high amount of asparagine and glutamine 

residue is typical for storage proteins such as soy protein. A high number of glutamine turns 

wheat gluten into an acyl-donator for enzymatic cross-linking by transglutaminase. Both soy 

protein and wheat gluten are suited for intermolecular cross-linking by irradiation due to the 

relatively high content of aromatic acids (phenylalanine, tyrosine) [76].   PEF treatment 

could cause unfolding of soy protein isolate (SPI) molecules and dissociation of its subunits, 

which resulted in the hydrophobic and thiol groups buried inside the protein being exposed 

to the outside [105]. 

2.3. Soy Protein in Functional Materials Applications 

To date, besides of the traditional food applications, soy proteins have also been widely 

applied in industrial materials, such as plastics, gels, films, coatings, and adhesives. 

However, most of these soy protein based materials are not suitable for investigating 

secondary structure and functional properties because they need to be modified chemically 

or blended with other synthetic/natural polymers to overcome poor physical properties such 

as water sensitivity, poor process ability, and low mechanical strength. As we know, 

secondary structure determines the behavior of proteins during preparation, processing, 

storage, and consumption. Thus, a detailed knowledge of the conformational transitions of 

soy proteins is essential for the preparation and application of natural protein materials in 
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the future, as well as the more direct application to soy-based foodstuffs and environmentally 

friendly structural polymers [5, 100, 101].   

Surface hydrophobicity of SPI has always had a strong relationship with and has been 

used to predict functional properties, such as emulsification, solubility, foaming capability, 

adhesion and the SPI surface hydrophobicity has a close correlation with the water-resistance 

properties of films [77].   

The two major soybean storage proteins have different functional properties such as 

gelation, solubility, hydrophobicity, sulfhydryl (SH) crosslinking and film formation.  For 

example, β-Conglycinin has high stability against protein-protein aggregation reactions [97].  

Native Glycinin, which has 20 disulfide bonds [76], exhibits foaming and emulsifying 

properties which are limited by its closely packed globular conformation, low surface 

hydrophobicity, and low molecular flexibility [99].  The globulins of soybeans contain [86, 

100] subunit proteins with different combinations extensively glycosylated [76, 97]. 

  To functionalize soy protein for use, there are multiple different modifications that 

affect the molecular interactions such as denatured at non-normal PH exposes sulfhydryl and 

hydrophobic groups which can self-associate and form new bonds.  Denaturing at elevated 

heat can promote the cross-links between proteins and in heat treated films aggregation was 

hydrogen disulfide bonds.  Plasticizers decrease hydrogen bonds and increase molecular 

spacing while lipids contain polar and hydrophobic materials.  Most synthetic polymers are 

not compatible with SPI due to the hydrophilic properties of the soy but SPI can be oxidized 

to form reactive groups from the carbon–carbon double bonds forming a cross-linking 

polymer network structure.  Soy protein is not fully dissolvable in most solvents or can be 
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melt-processed because of the rigidity of the molecular structures and close chain packing 

via numerous hydrogen bonds [93].  

Additional reported modification effects include at extreme acidic or alkaline pH values 

forming a solution with protein due to strong electrostatic repulsion of ionized groups. In 

heat denaturing, the protein unfolded and promoted the formation of intermolecular disulfide 

bonds.  The formation of intermolecular disulfide bonds is the main factor for irreversible 

aggregation of protein. This aggregation of protein by intermolecular crosslinking creates a 

three dimensional network and leads to increased structural cohesion [79].  The optimization 

of the functionalities of soy protein requires further research at the molecular level.   

Protein based nanocomposite materials [2, 8, 9, 31, 66-75, 80, 106-111] have also been 

studied for applications including petroleum replacement bioplastics, where Soy based 

polyols used for polyurethanes show similar properties to those of petrochemical origin 

[112].  Currently, the plastics based on biopolymers and inorganic nanoparticles have 

attracted a lot of attention and interest due to shortage of nonrenewable petroleum products 

[2].  Soy protein is also a very common matrix for bio-based nanocomposites with the most 

common nanomaterial being montmorillonite clay [8, 18-22, 111, 113], but also used are 

polysaccharide [17, 70, 73], nanocarbon [23, 74], silicon oxide [71, 72, 114], and eggshell 

[9, 66, 68].  Soybean attracts great interest because of its plentiful supply in the United States, 

relatively low cost and environmentally benign properties [115]. Also Soy/Gluten films have 

shown to fully biodegrade in 30 days [30].  Protein materials are compatible with the human 

body, non-toxic and breakdown quickly so biological products based from protein are also 

common [6, 84, 88, 89].   



 

15 

In the field of biodegradable electronics, the use of biopolymers from renewable 

resources may offer a number of advantages including eco-friendliness, ease of 

disposability, increased functionality/design flexibility, decreased toxicity, and reduced unit 

cost [85].  Keratin Fibers Soybean (KFS) composite material has the potential to replace the 

dielectrics in microchips and circuit boards, in addition to many applications as a new light-

weight composite material. Additional replacements include thermosetting epoxy resin used 

for electromagnetic components, printed circuit boards, and semiconductor devices [116].  

Soy based foam insulation also contains no formaldehyde and is blown into a space using 

water, rather than synthetic chemicals. Soy foam insulation is resistant to mold and mildew, 

and does not attract rodents.  This type of insulation material can also replace bulk packaging 

insulation like Styrofoam peanuts. 

2.3.1. Adhesives   

Protein based adhesives date back to the 18th century with the use of casein from milk 

and animal skin glues.  Research on the soybean-based adhesives started in 1923 [39, 49]. 

Between the 1930s and 1960s, soybean-based adhesives were widely used in the commercial 

production of plywood.  In the 1950s, natural glues and plastics were replaced with 

petrochemical based products.  These petroleum based adhesives had both longer shelf live 

and better water resistance [30].   

Current use of phenol-formaldehyde and urea-formaldehyde resins in wood glue account 

for more than 65% by volume of all the adhesives used in the world with the urea-

formaldehyde worldwide consumption in the order of 11 million tons [32].  These current 

petrochemical resins emit the carcinogen formaldehyde during production.  Formaldehyde 

exposure in humans has been limited to a maximum 0.75 parts per million per 8 hours by 
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the EPA and OSHA for workers in these industries.  Also the American National Standards 

Institute limits the formaldehyde emission of fabricated composite wood products to 0.2 ppm 

but there are currently no regulations on formaldehyde emission limits in non-commercial 

(residential) structures with the EPA reporting measured formaldehyde emission levels of 

0.3 ppm [30]. In addition to being potentially poisonous, the petrochemicals used in the 

production of wood adhesives are non-renewable, limited and costly [31].   

Recently renewed interest for the use of soy protein in the adhesive industry has focused 

on using soy to replace harmful costly formaldehyde resins in current production methods 

due to the inexpensive, renewable, and ecofriendly aspects of soy [32-35, 39].  However, the 

low bonding strength and poor wet resistance of soy protein based adhesive limits its more 

extensive application.   

Thus, a number of chemical modifications have been proposed to improve these 

properties, which can be roughly divided into two categories [38, 49].  The first is the 

denaturing or unfolding soy protein molecules and exposing their hydrophobic secondary 

subunits structure to enhance the soy protein-based adhesive's water resistance.  Chemical 

methods, such as alkali, urea, guanidine hydrochloride, sodium bisulfate, maleic anhydride, 

DOPA, sodium dodecyl sulfate (SDS), and glutaraldehyde, and so on [39, 49, 53-56].  Also 

temperature can be used a denaturation method [57].  Drawbacks are the wet shear strength 

of plywood bonded by the modified adhesive does not meet the use requirements because 

the denature process exposes many hydrophilic groups in the soy protein molecule such as 

–NH2, –COOH, and –OH [49].   

The second is the crosslinking, as cross-linker agent to react with the –NH2, –COOH, 

and other exposed groups of soy protein to increase the cross-linking density of the soy 
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protein-based adhesive.  The use of crosslinkers can meet the use requirements but does not 

entirely eliminate dependence on petroleum-derived materials and the large amount of waste 

generated at the end of the product's life is harmful [49].  Crosslinkers can include synthetic 

resins (like epoxy or lignin), or polymers.  Crosslinking polymers include egg whites [40], 

Neopentyl Glycol Diglycidyl Ether [89][41], Calcium Silicate Hydrate [42], epoxied 

polyamideamine-epichlorohydrin (PAE) and organosilicon–acrylate copolymer latexes 

(OACLs) [44, 45], acrylic [48], pMDI (polymeric 4,40-methylenediphenyl isocyanate) [39] 

and even organic polymers like Tannin [49-52].   

Thermal and pH denaturation of soy protein to enhance the adhesive properties has been 

investigated by different researchers.  Vnučec et al. [53] tested the bond ability/ glue ability 

of aged and sanded thermo-hydro-mechanically (THM) densified beech wood (Fagus 

sylvatica L.) was tested and compared with non-densified sanded beech wood as a control. 

THM and control specimens were bonded with five different soy protein isolate (SPI) based 

adhesives. Commercial SPI powder was thermally modified in the vacuum chamber at 50 or 

100 °C and pH adjusted (to pH 10.0) dispersions in water prepared at 24, 50 or 90 °C.  

Semple et al. [54] performed the same types of tests with the same adhesive preparation 

methods only on Moso bamboo (Phyllostachys pubescens Mazel).  THM surfaces were 

characterized by high surface smoothness, with little or no adhesive penetration into the 

surface due to observed void closure, and loss of adhesive from the bond line during 

pressing, all of which contribute to the significantly lower bond shear strength compared 

with control veneers.  Zheng et al. [55] used a self-crosslinking approach to prepare a 

formaldehyde-free defatted soy flour-based adhesive (SBA). The effect of hydrolyzed 

carbohydrates on the performance of the SBA was investigated, and hydrolyzed 
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carbohydrates significantly increased the amount of reducing sugars, but decreased insoluble 

substances. Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron 

spectroscopy (XPS) analyses revealed an enhanced cross-linking structure with fewer 

hydrophilic groups in cured SBAs. Maillard reactions between hydrolyzed carbohydrates 

and proteins resulted in SBAs with better glue ability, rheological properties and thermal 

stability than controls.   

Fan et al. [56] formulated a soy protein-based wood adhesive with good bond strength, 

excellent water resistance, and the desired technological applicability by combining thermal 

alkali degradation, thermal acid treatment, and crosslinking. Fan reported that thermal-alkali 

degradation could turn the long polypeptide chains of soybean protein into low-molecular 

weight resultants via the hydrolysis of peptide bonds by NaOH.  This is thought to be an 

effective method to improve the technological applicability because the thermal-alkali 

degraded soybean protein (DSP) was a solution with low viscosity and high-protein content.  

Also thermal acid treatment could improve the water resistance of soybean proteins due to 

the formation of the water-resistant intermolecular network and crosslinking could 

significantly improve the water resistance of soybean protein adhesive due to the formation 

of chemical network between proteins.  Each of the four crosslinkers (glyoxal, epoxy latex, 

polyisocyanate, and modified polyamide) were used.  The characterization results indicated 

that thermal alkali degradation could effectively improve the technological applicability, 

thermal acid treatment could positively improve the water resistance, and appropriate 

crosslinking modification could significantly enhance the bond strength and water resistance 

of the soybean protein adhesive.  
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The crosslinker species, crosslinker level, and ratio of thermal alkali-degraded soybean 

protein (DSP) to thermal acid-treated soybean protein (TSP) had important effects on the 

primary properties of the soybean protein adhesives. The modified polyamide aqueous 

solution was the most preferable crosslinker because of its low viscosity, good crosslinking 

efficiency, and excellent miscibility with soybean protein solution.   

Frihart et al. [57] examined the use of different types of soy protein forms (flours, 

concentrates and isolates) and different bonding temperatures (120, 150 and 180°C) and 

bonding conditions to evacuate several possible mechanisms for this temperature sensitivity.  

Although the soy adhesives gave very good strengths and dry wood failure, they often have 

low wet wood failure and shear strengths when bonded at 120°C. The wet strength was 

greatly increased with an increase in bonding temperature.  The best explanation for the 

strength increase is the coalescence of the protein globules caused by minor rearrangement 

of the protein at the higher temperature. Limited internal unfolding and refolding allowed 

greater interactions between protein chains without necessarily disturbing the preexisting 

strong interactions already in commercial soy protein isolate and concentrates. 

The addition of soy protein into current wood adhesive processes is intended to lower 

the cost of the product by replacing expensive petrochemicals with low cost renewable 

resources [32, 34], or to meet a processing window to improve finished products [33], and 

also to limit to emission of dangerous formaldehyde [35].  One effective method adopted by 

researchers in recent years was the composite modification through blending soy products 

with reactive resins. These reactive resins can react with functional groups of soy protein 

such as -OH, -COOH, and -NH2 to form a cross-linked network, improving the bond 

strength and water resistance of the bonded panels [38].  In addition to reactive resins, soy 
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protein is also mixed with synthetic polymers like latexes [44, 45] or acrylic [48] and with 

natural polymers like egg whites [40] and tannins [49-52].   

Pizzi [32] reported three different technologies for the incorporation of soy protein into 

current formaldehyde resins.  The first is reaction of soy protein hydrolysate with 

formaldehyde and then mixed with a PF resin and isocyanate.  The second is the use glyoxal 

which is a non-volatile, non-toxic aldehyde and with the glyoxalated soy protein or soy flour 

composing the glue mix with a PF resin and isocyanate.  The third is based on the reaction 

of the soy protein hydrolysate with maleic anhydride that is then reacted with 

polyethyleneimine.  The system works well but suffers of the drawback of too slow a press 

time and thus only usable for plywood, but too expensive, with the price being considerably 

higher than those of isocyanates.  This process is being used by one plywood company 

industrially in the USA (Columbia Forest Products, Klamath Falls, Oregon).   

Yang et al. [34] hydrolyzed soy protein in an alkali state and reacted it with phenol-

formaldehyde resin in a concentration of up to 70% reporting that even with a slow curing 

rate, the cost effectiveness and superior dimensional stability of protein-based phenolic 

resins make them attractive for some uses.  Ortynska et al. [33] used soy protein to increase 

the processing window of wood phenol-formaldehyde adhesive by allowing more moisture 

content in the bonded woods.  The moisture content needs to be high for suitable drying and 

a quality product, but the increased moisture content causes difficulties in gluing.  Qu et al. 

[35] used hydrolyzed soy protein isolate (HSPI) applied to modify urea-formaldehyde resins 

to achieve acceptable adhesive properties while decreasing the emitted dangerous 

formaldehyde post-production.   



 

21 

Gao et al. [39] used soybean meal flour, polyethylene glycol (PEG), sodium hydroxide 

(NaOH), and a melamine-urea formaldehyde (MUF) resin to formulate soybean meal/MUF 

adhesive. Addition of PEG reduced the viscosity of the soybean meal/NaOH/PEG adhesive 

by 91% and the solid content of the soybean meal/MUF resin adhesive was improved to 

39.2%. The formaldehyde emission of plywood bonded by the soybean meal/MUF resin 

adhesive was lowered to 0.28 mg/L, which met the strictest requirement of the China 

National Standard (<0.5 mg/L) and FTIR showed the MUF resin formed more -CH2- group 

in the cured adhesive. 

Chen et al. [36] reported that to improve the adhesive properties under wet conditions 

various efforts like chemical or enzyme treatment have been used. But these efforts are one-

pot reactions where the modifiers are added in the preparation process of soy-based 

adhesives and result in a short shelf-life.  

Zang et al. [37] develop a plywood adhesive by mixing soy flour (SF), polyamidoamine-

epichlorohydrin (PAE), and Lignin. Lignin is a complex organic polymer that forms 

important structural materials and results showed that the Lignin and PAE mixture used to 

modify the SF adhesive improved both dry and wet bond strength by 66% and 180%, 

respectively.  

Luo et al. [38] introduced polyisocyanate (pMDI) into epoxy resin modified soybean 

meal-based bioadhesive to address the issue of storage time on low dry bond strength, water 

resistance, and pot life of adhesive.  Lou et al. [41] also investigated using a long chain cross-

linker, neopentyl glycol diglycidyl ether (NGDE), to produce an intrinsic toughening effect 

to reduce the brittleness and improve the water resistance of a soybean meal–based adhesive. 
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Zhao et al. [44] report a synergistic modification method of integrating a crosslinking 

system of epoxied polyamide-amine-epichlorohydrin (PAE) and organosilicon–acrylate 

copolymer latexes (OACLs) to improve soybean meal (SM)-based adhesive properties. 

Zhong et al. [45] reports that plant protein polymers are pH sensitive and need to be modified 

to meet application performance. This study demonstrated interactions between polyamide-

epichlorohydrin (PAE) and soy protein as affected by pH and temperature.  

The goal of Luo et al. [48] was to improve the water resistance of soybean meal-based 

(SM) bioadhesive and enhance the mechanical properties of the bonded plywood by 

combining triglycidylamine (TGA) cross-linking with an acrylic emulsion interpenetrating 

network (IPN). The solid content, functional groups, crystallinity, mass loss after 

hydrolyzing, fracture surface micrographs, and thermal stability of the resulting adhesives 

were characterized.  

Lou et al. [40] reported that soy protein-based adhesives (SPAs) inherently possess low 

solid content and poor water resistance and chemical crosslinking can effectively improve 

the water resistance, but will also contribute to the low solid content. In this study, egg white 

(EW) was introduced to soybean meal (SM) adhesive as a substitute for water, followed by 

crosslinking with triglycidylamine (TGA) to develop a high-performance bioadhesive with 

a high solid content.   

Liu et al. [49] used condensed tannins (CTs) modified by hexamine and mixed with soy 

isolate protein (SPI) under pH 9.0 to form a series of new high-performance bio-adhesives.  

Condensed tannins (CTs) are an eco-friendly raw material for adhesive production that are 

ubiquitous in wood, barks and fruits. Structurally, CTs are composed of sub-units groups in 

which two phenolic rings, A and B, are connected through a central oxygen-containing ring 
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referred to as the heterocyclic ring (or “C ring”).  Hexamine is commonly used in tannin-

based adhesive because of the decomposition reaction, hexamine promotes an auto-

condensation reaction of the tannins further increasing the crosslinking degree of the 

adhesive.  Results show the high crosslinking density was attributed to the crosslinking 

reaction of CT molecules via the imine groups of the hexamine decomposition and oxidation 

on the tannins B ring led to covalent interactions and a crosslinking reaction with SPI 

molecules (See Figure 3). 

 

Figure 3. Chemical structures of flavonoid ring system [49] 

Chen et al. [50] aimed to improve the bonding strength and water resistance of soy 

protein-based adhesives (SPAs) by modification with larch tannin-based resins (TRs).  The 

experimental data showed that the addition of TR improved the moisture uptake, residual 

rate, and strength of SPA.    

Ghahri et al. [51] used two different types of commercial tannins, chestnut (a 

hydrolysable tannin) and mimosa (a condensed flavonoid tannin), with two different types 

of hardener, hexamine and glyoxal, to modify soy-based adhesives for bonding of wood 

particleboard. The TMA results showed that both tannin types shorten the adhesives’ gel 

time and gel temperature. Further research by Ghahri et al. [52] again used tannic acid to 

prepare soy-based adhesives for making plywood and fiber board.   
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Clearly, sufficient research has been done to show that soy protein can be functionalized 

into an adhesive as a less costly green safe replacement for current expensive petrochemical 

based harmful adhesives.  Either through thermal or pH denaturation or compounding with 

reactive resins or polymers to increase crosslinking, and sometimes both, soy protein has 

shown improvement in resulting properties via these modifications.   

2.3.2.  Packaging Materials 

Plastics [15], by virtue of their low cost and easy availability, are widely used in food 

industries as a packaging material.  Petrochemical-based plastics specifically [13] have been 

widely used as food packaging because of their favorable mechanical, gas barrier properties, 

and thermal stability. Ethylene vinyl alcohol copolymers, polyvinylidene chloride, 

polyethylene terephthalate, and polyamide-6 (nylon) are among those polymers commonly 

used in high barrier films and coatings [1, 11, 14, 15, 19, 20, 22-25, 29]. However, there are 

increasing concerns that over utilization of those synthetic materials causes severe ecological 

problems, such as environmental pollution, soil degradation and serious waste disposal 

problems including highly toxic dioxin, vinyl and polystyrene released during the 

incineration of plastic wastes [14]. This has led to enhanced interests all over the world to 

explore a more environmentally friendly alternative to plastics.   

In recent years, bio-based polymers have attracted more and more attention due to 

growing environmental concern and decreasing reserve of fossil fuel. This recent evolution 

encourages researchers and industries to develop novel materials labeled as “environment 

friendly” [7]. Biopolymer films offer a variety of advantages compared to synthetic films, 

e.g. biodegradability, use of renewable sources and potential edibility. Due to the deliberate 
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interactions with the food or the food environment, edible coatings and films are excellent 

alternatives to traditional food packaging [17, 21, 27, 28].  

In food applications, collagen has long been successfully used as an artificial casing 

preparation [117] .  Compared with synthetic polymer materials, biological macromolecule 

materials not only have the advantage of being biodegradable but also the advantages of 

being renewable [18]. One of the most interesting advantages of biopolymers based materials 

is that they can be used as vehicles for additives such as antioxidants or antimicrobial 

compounds, vitamins, flavors, colorants, and salts in order to increase its functionality, 

improve their appearance, and extend the shelf life of foods that can protect [10]. 

Biopolymers include plant-derived materials (starch, cellulose, other polysaccharides, and 

proteins), animal products (proteins), microbial products (polyhydroxybutyrate), and 

polymers synthesized chemically from naturally derived monomers (polylactic acid).   

For packaging applications, biopolymers present relatively poor mechanical and barrier 

properties, which currently limit their industrial use and especially challenging are the 

development of moisture barrier properties due to the hydrophilic nature of biopolymers.  

However, it has been suggested that inherent shortcomings of biopolymer-based packaging 

materials may be overcome by nanocomposite technology.  Because protein based films are 

superior to polysaccharide and lipid-based films in their mechanical and barrier properties 

due to their high intermolecular binding potential that can form bonds at different positions.  

Protein makes good nanocomposites because during the drying process, macromolecules 

link with each other into the film matrix by hydrogen, ionic, hydrophobic and covalent 

bonds.   
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As previously discussed, there are multiple studies that investigated different 

combinations of protein sources and different nanomaterials in food packaging films.  

Proteins such as Semolina (wheat gluten), fish gelatin (FG), bovine gelatin, Sesame seed 

meal, spider silk incorporated with nanomaterials such as Zinc Oxide, chitosan 

(polysaccharide), halloysite (alumino-silicate clay mineral), SiO2, or layered silicate sodium 

hectorite.   

Soy protein isolate/montmorillonite (SPI/MMT) nanocomposite films are the most 

common in recent research [21, 22] with Rhim et al. [21] using various different clay 

minerals in addition to modified montmorillonite (MMT) like Wamok clay (W-clay), 

bentonite, talc powder, and zeolite.  Lee et al. [21] prepared films by the casting method 

using MMT as a nanofiller at 0, 3, 6, 9, 12, and 15wt% relative to SPI dry weight. Mechanical 

properties showed increases in tensile strength and modulus while barrier properties showed 

decreases in permeability to water vapor and oxygen with MMT concentrations of 3%–12% 

being optimal for improving functional properties of the composite films. The formation of 

intercalated and exfoliated structure with the addition of MMT into the SPI matrix was seen 

with X-ray diffraction and scanning electron microscopy.   

Kumar et al. [22] also prepared SPI-MMT nanocomposite films, like many others, except 

using an improved melt extrusion process. The effects of different types and content of 

modified MMT on the structure and properties of SPI-MMT nanocomposite films was 

investigated.  Compared to those based on natural MMT, this new melt extrusion of SPI and 

modified MMT nanocomposites resulted in films with better mechanical strength, such as 

tensile strength and percent elongation at break.  Also improved were dynamic mechanical 

properties like storage modulus, glass transition temperature, and water barrier properties.   
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Rhim et al. [19] prepared soy protein isolate (SPI) films by casting from polymer and 

clay water suspension. Effects of clay minerals on film thickness, moisture content (MC), 

tensile strength (TS), elongation at break (E), water vapor permeability (WVP), and water 

solubility (WS) were tested.  Properties including thickness, surface smoothness, and 

homogeneity of films prepared with modified montmorillonite (MMT), Wamok clay (W-

clay), bentonite, talc powder, and zeolite were comparable to those of control SPI films. TS 

increased significantly in films prepared with O-MMT and bentonite, while WVP decreased 

significantly in bentonite-added films and the WS of most nanocomposite films decreased 

significantly.  

This soy protein isolate/montmorillonite combination also serves as the base for 

additional biocomposite materials as reported by Osorio-Ruiz et al. [11] where protein 

concentrates from jatropha (JPC) and soy seeds (SPC) were prepared by the casting method, 

using two different montmorillonite (MMT) clay concentrations and plasticized with 

glycerol.  Jatropha is a genus of flowering plants in the spurge family, Euphorbiaceous, 

containing approximately 170 species of plants.  Pan et al. [17] reported alginate (ALG) and 

thymol (THY) additions to the Soy protein isolate/montmorillonite combination.  Other 

studies incorporated clove essential oil [18] or 2D negative charged graphene and 1D 

positive charged polyethyleneimine (PEI)-modified cellulose nanocrystals (CNC) [23] into 

the SPI/MMT base material. Soy protein was a common protein investigated for film 

packaging applications with differing nanocomposite additions.   

Gautam et al. [20] used soy protein isolate mixed with Titanium Dioxide (TiO2) and 

plasticized with glycerol.  Similar Li et al. [24] used chitosan (CS) which is a polysaccharide 

and endogenous Cu nanoclusters (NCs) capped with protein in SPI-based films.  Although 
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SPI was a common protein used to with montmorillonite (MMT) clay it was not the only 

protein.   

Osorio-Ruiz et al. [11] evaluated the morphological, mechanical, and physical properties 

of cast films, from protein concentrates (PC) obtained from jatropha and soybean meal, with 

particles of MMT clay addition. A soy protein film was used as a control film since this 

protein has been well studied and could serve for comparison with jatropha protein film, to 

evaluate its potential for making films.  Protein concentrates from jatropha (JPC) and soy 

seeds (SPC) were obtained by making a solution and acid precipitation of proteins and the 

films were prepared by the casting method, using two different montmorillonite (MMT) clay 

concentrations and plasticized with glycerol. Film properties were evaluated by scanning 

electron microscopy, transmission electron microscopy, X-ray diffraction (XRD), Fourier 

transform infrared spectroscopy, thermogravimetric analysis, tensile properties, water 

retention, and water vapor transmission rate (WVRT). Typical tactoid microcomposite 

structures were found to be heterogeneously dispersed in the films containing MMT. A small 

XRD peak was found in films with MMT. Slight improvements in thermal stability and 

tensile strength were observed in the films with MMT. Reductions in water retention and 

WVRT were obtained when MMT was added into the films.   

Pan et al. [17] used soy protein isolate (SPI), alginate (ALG), montmorillonite (MMT), 

and thymol (THY) to prepare films with a co-drying process to enhance the antimicrobial 

stability. The results showed higher gelation point temperature and more stable gelling 

network were obtained by the addition of MMT. Better thermal stability and sustained 

release effect was found in the co-blended film containing MMT, in which THY release rate 

at 25 °C decreased with increasing MMT concentration but increased with temperature at a 



 

29 

constant relative humidity. The films effectively inhibited the growth of Escherichia coli and 

of Staphylococcus aureus on the surface of raw sausage, compared to the control film.   

Echeverría et al. [18] investigated the potential use of biopolymer/layered silicate 

systems as active food packaging, specifically the effect of clove essential oil addition to soy 

protein–montmorillonite (MMT) film on the material’s structure, functionality, and active 

release. Active nanocomposite films were prepared by casting from aqueous dispersions 

containing soy protein isolates (SPI), glycerol, different concentrations of MMT, and clove 

essential oil (CEO). The addition of clove essential oil provides important antioxidants and 

antimicrobial properties to nanocomposite films and also exerted a plasticizing effect, which 

was verified in a decrease in the tensile strength and elastic modulus (up to 50 and 75%, 

respectively) and an increase of the water content of films (up to 20%). The MMT nanoclay 

caused a further strengthening effect in films containing CEO with 10wt% MMT to SPI 

reached an increase tensile strength and Young’s modulus (up to 105 and 200% respectively) 

and a decrease of elongation at break (up to 340%).  Clove essential oil presence also favored 

the exfoliation of montmorillonite into the soy protein matrix, while the nanoclay seemed to 

promote the release of active compounds, occasionally modifying the antimicrobial activity 

of films as well as the release of some of its Si and Al ions.   

Gautam et al. [20] developed and characterized biodegradable-soy protein isolate-

glycerol-Titanium dioxide (TiO2) blend films as a function of different sonication levels (0, 

20 40, 60, 80 and 100%) and pH (6.35 to 10).  The SPI films were prepared using fixed level 

of TiO2 (5%), SPI (5%), and glycerol contents (1.5%). The film solutions were heated at 90

°C for 15 min in a water bath, cooled to room temperature, degassed using a bath-type 

ultrasound sonicator, and then spread onto levelled Teflon-coated sheet (24×30 cm). The 
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cast films were dried at an ambient temperature and had an opaque appearance because of 

presenting titanium di-oxide in the biopolymeric film.  Application of sonication to soy 

protein isolate films solution significantly increased tensile strength and its elongation at 

break.  His results showed that the water the vapor permeability, the moisture content, the 

moisture absorption and the water solubility decreased with increasing sonication levels.  

Mechanical tests revealed the plasticizing effect of nanoparticles on the bio-film.  At higher 

pH level improves barrier properties as well as mechanical properties. Increasing pH level 

from 8-10 the elongation at break and barrier properties showed good results.   

Li et al. [23] found a new method for graphene dispersion by making a SPI 

nanocomposite film with the combination of graphene and cellulose nanocrystals (CNC) via 

a layer-by-layer building method. The resulting new nanocomposite material morphologies 

and free surface charges were investigated by atomic force microscopy.  The tensile strength 

and surface contact angles of the composite layered film were significantly improved, along 

with other properties like the water resistance.  To have possible application in food 

packaging the material would need good visible and UV spectrum light barrier, which was 

also improved by the this new fabrication method.     

Li et al. [24] set out to improve the relatively poor mechanical properties and water 

resistance ability of SPI films.  To tackle these challenges, chitosan (CS) and endogenous 

Cu nanoclusters (NCs) capped with protein were proposed and designed to modify SPI-

based films. Fourier Transform Infrared spectroscopy and X-ray diffraction patterns of 

composite films demonstrated that interactions, such as hydrogen bonds in the film forming 

process, promoted the cross-linking of composite films. The surface microstructure of 

CS/SPI films modified with Cu NCs was more uniform and transmission electron 
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microscopy (TEM) showed that uniform and discrete clusters were formed.  The tensile 

strength and elongation at break of composite films were simultaneously improved by 

118.78% and 74.93%, respectively, compared to untreated SPI films.  Moreover, these 

composite films also exhibited higher water contact angle and degradation temperature than 

that of pure SPI film.  The water vapor permeation of the modified film also decreased.  The 

improved properties of this functional bio-polymer shows great potential as in the area of 

food packaging materials. 

2.3.3. Biomedical Applications 

A wound can be defined as a cut, opening [118] or break in the continuity of the tissue. 

Common types of wound are contusion, abrasion, avulsion, laceration, incised wound, 

puncture wounds, strains, sprains [119], and traumatic, chronic and thermal wounds [120].  

Healing process is initiated in response to an injury that restores the function and integrity 

of damaged tissues [118] and the power of wound healing depends on the rate of growth of 

new cells [119]. Wound healing involves continuous cell–cell and cell–matrix interactions 

that allow the process to proceed in three overlapping phase’s - inflammation, cellular 

proliferation, and remodeling [118].  

The wound healing process requires restoration of epithelialisation and collagen 

formation. The epithelialisation occurs by migration and proliferation of keratinocytes from 

the wound edges and the collagen formation occurs by influx of growth factors secreted by 

macrophages, platelets and fibroblasts. Different individual amino acids are required for 

building block components or wound healing and tissue regeneration, and researchers have 

investigated the effects of specific amino acids on the healing process and determined that 

arginine and glutamine appear to be necessary for proper wound healing. Arginine is 
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essential for efficient wound repair and immune function whereas glutamine is used by 

inflammatory cells in the wound for as a source of energy [119].   

Wound dressings play a vital role in the field of wound care and management. The ideal 

wound dressing removes the excess exudate [118-120], inhibits the invasion of exogenous 

microorganism, improves the skin appearance and also enhances the healing process by 

providing high porosity for respiration [120]. Also, idea dressing material should have the 

ability maintain a high humidity at the wound/dressing interface, allow gaseous exchange, 

provide thermal insulation, protect the wound from bacterial penetration, should be removed 

easily without trauma to the wound [118], provide mechanical protection, comfortable, non-

allergenic and biocompatible [119]. 

Wound dressings have been broadly classified as either adherent or non-adherent and 

absorbent or non-absorbent [118] with wound dressing materials being characterized by its 

form or by its function. The “traditional” form category includes textile based wound 

dressings such as gauze, lint, and wadding [119, 120]. The “advanced” form category 

comprises films, hydrocolloids, hydrogels, alginates, antimicrobials, and biological [119]. 

Wound dressing materials include synthetic polymers like polyurethane, polyethylene, 

polylactides, polyglycolides, and polyacrylonitrile. Certain polymers have disadvantages 

like poor biocompatibility and release of acidic degradation products. The uses of 

biodegradable and non-toxic renewable polymers available in nature such as collagen, 

gelatin, chitosan and proteins like; soy, casein, silk fibroin, wheat have been used for wound 

dressing. 
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Nano fibrous membranes produced via electrospinning are emerging as wound dressing 

materials, due to their close structural resemblance to the native extracellular matrix, their 

high surface area-to-volume ratio, and good porosity.   These nanofibers are of considerable 

interest due to their useful properties like high surface-to- volume ratio, conformability, high 

porosity, high filtration and liquid absorption efficiency. Synthetic polymers like polyvinyl 

alcohol, polyethylene glycol, polyethylene terephthalate and polyvinyl pyrrolidone have 

been electro spun with diameter varying in the range of tens of nanometers to micrometers.  

Currently, electrospinning of naturally obtained biopolymers including polysaccharides 

(e.g. chitosan, alginate, dextran, cellulose etc.), proteins (e.g. collagen, silk, gelatin, wheat 

protein, zein, etc.) and their blends with other polymers is intensively studied because of 

their biodegradability, biocompatibility and renewability and such properties promote cell 

adhesion and proliferation. SPI is the purest form of protein obtained from defatted soy 

flakes and is used for fiber extrusion [120] for its advantages of good affinity to human skin. 

Soy protein isolate (SPI) consists of two main fractions of protein needed for wound healing, 

namely arginine (7.5%) and glutamine (19%) as well as quantities of alanine, aspartic acid, 

glycine, lysine, methionine, etc.  It is confirmed that electro spun fiber web provides better 

and faster healing of wound than conventional wound care materials [119].  

Wound dressings require polymers that resist bacterial growth and do not generate toxic 

response in the body tissues. SPI promotes water resistance and storage stability and these 

properties are similar to tissue structure. It has been proven that pure soy protein is crucial 

to electro spun. Owing to the poor mechanical properties, soy alone cannot be a strong 

enough fiber. But, to hold or bind the soy together, it could be blended with polyurethane 

(PU), a biodegradable polymer. Ciprofloxacin HCl (CipHCl), a fluoroquinolone antibiotic, 
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is one of the most widely used antibiotics in wound healing because of its low minimal 

inhibitory concentration for both Gram-positive and Gram-negative bacteria that cause 

wound infections and the frequency of spontaneous resistance to ciprofloxacin is very low 

[120].   

Kumar et al. [120] reported a novel wound dressing material woven by electrospinning 

a mixture of polyurethane (PU) and soy protein isolate (SPI) in conjugation with zinc oxide 

nanoparticles (ZnO Nps) and ciprofloxacin hydrochloride (CipHCl) to produce fibrous mats. 

Results revealed that the electro spun PU/SPI-based nanofibers are non-sensitizing, non-

allergic and non-toxic and that it can be used as a peculiar wound healing material. Ramnath 

et al. [118] took a different approach by fabricating a wound healing film as reported.  

Composite films were made using sago starch (SG), soya protein (SY), collagen (C), isolated 

from the chrome containing leather waste (CCLW), and were cross linked with 

glutaraldehyde (G). These studies have revealed better wound healing capacity of SG–SY–

G–C film and utilization of CCLW in the preparation of value added product like wound 

dressing material. 

Prepared by an electro spinning process, Thirugnanaselvam et al. [119], reports on a web 

composed of nanofibers made from polyethylene oxide (PEO) and SPI.  The effect of the 

SPI/PEO blended electro spun web on wound healing was experimented with female wistar 

rats and the blended web shows excellent results on wound healing by the growth of new 

epithelium without any significant adverse reaction.  

Hydrogels have drawn much attention owing to their applications in the field of medicine 

[121].  Hydrogels are functional materials known for their insolubility in water, the stability 

of their network in aqueous solution, and their water holding capacity which varies from 
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10% to 1000 of times their dry weight.  Hydrogels are classified as physical or chemical gels 

depending on the nature of their crosslinks. Physical hydrogels, or reversible hydrogels, are 

stabilized by molecular entanglements and secondary forces such as ionic bonds and 

hydrophobic forces.  These interactions can be disrupted, reversed, and sudden or gradual 

change in their swelling properties [122], by changes in environmental conditions (e.g. pH, 

temperature, and addition of solutes) and reversed. Chemically crosslinked hydrogels are 

more stable since the network is held together by covalent bonds.  The excellent water 

absorption capacity and swelling ratio obtained from chemically crosslinked hydrogels have 

been exploited in everyday life products such as diapers and napkins for personal care [122].   

Studies on the fabrication of biodegradable hydrogels derived either from synthetic 

materials such as poly(lactic acid), poly(vinyl alcohol), or natural materials such as chitin 

and gelatin have been discussed as biodegradable hydrogels. They have significant 

application as implantable carriers for drug delivery systems because of their reliable 

nontoxicity, high responsiveness and biodegradability [121].  Hydrogels are also attractive 

due to their multifunctional properties which allow for a wide range of applications to be 

developed such as wound dressing and tissue engineering materials. The response of these 

materials to changes in environmental factors attracted much attention in controlled-release 

applications in the field of medicine and agriculture. This very characteristic also conferred 

them the title of ‘‘smart materials’’ [122].  Therefore, polymers from a natural origin such 

as polysaccharides and proteins have become an alternative for the synthesis of hydrogels 

[122].  

Proteins are known for their nontoxicity, biocompatibility and biodegradability [122].  

Recently, protein-derived biomaterials have attracted much attention since the bioactive 
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properties of the proteins can be kept [122]. And so, protein-derived materials can perform 

well in physiological environment [122]. For example, collagen is able to induce cell 

proliferation and tissue reconstruction, thus collagen-based hydrogels have been widely 

studied as scaffolds for tissue engineering [122].  

In sum, soy protein, a globular, plant-based protein containing isoflavones, is emerging 

as a promising biomaterial due to flexibility in processing, demonstrated by studies in the 

food (and recently biomedical) industries.  Isolated soy protein and soy protein subunits can 

form hydrogels based on disulfide bonding, hydrogen bonding between subunits within the 

system, and electrostatic interactions, Common methods to induce gelling include thermal 

treatment, salt-driven cold setting, pressure application, and chemical and enzymatic 

crosslinking.  Soy hydrogels made by different fabrication processes have been used for 

molecular delivery and other biomedical applications. Hydrogels and composites can be 

formed using soy protein isolate (SPI), instead of just the individual subunits. The retained 

isoflavones in whole SPI have been reported to be advantageous for biomedical systems 

[123]. 

In addition to specific tissue engineering applications, the use of soy hydrogels may be 

an ideal carrier for drug delivery applications since SPI has been known to form stable 

networks in the presence of other ionic compounds and in varying pH solutions, presenting 

opportunities for controlled release.  Soy protein has been previously reported to provide 

sustained release of model nutrients such as riboflavin and isoflavones, model drugs and 

dyes such as amaranth, methylene blue, and rifampicin, and proteins such as bovine serum 

albumin.  By only varying the concentrations of the soy protein the major benefit of this 

hydrogel system is realized because the thermo-plasticity of soy protein is particularly good 
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during injection, and the ability to solidify the hydrogel at room and physiological 

temperature allows for a minimally invasive injection. Overall, this study demonstrates that 

soy protein hydrogels have tailorable properties with a method of fabrication that is easily 

clinically translatable [123]. 

Since SP is biodegradable, biocompatible, abundant and annually renewable, it attracts 

attention as a biomaterial in tissue engineering and drug delivery fields. SP have been 

fabricated into films and fibers using several methods. Within the various forms, fibers have 

been widely used in scaffolds for its high surface area to mass ratio and high porosity. In 

addition, drugs have been loaded in the scaffold in order to achieve controlled release to 

promote the tissue regeneration and functional recovery [124].   

Generally speaking, there are two methods to load drugs onto the soy protein scaffold. 

One is the dissolution method that is to dissolve the drug in the polymer solution or molten 

polymer. The other method is sorption that is to sorb drugs after fabricating the scaffold. The 

sorption method is more suitable for SP fibers for either higher drug using efficiency or 

fewer impurities left in the fibers compared with the dissolution method. Since the SP has to 

be dissolved with chemicals and go through the coagulation bath in order to obtain high 

mechanical properties, washing is required to remove these impurities. Drugs will be 

removed during the washing leading to lower drug using efficiency, while inefficient 

washing will result in impurities left in the fibers if the dissolution method is used. SP has 

been mixed with other polymers, such as dextran, chitosan, gelatin, carrageenan and starch 

in order to improve properties. The degradation behavior of SP uncrosslinked and 

crosslinked with glyoxal has been studied in an isotonic saline solution either with or without 

bacterial collagenase. The study demonstrated that the weight loss of SP was directly 
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proportional to the crosslinking degree and the degradation of the SP could be controlled by 

the crosslinking [124].  

Vaz et al. [125] used double-layer co-injection molded SP-based materials as the drug 

delivery carrier. The study showed that the drug release was affected by swelling, drug 

diffusion, and polymer dissolution. They also investigated the mechanical properties, 

degradation and drug release profile of SP films noncrosslinked and crosslinked with 

glyoxal. Their study showed that the drug release rate was dependent on the pHs of buffered 

saline. In another study, Chen et al. [123] investigated the mechanical properties and drug 

release of SP films crosslinked with formaldehyde. Their study showed that the crosslink 

density was dependent on the formaldehyde concentration, and the initial burst was 

dependent on the drug solubility and zero order subsequence release was observed. SP used 

in hydrogels by itself or combined with other materials has been investigated. The hybrid 

microspheres based on alginate and SP has been investigated as a drug delivery carrier. 

2.3.4. Electronics Applications 

Soy protein based electric materials are limited. They have a wide application window 

but offer a number of advantages including eco-friendliness, ease of disposability, increased 

functionality/design flexibility, decreased toxicity, and reduced unit cost [85, 101, 116, 126].  

Limited studies found are Hong et al. [116] with a soy/kreatin fiber composite to replace, 

Xie et al. [126] with a flexible soy/cellulose film, and Tian et all [118] with an electroactive 

hydrogel.   

Hong et al. [116] fabricated an affordable, bio-based, and environmentally friendly 

composite materials from soybean resins and hollow keratin fibers and their fundamental 

properties were investigated.  Keratin fibers are a hollow, light, and tough material and are 
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compatible with several soybean (S) resins, such as acrylated epoxidized soybean oil 

(AESO).  Soybean resins are based on triglycerides, which are composed of three fatty acids 

joined at a glycerol juncture.  The active sites on modified triglycerides can be used to 

introduce polymerizable groups the same that have been applied in petrochemical-based 

polymers.  Triglyceride-based materials display the necessary rigidity and strength required 

for structural applications and soybean resins can be made to be biodegradable.   

The new KFS lightweight composites have a density of 1 g/cm3, when the KF volume 

fraction is 30% because the hollow keratin fibers were not filled by resin infusion and the 

composite retained a significant volume of air in the hollow structure of the fibers. The 

retained air also contributed to a dielectric constant, k, the range of 1.7–2.7, depending on 

the fiber volume fraction.  These values are significantly lower than the conventional silicon 

dioxide or epoxy, or polymer dielectric insulators making these composites suitable for 

electronic as well as automotive and aeronautical applications [116].   

In a typical microchip, performance gain is mostly limited by the intra- and interlayer 

capacitance, dictated primarily by the dielectric constant (k) of the insulators, known as 

dielectrics. In a printed circuit board as the dielectric constant decreases the operating speed 

increases, the crosstalk effects between metal interconnects is minimized, and the power 

consumption diminishes.  The delay time of the electronic signal is proportional to the square 

root of k and values close to k=1 as represented by air are most desirable.  A porous or high-

air content material may have dielectric constants in the ultralow-k (<2.2) region. The k 

values decrease linearly from 2.7 to 1.7, with an increase of the keratin fiber content which 

is lower than the dielectric constant of conventional semiconductor insulators like silicon 

dioxide (k=3.8–4.227) and thermosetting epoxy resin (k=4.1).  Thermosetting epoxy resin 
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is used for electromagnetic component, printed circuit board, and the resin-encapsulating-

type semiconductor devices. The temperature dependence of the dielectric constant of the 

AESO-KF composites is resulting from the alignment of the dipoles when the composite 

softened with temperature.  The coefficient of thermal expansion was low enough for 

electronic applications and the diffusion coefficients are dependent on keratin fiber content 

with sorption through the fiber is dominant [116].   

With suitable viscosity, the molding process of soybean resins is similar to that of 

conventional thermosetting liquid molding resins including, resin transfer molding (RTM), 

vacuum-assisted resin transfer molding (VARTM), sheet molding compound (SMC), etc.  

The density of the composites can be made to be less than 1 g/cm3 with about 5% of hollow 

keratin fibers filled by resin infusion during the VARTM process.  The storage modulus, 

fracture toughness, and fracture energy improved with the addition of keratin fibers. The 

incorporation of keratin fibers in the soy oil polymer enhanced the mechanical properties 

like storage modulus, fracture toughness, and flexural properties, and also the damping peak 

was lowered and the peak became broader.  The low-cost KFS composite has the potential 

to replace the dielectrics in microchips and circuit boards in the ever-growing electronic 

materials field, in addition to many applications as a new light-weight composite material 

[116].   

Xie et al. [126] reported ever-increasing interest has been aroused in wearable devices, 

roll-up displays, and bendable electrical equipment.  Although significant progress has been 

made for flexible current collectors, electrodes, solid-state electrolytes, and encapsulation 

materials, some shortages still exist because the flexible substrates are generally non-

degradable or stem from petroleum resources.  Development of flexible, renewable, 
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biobased encapsulates is more welcome for global green concerns of interest for next 

generation mobile applications.  A fully biobased film is developed here by cross-linking 

soy protein isolate (SPI) with nanocross-linker, cellulose nanocrystals (CNC).  Among the 

big family of biomass, soy protein isolate (SPI) has attracted considerable attention because 

of its low cost, good process ability, film-forming characteristics, and gas barrier property, 

which exhibits promising applications in the biomedical and food fields.  However, SPI-

based films with a high mechanical property and water resistance is still a big challenge.   

Cellulose NanoCrystals (CNC), prepared by the acid catalyzed hydrolysis of cellulose, 

have been regarded as attractive reinforcement fillers over cellulose whisker and 

microcrystalline cellulose for polymeric materials because of the higher specific surface 

area, degree of crystallinity, and superior mechanical properties.  Incorporating CNC in 

different matrices like poly(lactic acid), bacterial polyester, poly(vinyl alcohol), 

polyurethane, or natural rubber has been the area of research but the utilization of CNC to 

modify SPI is still limited. Only two reports currently exist using CNC as a filler of SPI. One 

being a SPI/CNC composite film that was brittle because lacking of interfacial interaction 

between the filler and the protein matrix.  The second used ethylene glycol diglycidyl ether 

as a crosslinker to improve interfacial interaction but the crosslinking reaction has no 

selectivity, which may result in the self-cross-linking of CNC as well as formation of stress 

concentration [126].   

Oxidation of polysaccharides occurs specifically at the secondary hydroxyl groups of C2 

and C3 atoms, giving rise to highly reactive aldehyde groups. The resulting oxidized 

cellulose can be used as a macromolecular cross-linker for many biopolymers.  Because of 

the Maillard reaction, the CNC−CHO filler acts as a nanocross-linker in composite films, 
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resulting in enhancement of the interfacial interaction between SPI and CNC. The as-

prepared SPI/CNC−CHO films exhibit improved mechanical properties and water resistance 

as compared with pure SPI film or SPI/CNC film without the interfacial reaction.  The 

SPI/CNC−CHO films also have a heat-sealing property, which can be used to encapsulate a 

conductive membrane. The resultant electronic skin exhibits a current response to 

mechanical treatments, indicating that biobased composite films have potential applications 

in next-generation electromechanical sensing.  These results indicate that green composite 

films hold promising applications as universal encapsulation materials for integrating 

flexible movement-monitoring electronics [126]. 

Tian et al. [101] wrote about increasing interest in electroactive hydrogels because their 

electrical response can be controlled relatively easily in a number of useful application 

geometries which transform the electrical energy into mechanical work by swelling, 

shrinking, or bending in an electric field. Most electroactive hydrogels developed recently 

are from synthetic polymers, like poly-acrylic acid, poly-vinyl alcohol, poly-sodium 

maleate-co-sodium acrylate, poly-vinyl sulfonic acid, and sulfonated polystyrene. Due to the 

latent toxic effect of synthetic polymers the application of these hydrogels in biological and 

pharmaceutical fields is limited.  More natural polymers have been used recently to prepare 

polymer blended materials for better biocompatibility like alginate/ poly(methacrylic acid) 

and chitosan/polyaniline hydrogels.  Most of the electroactive hydrogels reported are made 

from either polycationic or polyanionic material so they only show the electrical response in 

a specific pH range.   

To overcome these limitations and enlarge the application fields of electroactive 

hydrogels, a pure natural amphoteric polyelectrolyte which contains a wide range of acidic 



 

43 

and basic residues was considered. Protein, which contains acidic and basic amino acid 

residues would be an ideal material to prepare natural polymer-based electroactive 

hydrogels.  Smart hydrogels have potential applications in many fields, such as sensors, 

actuators, tissue engineering, drug delivery, microfluidic control, artificial organs, and 

wound dressing. These hydrogels normally have a three-dimensional cross-linked 

macromolecular network structure and can deform quickly and reversibly under 

environmental stimulus, such as pH, temperature, light, electric/magnetic field.  Soy protein 

isolate (SPI), contains more than 90% protein content with two major components: glycinin 

(11S, approximately 52% of the total protein content) and β-conglycinin (7S, approximately 

35% of the total protein content) [101].  

The motivation for the selection of SPI as an electroactive material lies on the fact that 

there is a large amount of polar amino acid residues in soy protein peptide chains, which can 

generate charges in different pH buffer solutions.  A natural electroactive protein hydrogel 

was prepared from soy protein isolate (SPI) by cross-linking with epichlorohydrin. Under 

electrical stimulus, such SPI hydrogel quickly bends toward one electrode, showing a good 

electro activity. Because of its amphoteric nature, the SPI hydrogel bends either toward the 

anode (pH < 6) or cathode (pH > 6), depending on the pH of the electrolyte solution. Other 

factors, such as electric field strength, ionic strength and gel thickness also influence the 

electromechanical behavior of the SPI hydrogels. Moreover, this SPI hydrogel exhibits a 

good electroactive behavior under strong acidic (pH2-3) or basic (pH11-12) solutions, which 

is a significant improvement over two other kinds of natural electroactive hydrogels, i.e., 

chitosan/carboxymethylcellulose and chitosan/carboxymethylchitosan hydrogel, which we 

reported previously. The wide pH range and good electro activity of this natural protein 
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hydrogel suggests its great potential for microsensor and actuator applications, especially in 

the biomedical field, and also to increase the scope of natural polymer-based electroactive 

hydrogels [101].   

It was concluded that an effective natural electroactive protein hydrogel can be prepared 

from SPI solution by cross-linking with epichlorohydrin. The equilibrium bending angles of 

SPI hydrogels are influenced by pH, electric field strength, ionic strength, and gel thickness. 

SPI hydrogel exhibits a linear electrical response with both pH and electric field over a wide 

range, where the effective limits are defined by the equilibrium bending angle reaching about 

90° in buffer solutions with an optimized ionic strength of 0.1 M and the highest applied 

electric field of 400 V/m used in our experiments. This broad operating window increases 

the scope of potential applications of natural electroactive hydrogels over previously 

reported materials such as CS/CMC and CS/CMCS [101]. 

2.4. An Overview on Dielectric Analysis 

Polarization of material components is due to the modification of electric charges when 

an electric field is applied.  In many disordered ion-conducting materials, the motion of ions 

occurs via hopping processes where ions leave their sites and jump into vacant neighboring 

sites [127]. These changes in location are the response of a material to this applied electric 

field is described by its conductivity and permittivity. Permittivity is often expressed as the 

complex permittivity (ε*) composed of the dielectric permittivity (real part) and the 

dielectric loss (imaginary part), represented by Equation (1) below.  Polarization can be due 

to various effects, ranging from charge accumulation at surfaces of materials having layers 

of different permittivity values (interfacial polarization), to dipole orientation, up to atomic 

and electronic polarization (Figure 4). Each of these polarization effects contribute to the 
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dielectric constant global value and are responsible for material relaxation phenomena at 

frequencies below THz and material resonance phenomena happening at above the THz 

level [128].  

 

Figure 4. Frequency dependent polarization mechanisms [128] 

The study of these polarization mechanisms, associated material structure, and the 

influence of outside stimuli is called Dielectric Spectroscopy and can be also be referred to 

as Broadband Dielectric Spectroscopy [129], Conductivity Spectroscopy [30], Low Field 

Dielectric Analysis, and Dielectric Relaxation Spectroscopy [89]. This occurs at a low 

voltage (<10 volts) where primarily the frequency is varied.  In an alternative electric field, 

polarization does not follow immediately the electric field switch. A response time or delay 

exists corresponding to the dielectric relaxation, inducing an energy loss [128]. Frequency-

dependent conductivities have the advantage of providing information about ion dynamics 

on different time scales, therefore, conductivity spectroscopy can be considered as a 

“microscope in time”.  That is why dielectric relaxation spectroscopy is an important 

electrical characterization technique, which can provide charge polarization information and 
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insights into free and bound charges in a material [89].  In addition to the frequency, the 

temperature is also varied as some polarization mechanisms can be influenced.  High electric 

field dielectric analysis is also used with voltages reaching 1000+ volts common.  This high 

field analysis is focused more on the maximum levels of polarization, energy storage, and 

release.  The use of a monopolar hysteresis loop to evaluate efficiency is explained in 

subsequent sections.   

Proteins have a large number of polar units including polypeptide chains and amino acid 

residuals.  These polar units can be polarized and influenced in an electronic field and 

contribute to dielectric properties.  This makes dielectric spectroscopy useful for the study 

of proteins as molecular structures can be confirmed.   

2.4.1. Dielectric Properties  

Complex permittivity (ε*) is composed of the dielectric or relative permittivity (ε’) 

which is defined as the ability of the material to store energy, and the dielectric loss factor 

(ε”) which is its ability to dissipate energy into heat by frictional motion of the elements 

carrying chargers as they align. Complex permittivity can be expressed as Equation 1. 

ε∗ = ε′ −  ε"      (1) 

Dielectric loss can also be due to ionic conductivity which is introduced into the material 

when exposed to an electromagnetic field. Both dielectric loss and permittivity constitute 

the dielectric character of the material [128]. 

Dielectric or relative permittivity (ε’) is calculated by measuring a materials capacitance.  

Capacitance (C) is the Charge (q) a material can store at Voltage (V) due to polarization of 

the material, and can be further rewritten as Equation 2. 
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C =
𝑞

V
=
εoεrA

d
      (2) 

The remaining variables in the capacitance equation are, Permittivity of Vacuum (εo), 

Relative Permittivity (εr), Area (A), and Distance (d).  Relative permittivity is the dielectric 

constant and the vacuum permittivity is a constant and, so measuring for the capacitance 

yields the dielectric constant.  The dielectric value of a material is dependent on its 

polarization and thus dependent on the material structure.  

The dielectric loss factor (ε”) which is imaginary part of the complex permittivity 

equation is characterized as molecular motion during polarization.   Dielectric loss can be 

written as Equation 3. 

ε" = ε′ tan (𝛅)      (3) 

Or more commonly as Equation 4. 

tan (𝛅) =
ε"

ε′
                  (4) 

The loss angle is a relation of the magnitude of the permittivity vector in the real-

imaginary plane as show in Figure 5.   
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Figure 5. Representation of Permittivity in the complex plane 

Impedance is the ratio an applied sinusoidal voltage to the current induced and depends 

upon the frequency of the sinusoidal voltage.  Impedance possesses both magnitude and 

phase, unlike resistance, which only has magnitude.  In a direct current (DC) application 

there is no distinction between impedance and resistance with resistance thought as 

impedance with zero phase angle.  Impedance extends the concept of resistance to alternating 

current (AC) circuits.  In AC circuits impedance includes the effects of the induction of 

voltages in conductors by the magnetic fields (inductance), and the electrostatic storage of 

charge induced by voltages between conductors (capacitance). The impedance caused by 

these two effects is collectively referred to as reactance and forms the imaginary part of 

complex impedance whereas resistance forms the real part.  Like permittivity, impedance 

being a complex number can expressed as in Equation 5 with the real part being the 

resistance (R) and the imaginary part called the reactance (X).   

Z = R + 𝑖X       (5) 

The most common experimental setup to determine the impedance of a test sample is by 

the application of a sinusoidal AC voltage signal with known amplitude and frequency, and 
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then measuring the phase shift and amplitude of the resulting current.  If a sinusoidal time 

dependent voltage is applied, the current will be a sinusoidal signal with the same frequency 

but shifted in phase amount φ as seen in Figure 6 with the angular frequency (ω) measured 

in rad/s being related to the frequency (f) in Hz by ω=2πf.   

 

Figure 6. Impedance Voltage Impulse & Resulted Current Shift 

The impedance is defined as the simple function Z = V/I, but can be expressed as a 

complex function of frequency by using the relationship, eiωt = cos(ωt) + i*sin(ωt).   The 

voltage (V=V0eiωt) is the real part, and the current (I=I0ei(ωt-δ)) is the imaginary part of the 

complex function.    The analysis of the response to a periodic excitation is complex in the 

time domain, requiring the solution of differential equations.   

In the case of sinusoidal excitations, the use of Fourier Transforms of the signals to the 

frequency domain allows simplifying the problem since the differential equations are 

converted to algebraic equations.  Fourier transformation only reduces differential equations 

to simple algebraic equations under conditions of linearity, causality, and stationarity of the 

system, and therefore applicable only for systems satisfying these conditions.  Much like 

permittivity, the impedance can be expressed as a vector in the complex plane, with 



 

50 

rectangular coordinates Z’=Z0cosδ and Z”=Z0sinδ as its real and imaginary parts 

respectively as seen in Figure 7. 

 

Figure 7. Representation of Impedance in the complex plane 

Electric modulus is a useful tool for analyzing dielectric behavior in areas that are hard 

to analyze with normal permittivity measurements.  Areas of permittivity study such as high 

temperature or low frequency.  At high temperature there can be charge accumulation on the 

measurement electrode resulting in very high permittivity.  Also electric modulus can be 

used to surpass the DC conduction contribution as low frequencies of testing.  Complex 

electric Modulus is defined as the inverse of the complex permittivity of a material as shown 

in Equation 6.   

M∗ =  
1

ε∗ =  
1

ε′ +
1

𝑖ε"
 =  

ε′

ε′2
+ε"2

+ 
𝑖ε"

ε′2
+ ε"2

= M′ + 𝑖𝑀"    (6) 

M′ =
ε′

ε′2 +ε"2
 & 𝑀" =

ε"

ε′2 +  ε"2
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2.4.2. Dielectric Relaxation Mechanisms  

Polarization can be due to various effects including charge accumulation at surfaces of 

materials having different permittivity values (interfacial polarization), dipole orientation, 

atomic, and electronic polarization. Each of these polarization effects contribute to the 

dielectric constant global value and are responsible for relaxation phenomena under the THz 

level and resonance phenomena above.  These 4 different polarization mechanisms are 

dependent on the frequency as are the corresponding relaxations.  Knowledge of these 

polarization mechanisms and how they correlate to molecular structure, so a study of the 

dielectric polarization can characterize the molecular interactions [93]. 

Four types of polarization are presented. At low frequency, they contribute to the high 

value of the dielectric constants. When frequency rises, contributions brought by each type 

of polarization phenomena disappear, followed by a decrease in the dielectric constants 

[128].  Internal forces limiting the polarization cause a “lag” and decrease the dielectric 

constant.   

The first kind of polarization named interfacial polarization and usually appears at lower 

frequencies (<106 Hz). This type of polarization occurs in heterogeneous material and comes 

from the displacement and accumulation of free charges at interfacial areas or borders 

between the different phases.  This phenomenon is specific for solid and liquid dielectrics, 

especially with non-homogeneous or amorphous structures and is also known as the 

Maxwel-Wagner effect.   

The second kind of polarization named dipole orientation and also called Debye 

polarization is the orientation of polar molecules under an electric field at higher frequency 

(106 to 1010 Hz). This type of polarization is mainly due to the rotation of amino acids, or 
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charged side groups of proteins, and possibly the relaxation of water interacting with 

proteins. Dipoles molecules are of asymmetric type, where the negative charges of such a 

molecule does not match with the positive charges.  Dipoles and usually have dielectric 

constant of 4 or 5 at low hydration level, and up to 10 at higher hydration level. In addition, 

the loss values usually obtained are low and which vary with temperature, relative humidity 

and frequency.  With the application of an alternating electric field and due to the viscosity 

of the medium, molecules cannot orientate themselves instantaneously as they are submitted 

to Debye forces, such as viscosity forces.   

Atomic (or ionic) polarization is a result of the atoms displacement linked via ionic bonds 

and occurs at even higher frequencies (1010 to 1013 Hz). Valence electrons travel around 

orbits shared with others atoms thus creating an induced dipole. This induced dipole sticks 

to the electromagnetic field orientation, but also takes into account relaxation dynamics. 

Ionic bonds are found in inorganic solid dielectric materials with a crystalline structure, e.g., 

ceramic materials.  Electronic polarization is present in all types of dielectric materials at the 

highest frequencies (>1013 Hz). It results from external electronic orbit displacement 

compared to the atomic nucleus.  Much like atomic polarization, an induced dipole is creased 

but these do not provoke energy loss and disappear as soon as the electric field is removed.   

The different kinds of polarization that occur in a dielectric material under the influence of 

an electromagnetic field confirm that, in a protein, polarization mechanisms are mainly of 

dipolar orientation (Debye type). In a frequency range, comprised between 100 MHz and 1 

GHz, molecular chains, as well as amino acids are polarized [128] (See Figure 8). 
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Figure 8. Influence of different types of polarization on dielectric parameters: I, radio frequency range; 
II, microwave frequency range; III, infrared-visible frequency range; and IV, ultraviolet frequency range. 

[128] 

In addition to figures above showing the different relaxations mechanisms correlated to 

the frequency ranges, equations for these relaxations have been developed by parties like 

Debye, Cole-Davidson and Havriliak-Negami.  The simplest is the Debye model which a 

single relaxation of non-interacting dipoles free to move in a fluid like medium with only 

viscous resistance, given by Equation 7.   

ε∗ =  ε∞ +  
ε𝑜− ε∞

1+𝑖𝜔𝜏
       (7) 

A modification of the Debye model to account for the broadness of the relaxation peaks 

indicating multiple relaxations is the Havriliak-Negami model.  This model has been used 

in the dielectric analysis of some polymers and is shown in Equation 8. 

ε∗ =  ε∞ +  
ε𝑜− ε∞

((1+𝑖𝜔𝜏)𝛼)𝛽       (8) 

Simplifications of the model are the Cole-Cole and Cole-Davidson resulted when β=1 

and α=1 respectively. 
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2.4.3. Charging-Discharging Hysteresis Analysis  

Another type of ferroelectric analysis is high electric field dielectric polarization.  Here 

the sample is polarized under a high electric field (>1000 volts) and polarization values are 

recoded.  As the sample material is charged it stores energy and when the applied voltage 

is removed the stored energy is released.  This charging discharging polarization when 

graphed against the electric field forms a monopolar hysteresis loop.  The loop “areas” 

provide insight into the energy storage performance of the sample material.   

 Bhargavi et al. [130] synthesized barium zirconium titanate ceramic by the conventional 

solid state reaction technique and characterized by ferroelectric behavior.  The area of the 

hysteresis loop decreases with temperature up to the transition temperature, followed by an 

increase at higher temperatures.  The temperature dependent dielectric study reveals the 

occurrence of three transition temperatures representing transition in the material.  

Liu et al. [131] explored the photo-response of BaTiO3 thin films in a capacitor 

geometry, focusing on the effects of visible illumination on the remnant polarization.  

Ferroelectric perovskites hold promise of enhanced photovoltaic efficiency and 

photocatalytic activity.  In electrode/ferroelectric sandwich devices, internal charge in the 

ferroelectric, free charge in the electrodes, and buried adsorbates at interfaces combine to 

the ferroelectric polarization and stabilize the polar state.  By combining ferroelectric and 

X-ray photoelectron spectroscopy, we discover that photoreaction of charge-screening H2O-

derived adsorbates at the buried metal−ferroelectric Pt/BaTiO3interface plays an unexpected 

pivotal role, enabling a substantial modulation of the switchable remnant polarization by 

light. These findings illustrate that the synergy between photochemistry and photovoltaic 
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activity at the surface of a ferroelectric material can be exploited to tune photo-ferroelectric 

activity. 

Hays et al. [132] reports there is limited knowledge on how the dynamic 

electromechanical properties of ferroelectrics change in an environment at cryogenic 

temperatures.  Ferroelectrics are utilized in a myriad of technological applications including 

vibration damping due to their inherent electromechanical coupling, and high stiffness. 

Applying an electric field to ferroelectrics has shown promise for achieving this desirable 

combination of properties.  Cryogenic broadband electromechanical spectroscopy (CBES) 

was developed to measure the dynamic electromechanical response of ferroelectrics at 

cryogenic temperatures. CBES is used to measure subjected to large electric fields the 

dynamic stiffness, loss tangent, and electric displacement response of ferroelectrics at 

temperatures as low as 34K. Temperature dependence was seen in the hysteresis graphs and 

measurements reveal a decrease in the amount of electric field-induced domain switching 

and resulting mechanical damping.     

Li et al. [133] prepared uniform BaTiO3 nanofibers (BTnfs) via electrospinning method 

with surface modification by poly(vinyl pyrrolidone) (PVP) and utilized as filler in the poly 

(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) nanocomposites.  Polymer 

nanocomposite dielectrics with high energy densities have shown great potential in electrical 

energy storage applications except these high energy densities are achieved at high applied 

electric fields, which is inconvenient for applications such as aerospace power systems and 

microelectronics.  It is found that the nanocomposite with 3vol% BTnfs possesses a 43% 

higher discharged energy density than that of the neat polymer matrix and more than 400% 

of the commercial biaxial oriented polypropylene dielectric. The improved energy storage 
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performance is ascribed to the synergetic effects of surface modification and large aspect 

ratio of BTnfs.  

Kumar’s et al. [134] present study opens a new window for the possible use of PVDF-

BHF nanocomposite in dielectric and energy storage device applications.  Flexible 

nanocomposite films were prepared by the solution cast method with polyvinylidene fluoride 

(PVDF) polymer and barium hexaferrite (BHF) nanoparticles with high dielectric constant.  

Polymer Nanocomposites have potential applications in flexible electronics due to their 

dielectric properties.  The behavior of the materials has been understood that the ratio of α 

and β phases of PVDF has a great influence on dielectric, ferroelectric and energy storage 

density of PVDF-BHF nanocomposites. The co-existence of α and β phases of PVDF 

depends upon the concentration of BHF in the nanocomposites along with the microstructure 

of the composite. Dielectric properties of the nanocomposite are well explained by 

considering the BLCs (Barrier Layer capacitances) model, and highly depend on the 

microstructure. The dielectric constant increases due to the electrostatics and interfacial 

interaction between the local electric field of the BHF nanoparticle and CH2/CF2 dipole of 

PVDF chain. 

Jindal et al. [135] successfully synthesized for the first time, by solid state reaction 

method, a copper substituted tungsten bronze ceramic to show the coexistence of 

ferroelectricity and magnetism by P-E and M-H measurements. The P-E loop study indicated 

an increase in the coercive field while the M-H study depicted a decrease in the 

magnetization with the incorporation of copper ions.  Ferroelectric properties of ceramics 

are influenced by phase transition, ionic radii, temperature, particle size and polarizability. 

The shape of hysteresis loop can also be correlated to crystalline structure with space group 
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P4bm which is non-centro-symmetric and possess ferroelectric nature with spontaneous 

polarization. Grain boundary has major effects on polarization. Larger grain size results 

small grain boundaries and grain boundaries have high permittivity region, improving the 

ferroelectricity in material. These results are attributed to energy barrier reduced the 

switching polarization of ferroelectric domains inside the larger grain boundaries as 

compared to smaller grains.  

Li et al. [136] attempted to simultaneously achieve high energy density and efficiency in 

a dielectric ceramic by combining anti-ferroelectric and relaxor features. Based on this 

concept, a lead-free dielectric TiO3-xTiO3 (NBT-xSBT) system is investigated and the 

corresponding multilayer ceramic capacitors (MLCCs) are fabricated.  The utilization of 

antiferroelectric (AFE) materials is thought to be an effective approach to enhance the energy 

density of dielectric capacitors. The main issues that restrict the applications of 

antiferroelectric ceramics is the high energy dissipation and inferior reliability associated 

with the antiferroelectric–ferroelectric phase transition.  A record-high energy density, 

together with a high energy efficiency of 92%, is achieved in NBT-0.45SBT multilayer 

ceramic capacitors, which consist of ten dielectric layers. The newly developed capacitor 

exhibits a wide temperature usage range of -60 to 120 °C, with an energy-density variation 

of less than 10%, and satisfactory cycling reliability, with degradation of less than 8% over 

106 cycles. These characteristics demonstrate that the NBT-0.45SBT multilayer ceramic is 

a promising candidate for high-power energy storage applications.  

Talanov et al. [137] tested the dielectric spectra of PbBaTixO3 ceramics with substitution 

of the perovskite structure. The system demonstrates a transition from the relaxor state to 

the normal ferroelectric state in both cases: when the concentration of lead titanate grows 
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and the concentration of barium is reduced.  We have revealed the disappearance of the 

temperature hysteresis at the transition to the relaxor state in both cases, which has allowed 

us to make an assumption of the existence of tri-critical points.   

Ma et al. [138] produced high output piezoelectric energy harvesting materials using 

hybrid PVDF/ZnO nanofibers deposited via electrospinning.  Polyvinylidene fluoride 

(PVDF) is a unique ferroelectric polymer with significant promise for energy harvesting, 

data storage, and sensing applications. ZnO is a wide direct band gap semiconductor, 

commonly used as ultraviolet photodetectors, nanoelectronics, photonics and piezoelectric 

generators.  The strong electric fields and stretching forces during the electrospinning 

process helps to align dipoles in the nanofiber crystal such that the nonpolar α-phase (random 

orientation of dipoles) is transformed into polar β-phase in produced nanofibers.  The effect 

of the additional ZnO nanowires on the nanofiber β-phase composition and output voltage 

are investigated. The maximum output voltage generated by a single hybrid PVDF and ZnO 

nanofiber (33 wt% ZnO nanowires) is over 300% of the voltage produced by a single 

nanofiber made of pure PVDF.  

Gupta et al. [139] carried out studies of structural and electrical characteristics of a 

member of the Aurivillius structural family (Bi2YTiVO9). The dielectric constant remains 

around 200 in the studied frequency range of 1 kHz to 1 MHz and in a temperature range 

from room temperature to 200 °C. The room temperature hysteresis loop exhibits the 

ferroelectric nature of the sample with remnant polarization at the coercive field. The 

experimental data obtained from Cole-Cole plot on static as well as infinitely high-frequency 

permittivity, relaxation time and relaxation distribution parameters are used to simulate ε′, 

ε″ and tanδ which match nicely with experimental data.  
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2.5. Applications of Dielectric Relaxation Analysis in Material Studies  

The electrical and dielectric properties of ionic liquids measured by broadband dielectric 

spectroscopy are analyzed in detail, in order to determine the characteristic frequencies 

governing the spectral dependence of electrode polarization effects. A universal behavior is 

revealed: plotting the characteristic frequencies as a function of the DC-conductivity for a 

large variety of ionic liquids, single collapsing curves are obtained [129].  Understanding of 

ion dynamics is based on frequency-dependent conductivity data obtained by impedance 

spectroscopy as a function of temperature, hydration, and composition. Strong 

polyelectrolytes such as poly(alkali 4-styrene sulfonate) and poly(diallyldimethyl 

ammoniumchloride) are employed [127]. 

Bore et al. [140] designed and applied a coaxial measurement cell for the broadband 

complex permittivity analysis of civil engineering materials in infrastructure building 

processes.  The goal of the research is to develop inverse analysis of frequency-dependent 

dielectric characteristics to simultaneously estimate moisture content, electrical conductivity 

and density.  The water content of base or sub-base materials of pavements greatly influences 

the performance of the overall pavement and an increase in water content can cause severe 

deterioration of the pavement structure by the expansion of clay minerals with a consequent 

decrease in its bearing capacity. In coastal regions, soil water salinity causes corrosion and 

alters the properties of the road materials and the bituminous surface layer.  Salinity causes 

a huge decrease in the lifespan of road pavements when saline groundwater levels rise to 

within 2 m of the pavement surface.  At high frequency, it is well known that dielectric 

permittivity is almost insensitive to soil texture or bulk conductivity. On the contrary, at a 

lower frequency, the dielectric permittivity is much more sensitive to the soil structure and 

the pore water phase and solid phase interaction. Thus, the determination of dielectric 
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permittivity over a broad frequency range seems to be fundamental in developing a robust 

model to estimate soil parameters other than free pore water content.  By means of fitting 

the measured function, the dielectric spectra was obtained. Two scenarios were 

systematically analyzed and compared with the first scenario consisting of a broadband 

generalized dielectric relaxation model with two Cole–Cole type relaxation processes. The 

second scenario based on a mixture equation was used to calibrate the model and both 

scenarios provide identical results for the broadband permittivity.  A combination of these 

two scenarios can be used for the estimation of water content and water conductivity for road 

material applications [140].  

Rhimi et al. [141] presents and discusses the electrical and dielectric properties of the 

lithium dihydrogen phosphate compound LiH2PO4 as a function of frequency and 

temperature using impedance spectroscopy.  Alkali metal dihydrogen phosphate type 

compounds have several applications in different areas because of their use as piezoelectric, 

ferroelectric, electro-optics, and nonlinear optical responses. These dielectric materials have 

important applications such as fuel cell, proton batteries, and electrochemical devices. The 

lithium dihydrogen phosphate LiH2PO4 has been investigated by electrical impedance 

spectroscopy as a function of frequency (104–107 Hz) at various temperatures (300–400 K). 

The frequency dependence of the conductivity is interpreted in terms of Jonscher’s law and 

analysis of M″ confirms that the transport is through ion hopping mechanism dominated by 

the motion of the proton in the structure of the investigated material.  

Mathlouthi et al. [142] report that salts comprised of organic cations and halometallate 

anions are of interest in several fields of material sciences, with fascinating physical 

properties, such as semi conductivity and ferroelectricity.  New chloroplumbate, 
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[Pb3Cl10]4- units were generated by a new organic template [C10H14N2] and has been 

characterized using dielectric measurements. Dielectric relaxation spectroscopy has also 

determined different molecular motions. Measurements of AC conductivity as a function of 

frequency at different temperatures indicated the hopping conduction mechanism.  

Franco Jr. et al. [143] prepared and tested three layer laminated ceramic composite 

system of (KCK) by conventional solid state reaction method and dielectric relaxation 

spectroscopy.  Magneto-electric (ME) multiferroic materials, defined by coupling between 

the electric and magnetic order, have potential applications especially in solid state 

transformer, spintronic, actuators and magnetic field sensors.  Composite ME multiferroic 

materials have drawn a lot interest due to their design flexibility with robust electric and 

magnetic polarizations at room temperature. CoFe2O4 (CFO) is a well-known ferromagnetic 

material which has high magnetostrsiction co-efficient and resistivity. K0.5N0.5NbO3 

(KNN) is a promising lead free ferroelectric ceramic which exhibits high dielectric 

permittivity and spontaneous polarization at room temperature.  Hence the CFO and KNN 

phases can be bonded together to make a robust ME multiferroic composite material.  The 

relative dielectric permittivity of the sandwiched ceramic composite was investigated in a 

broad frequency range, 10 – 106 Hz at room temperature.  The relative dielectric permittivity 

of KCK was strongly frequency dependent and showed a deviation of Cole–Cole relaxation 

to Maxwell–Wagner relaxation in the KCK.  

The work by Li et al. [144] provides a platform for characterizing the polymer-water 

electrostatic interactions and interfacial polarizable molecules, informative to understand the 

microstructure-property relationships of chitosan-based hydrogel materials. Different from 

extensive dielectric relaxation spectroscopy studies on polymer hydrogel solutions, this 
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work investigated the dielectric response of chitosan hydrogels below the water solidifying 

point (ice-hydrogels) so that the contribution of chitosan-water interfacial molecules can be 

isolated.   

Their work revealed that the chitosan-water interfacial polarizable molecules have slow 

dielectric relaxation but large polarization compared with the chitosan chains and water 

molecules, and the dielectric relaxations beyond ~104 Hz are substantially weak [144]. The 

thermal activation energy of the dielectric relaxation for these interfacial polarizable 

molecules can be large.  The polymer-chains and water molecules are both polarizable their 

dielectric permittivity carries information on the static conformation of polymer 

macromolecules, their side-groups and chain motions, and polyion-counterion interactions. 

DRS is a well-known technique to study the static structure and dynamic response of 

hydrogels. Driven by the AC electric field, ions move along or opposite to the field direction, 

but they cannot penetrate into the polymer phase but aggregating near the polymer-water 

interfaces, leading to the polarizable interfacial molecules. The interfacial polarization 

depends on the charge mobility, local spatial electric field, and details of the microstructures.  

In the present system, the water is frozen into ice phase, and the charge motion is 

substantially prohibited, allowing us to connect the dielectric relaxation with the response of 

the polarizable interfacial molecules. The relaxations of the polymer and water polarizable 

molecules can be studied separately in pure samples [144].   

In the work of Ahmad et al. [145], the effects of temperature and frequency on the ac 

electrical and dielectric properties of polycrystalline NdFeNiO3, prepared by solid-state 

reaction method, are investigated. Perovskites having ABO3 type structure are materials 

whose properties and applications depend on complex relationship of structural parameters, 
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ceramic texture, processing methodology and compositional variations. These materials play 

an important role in miniaturization of electronic systems due to reduced size of capacitive 

components. The perovskite structure has the ability to accommodate majority of the 

elements of the periodic table; hence, perovskites are the most studied class of oxides.  For 

ABO3 type perovskites, it has been reported that the larger A-type atoms affect the physical 

properties through steric effects, whereas smaller B-type atoms play a vital role in the 

electronic and magnetic properties. When an electric current is passed through interfaces of 

two different dielectric media, due to difference in conductivities, surface charges pile up at 

the interfaces and give rise to a Debye-like relaxation.  

In order to know about the overall electrical properties of any material, understanding of 

its microstructure is extremely essential. To distinguish between transport characteristics of 

grains and grain boundaries, impedance spectroscopy is an advantageous technique. This 

technique is capable to resolve the contribution of different electroactive regions of a 

material and determine the presence of any impurity phase in the sample. The impedance 

spectroscopy can be utilized for exploiting the electrical response of different phases and the 

dynamic behavior of localized and mobile charges in the bulk and interfacial regions, present 

in the samples. Thus, the behavior of grains, grain boundaries, electrode effects, different 

crystallographic entities and magnetic clusters can be studied.  

The different interfaces formed in materials are very important and control the physical 

properties like electrical conductivity, dielectric polarizations, catalytic properties, 

thermoelectric power and gas sensing properties. From the impedance spectroscopic 

measurements, three relaxation processes are observed, which are related to grains, grain 

boundaries and electrode semiconductor contacts in the measured temperature and frequency 
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range. Decrease in resistances and relaxation times of the grains and grain boundaries with 

temperature confirm the involvement of thermally activated conduction mechanisms. With 

the increase in temperature, the relaxation frequencies increase for all three processes and 

the conduction mechanism changes from Mott variable range hole hopping to adiabatic small 

polaronic hole hopping in this material [145].  

Bhargavi et al. [146] report on the impedance, modulus and conductivity analyses of 

polycrystalline perovskite structured BaZrTiO (BZT) ceramic prepared by the conventional 

solid state reaction technique.  The lead free ABO3 structured perovskite ceramics have been 

studied extensively due to their excellent electrical properties, thermal stability and eco 

friendliness. Barium titanate (BaTiO3) is one such perovskite that has been investigated for 

its remarkable dielectric, ferroelectric, piezoelectric and pyroelectric properties. This 

electro-ceramic offers incredible applications in multi-layer ceramic capacitor, thermistors, 

piezoelectric sensors, transducers and electro-optic devices. BaTiO3 suffers from certain 

limitations like high dielectric loss and low figure of merit. BZT is a system, which is 

chemically and thermally more stable as compared to other perovskites, and possesses a 

good figure of merit also in the light of electrical properties. The BZT system with high 

dielectric, ferroelectric and piezoelectric properties has been an interesting material for 

capacitor industry applications. Impedance spectroscopy, electric modulus and conductivity 

have been used as a tool to investigate the electrical conduction mechanism occurring within 

the material. The sample has been observed to exhibit negative temperature coefficient of 

resistance behavior indicating its semiconducting character. The Cole–Cole plots indicate 

the presence of both grains and grain boundaries. The various relaxation times in the electric 
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modulus studies indicate that the material does not follow Debye law. The conductivity 

variation of BaZrTiO ceramic has also been reported as a function of temperature.  

Kafarski et al. [147] used two designs of the dielectric probe to compare observed 

dielectric spectrum of ripe apples in the last period of shelf-life and analyzed using a 

multipole dielectric relaxation model, which assumes three active relaxation processes: 

primary-process (water relaxation) and two secondary processes caused by solid-water-ion 

interactions (bound water relaxations), as well as (Maxwell-Wagner effect). The two designs 

of the dielectric probe were a classical coaxial open-ended (OE) probe and an open-ended 

probe with a prolonged central conductor in a form of an antenna (OE-A). The OE-A probe 

increases the measurement volume and consequently extends the range of applications to 

other materials, like granulated agricultural products, soils, or liquid suspensions but its 

measurement frequency range is limited to 1.5 GHz, because above the probe with the 

antenna generates higher propagation modes and the applied calibrations and calculations 

are not sufficient.   

The interest in dielectric properties of agricultural products is driven by a practical need 

for the development of fast and non-destructive techniques for the measurement of vital 

quality properties such as moisture, chemical composition, structure and texture. Dielectric 

measurements that can be performed using a variety of time- and frequency-domain 

techniques proved to be fast, inexpensive, easily adaptable, automatic, and non-destructive 

or minimally invasive to the tested material. In the case of apples, there is a need to determine 

the optimal harvesting time and to monitor their quality during storage using non-destructive 

means [147].  
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Wang et al. [148] employed AC impedance spectroscopy sensitive to the defect structure 

and structure transition to investigate the electrical performance of NaBiCaTiO ceramics 

synthetized by conventional solid-state reaction and doped with Ca2+.  Goals were to study 

the oxide ion microscopic transport mechanism and to obtain the relaxation parameters in 

NBT-based oxide ion conductors.  Oxide-ion conductors are extensively applied in many 

important technological devices such as solid oxide fuel cells, oxygen separation membranes 

and sensors. It is known that oxygen vacancy concentrations play an important role in the 

electronic performance of oxide ionic conductors.  From the relaxation parameters, the 

dielectric loss peaks correspond to oxide ion via vacancies diffusion in NaBiCaTiO sample.   

Kumar Das et al. [149] present a technique to obtain a higher or lower value of dielectric 

constant due to the variation of a surface functional group multiwall carbon nanotube 

(MWCNTs) for a polyvinyl alcohol (PVA) grafted system.  They prepared PVA grafted 

pristine and different types of functionalized (-COOH, -OH, and -NH2) MWCNT 

nanocomposite films with the CNTs enhancing the electrical, optical, thermal, and 

mechanical properties of the composite system significantly compared to the pure polymer. 

The properties of the nanocomposite system depend on the dispersion of CNTs into the 

polymer matrix and/or the interfacial interaction between them, as well as stabilization of 

dispersion to prevent re-agglomeration of CNTs into the polymer matrix. CNTs are 

agglomerate due to Van der Waals interactions and it is very difficult to disperse them into 

the host matrix so there are several procedures such as mechanical mixing or ultra-

sonication, but these processes possibility of damage of CNTs. Functionalization of CNTs 

is a most effective way to stabilize the dispersion, while groups (-COOH, -OH, and -NH2) 

also promote strong interaction between CNTs and the host polymer matrix so the polymer 
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chains are able to graft on the surface of CNTs through Van der Waals interaction. The 

charge carriers scattered from the defect sites of CNTs are responsible for their electrical 

conduction and in the case of functionalization CNTs, orbitals of hybridized carbon atoms 

become misaligned which changes the transport properties of CNTs. The frequency variation 

of the electrical transport properties of the composite films is investigated in a wide 

temperature and frequency range.  An anomalous behavior is suggested by the temperature 

dependence of the dielectric constant. The modified Cole-Cole equation simulated the 

experimentally observed dielectric spectroscopy at high temperature. The imaginary part of 

the electric modulus study shows the ideal Debye-type behavior at low frequency and 

deviation of that at high frequency.  

The work of Fetouhi et al. [150] characterized the mechanical and dielectric properties 

of a unsaturated polyesterimid resin, because polyester resins are used in the impregnation 

industry to provide mechanical and electrical insulation to the windings of rotating machines 

and unsaturated polyesters (UP) are used because of their good electrical and mechanical 

properties, as well as high temperature resistance.  To provide heat resistance for polyester 

resins (UP) an imide function is added. 

In the work of Banerjee et al. [151], the eco-friendly and lead-free polycrystalline 

KBiTiO3 (KBT) was synthesized via the solid state sintering method. They examined the 

relaxor property of bulk KBT through impedance spectroscopy, and focused on its energy 

storage application at room temperature. Other properties investigated were dielectric and 

Ferro electric properties along with its phase structure and microstructure.  After the 

European Union declared to substitute Pb(ZrTi)O3 (PZT) with lead-free piezo-ceramic non-

hazardous materials, PZT alternatives like, sodium bismuth titanate, potassium bismuth 
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titanate, and their solid solutions have earned more interest. KBT is a relaxor perovskite 

(ABO3-type structure) ferroelectric (FE) material, where the A-site is shared by two cations 

(K and Bi). It is observed that KBT has a broad dielectric maximum, which is higher than 

that of NBT and provides a wide operational range for various technological applications.  

In comparison with normal FEs, relaxor FEs have acquired more attention because of 

their higher dielectric constant, better thermal, and higher piezoelectric constant, which are 

suitable for making multilayer capacitors, actuators, filters, etc. Another reason for attraction 

toward relaxor FEs is their application in the field of green energy storage, which has 

growing demand in the modern era. In relaxor FEs, the faster response of the micro-domain 

under the external field causes a lesser value of remnant polarization and coercive field than 

normal FE materials, which are essential requirements for higher energy storage. Although 

in the FE family anti-FE materials also meet the above criteria, most of them are lead-based, 

and thus lead-free relaxor FEs have become an optimistic candidate for energy harvesting. 

In relaxors, polar nanoregions (PNRs) with dipole moments are embedded in a neutral 

matrix.  The relaxor nature of this material was observed in the temperature-dependent real 

part of the permittivity and dielectric loss curve. The shoulder in the imaginary part of the 

modulus (M″) and permittivity (ε″) spectra revealed the presence of polar nanoregions 

(PNRs). The evidence of PNRs was detectable above freezing temperatures, and became 

weaker when the temperature exceeded Tm (temperature at the maximum of the dielectric 

constant). The electric field induced polarization and strain curve showed the stabilization 

of the long-range ferroelectric order of the specimen at room temperature. The existence of 

PNRs with high permittivity values was revealed from the imaginary part of the modulus 
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(M″) spectra, and interestingly, its relaxation was legitimated by the imaginary part of the 

permittivity (ε″) spectrum [151].   

Ghamgui et al. [152] tested the structural, vibrational, dielectric and electrical properties 

of perovskite ceramic synthesized by the solid-state reaction technique have been carried 

out. Ferroelectric materials based on perovskite ABO3 have received a great interest of 

various researches owing to their interesting dielectric, relaxor, ferroelectric, semi 

conducting, and piezoelectric properties. These materials are employed for several electronic 

devices such as in electromechanical, acoustic sensors, multilayer capacitors, transducers, 

etc. Most of these materials are lead based ferroelectric oxides such as lead titanate ( 

PbTiO3), lead zirconium titanate ( PbZr1−xTixO3). However, the volatilization of lead 

oxide during the sintering process provides unstable composition and produce serious 

environmental pollution.  

Sodium bismuth titanate (Na0.5Bi0.5)TiO3 is one of the most known lead-free 

ferroelectric materials, crystallize in a rhombohedral distorted perovskite structure with 

space group R3c and can be described via hexagonal system in ambient temperature.  The 

dielectric and electrical properties of the material were investigated by impedance 

spectroscopy analysis for a broad range of temperatures (50–560 °C) and frequency domain 

of 102− 106 Hz. The dielectric measurement exhibit two phase transitions: a ferro-

antiferroelectric transition followed by an antiferro-paraelectric transition at higher 

temperatures. Complex impedance analysis was carried out in order to distinct the 

contribution of the grains and the grain boundaries to the total electrical conduction. The 

Nyquist plot was proved to be a non-Debye relaxation mechanism. The combined 

spectroscopic plots of the imaginary part of electric impedance and modulus confirmed the 
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non-Debye type behavior. The frequency dependent ac conductivity obeys the double power 

law behavior and shows three types of conduction process. The significant decrease of dc 

conductivity spectrum followed the Arrhenius relationship. The values of calculated 

activation energy of the compound implied that the electrical conduction is mostly due the 

high oxygen mobility [152].  

Ayoob et al. [153] reports on the polyethylene/BN nanocomposite and the effects of 

water absorption on the dielectric response.  Nanodielectrics have been shown to improve 

the dielectric breakdown strength, reduce space charge accumulation, change the nature of 

the dielectric losses, and improve partial discharge resistance. In electrically insulating 

applications the presence of water is highly detrimental to the electrical properties so the use 

of hydrophobic nanoparticles is essential.  For example the use of cables in wet conditions, 

such as underground or in the sea, requires the understanding of how the insulation material 

interacts with water since electrical properties are very sensitive.  Many efforts have been 

made to tune the surface of hydrophilic nanoparticles into a hydrophobic nature either by 

surface treatment or calcination to reduce the amount of available surface hydroxyl groups 

to limit water interaction.   

The use of as-received hydrophobic nanoparticles would provide a faster, cheaper, more 

straightforward route to material preparation in order to produce hydrophobic, electrically 

insulating, polymer nanocomposites. Polyethylene was chosen for this work as it is widely 

used as base material in high voltage power insulation. Hexagonal boron nitride (hBN), a 

layered nanoparticle, is characterized by a highly hydrophobic surface with a basal surface 

free of hydroxyl groups and edge surfaces composed of a few hydroxyl groups. hBN being 

hydrophobic nature, coupled with its highly electrically insulating properties and high 
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thermal conductivity, makes it an attractive choice in electrically insulating composite 

systems.  Water has a high real permittivity and can be easily detected, since it readily 

interacts with a changing electric field making DS measurements are extremely sensitive to 

the presence of water, but also a useful tool for studying changes caused by the effects of 

nanostructuration [153].   

2.6. Dielectric Analysis of Proteins  

Electrostatic interactions are important for the global stability of the protein structure, 

and are considered to be the sum of contributions from van der Waals forces, hydrogen 

bonds, covalent bonds, and hydrophobic interactions.   Owing to the aforementioned 

interactions, bonds not only stabilize the protein structure but also contribute to the electrical 

and dielectric properties of the proteins, themselves playing a crucial role in the stability of 

the structure. These give rise to interactions or polarizations, namely interfacial polarization, 

strong dipole-dipole interactions which is the sharing of electron pairs between atoms (stable 

electronic configuration), atomic interactions and electronic interactions [128].  

Bibi et al. [128] identified factors influencing the dielectric properties of protein films 

including the effects of vapors/gases such as water, oxygen, carbon dioxide, ammonia and 

ethanol, to increase potential development of protein films as bio-sensors coated on 

electronic devices for detection of environmental changes particularly humidity or carbon 

dioxide content.  Dielectric analysis of proteins including soy protein is limited because the 

use of proteins is primarily in food or biological applications, not materials, so the past 

research has focused on testing samples of the subject protein that are high in moisture 

content, such as aqueous solutions or hydrated proteins.         



 

72 

Bocahut et al. [154] present a new multiscale hierarchical numerical approach combining 

ab initio, molecular dynamics, and meta-dynamics to model molecular motions in polymers 

over different time scales.  In amorphous polymers or in the amorphous phase of semi 

crystalline polymers, the main relaxation is the glass transition, denoted as α relaxation, 

which corresponds to large-scale motions involving several monomers collectively. At the 

glass transition temperature Tg, the amorphous phase of polymers changes from the glassy 

(rigid) state to a rubbery or fluid macroscopic state. While below Tg the polymer cannot 

flow, some local motions may still be activated, corresponding to sub-glassy, or secondary, 

relaxation processes generally denoted as β and γ (in order of increasing frequencies or 

decreasing temperatures). It is known that secondary relaxations, specifically the β 

relaxation, affect mechanical properties of polymers, particularly deformation, yield, and 

fracture behavior, toughness, impact strength, and brittle−tough transition. Therefore, one 

way to improve thermomechanical properties in polymers is to modulate these relaxations.   

Experimentally, relaxations in polymers can be characterized by broadband dielectric 

spectroscopy (BDS), obtaining a global overview of the various transitions through the 

evolution of the relaxation times as a function of temperature. The α relaxation follows a 

Williams−Landel−Ferry (WLF) empirical time vs temperature law but the β and γ sub-glassy 

relaxations generally follow apparent Arrhenius laws.  Identifying the molecular 

mechanisms involved in those relaxations is always a challenge and a way to tackle this 

problem is to use molecular modeling simulations, but in many polymers, the different 

relaxations occur at very different time scales.  The β relaxation occurs in the range of μs−ms 

and γ in the range of ns−μs, and they cannot be modeled with a single method.  Relaxation 

times relevant in mechanical experiments are generally too slow to be conveniently treated 
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by molecular dynamics and both accessing long relaxation times and providing a detailed 

molecular picture of relaxation mechanisms are two antinomic requirements to meet at the 

same time [154].   

The approach of Bocahut et al. [154] is inspired by the one which has been developed to 

study relatively slow kinetic mechanisms and/or molecular flexibility in biological systems. 

The hierarchical multiscale scheme which is proposed combines ab initio → molecular 

dynamics → metadynamics. Each step provides input parameters to the upper level.  The 

presence of water, even in relatively small amount, has a significant influence on both the 

amplitudes and time scales of the relaxations in polyamides.  In the presence of water, it has 

been shown that several distinct relaxation processes may coexist in the region of the 

relaxation map associated with β relaxation.  The highlight of this innovative approach is the 

ability to simulating long time scale motions while retaining an all-atomistic description of 

the polymer material. This method thus may provide a predictive tool to understand 

secondary relaxations in amorphous polymers [154]. 

2.6.1. Protein Solutions 

Dielectric analysis of proteins solutions were investigated in the following research.  Past 

research has focused on testing protein samples that are high in moisture content, such as 

aqueous solutions because the majority of proteins are not used for materials, but used for 

food or biological applications.  The dielectric properties of goat’s milk with soy protein 

were measured using an open-ended coaxial-line probe [155] and laboratory ISP was 

prepared by dispersing hexane-defatted soybean flour in water to measure the dielectric loss 

[156]. A study reported by Jumper et al. [157] used and aqueous protein solution to reveal 

how proteins are sensitive to the solvent dynamics such as the dielectric constant.   
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Olmi et al. [158] used a rather simple mixture of solvent and water at various 

concentrations to investigating the dielectric behavior of more complex moist substances 

using molecular dynamics as a theoretical tool. Spectroscopy experiments show that when 

the protein becomes charged it switches into an open state the remaining structure is 

unaffected but the hydrophobic interior of the protein is exposed to bulk water, allowing it 

to become hydrated, illustrating several key aspects of protein electrostatics reported by 

Robinson et al. [159].   

Uranga et al. [155] used two dielectric constants to carry out the calculations in order to 

mimic the effect of the bulk solvent, ε = 4 to consider a low solvent accessible area inside a 

protein and ε = 80 in aqueous solution, to estimate the effects bulk solvent.  Alshami et al. 

[160] selected proteins varying in molecular weight, structure, and isoelectric point and used 

them to evaluate how proteins in solution could affect the overall absorption and distribution 

of electromagnetic energy within dielectrically heated biomaterials.  In the work Balos et al. 

[161], to provide evidence of an ion–protein direct denaturation mechanism the rotational 

mobility of a protein in aqueous solution was used as an indicator for the interactions of 

different protein-stabilizing salt anions with the amide group.  In a study by Calabro et al. 

[162] the effects of exposure to mobile phones microwaves on four typical proteins in 

solution showed a mechanism of unfolding occurred after exposure and a relationship 

between protein dipole moment and protein unfolding rate. Dielectric relaxation data by 

Cerveny et al. [163] showed that the glass transition related dynamics of protein oligomers 

of the amino acid L-lysine, fully dissolved in water, is determined by the water dynamics, 

similar to what has been previously observed in solvated proteins.   
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Robinson et al. [159] presented a general strategy for stabilizing partially unfolded 

protein states by introducing residues in the hydrophobic core and changing the pH to charge 

the buried residues.  The folding of globular, water-soluble proteins is a highly cooperative 

process dominated by fully folded and unfolded states.  Partially unfolded proteins are 

substantially less stable than either fully or unfolded proteins and only transiently populated, 

if at all.  Despite their low occurrence, partially unfolded states are of great interest for the 

insight they contribute into the origins of folding cooperativity, folding mechanisms, 

functional roles in energy transduction processes, and the genesis and propagation of 

aggregation and miss-folding diseases.   

This effective suppression of folding intermediates minimizes the availability of 

aggregation-prone, partially folded species, thereby ensuring the success of the folding 

reaction.  Protein residues that can be ionized and buried in the hydrophobic protein interior 

are relatively rare, but when present, they play essential roles in energy transduction 

processes involving H+ or e− transfer reactions or catalysis.  By engineering 100 variants of 

SNase with Lys, Arg, Asp, and Glu at internal positions, we have shown previously that 

specialized structural adaptations are not required for highly stable proteins to tolerate buried 

ionizable groups.  The majority of SNase variants with internal ionizable groups are stable, 

and their crystal structures are almost indistinguishable from those of the parent protein.  

However, spectroscopy experiments have shown that ionization of the internal groups can 

promote structural reorganization of varying amplitude [159].   

Robinson et al. [159] demonstrate that the introduction of charge into the hydrophobic 

interior of a protein by ionization of a buried group can convert what might have been only 

a marginally populated, partially unfolded state into the dominant form in solution. This 
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effect is driven by the imperative for charge created in the hydrophobic interior of a protein 

to gain access to water.  This observation suggests an effective strategy useful to identify the 

structures and to measure the energetics of alternative states of proteins that populate 

generally inaccessible regions of the folding landscape. It also suggests a strategy for the 

design of protein conformational switches driven by small changes in pH. Finally, these 

results illustrate that the pKa values of buried ionizable groups can be governed less by the 

population of transient states that might constitute 1% or less of the total population, but 

rather by alternative structural states that become the dominant structural state of the protein 

under conditions where the internal ionizable group is charged.  Nevertheless, direct 

structural characterization of partially unfolded proteins remains challenging because the 

equilibrium population of these species is usually insignificant. 

Samanta et al. [164] made a combined GHz (0.2-50) to THz (0.3-2.0) experimental 

spectroscopic study to investigate the dynamics of water at room temperature in the presence 

of different amino acids (glycine, L-serine, L-lysine, L-tryptophan, L-arginine, and L-

aspartic acid).  A detailed understanding of hydration of amino acids, the building units of 

protein, is a key step to realize the overall solvation processes in proteins.  Amino acids act 

as intermediates in metabolism as well as osmolytes that can stabilize proteins. Depending 

upon the “side group,” amino acids are classified as hydrophilic or hydrophobic. 

Hydrophobicity of amino acids is believed to be a key parameter that regulates phenomena 

like protein folding-unfolding, aggregation, activity, protein-ligand binding, and protein 

hydration in aqueous environments.  Hydration of a native protein changes substantially 

during the structural unfolding process resulting in the exposure of some of the otherwise 

buried hydrophobic amino acid residues.   
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The heterogeneity in protein hydration depends on how individual amino acid hydrates 

and it has been established that the structure and activity of biomolecules are slaved by the 

associated hydration.  While analyzing the solvation of hydrophobic and hydrophilic parts 

of a protein separately, one needs to take into consideration that the environment of amino 

acid residues is heterogeneous in nature as they are often composed of hydrophobic alkyl 

chains and hydrophilic groups.  It is therefore essential to study the hydration of amino acids 

of various side chains in the exposure to solvents [164].   

There have been several experimental as well as theoretical studies carried out 

addressing the hydrophobicity of the amino acids as well as the structure, stability, and 

solvent effect on different amino acids.  There have been a few dielectric relaxation (DR) 

studies in the MHz-GHz frequency domain to probe the dynamics of hydrated amino acids.  

The THz absorption coefficient of amino acids follows a trend defined by their solvent 

accessible surface area. The imaginary and real dielectric constants obtained in GHz and 

THz regions are fitted into multiple Debye model to obtain various relaxation times.  Sato et 

al. add number studied DR on a model amino acid glycine in the range of 0.1-89 GHz and 

others carried out DR in a series of amino acids (glycine, alanine, threonine, histidine, 

proline, arginine, and lysine) in the 0.2-20 GHz frequency range.  These studies reveal that 

the rotational dynamics of amino acid molecules take place in the THz time scale, and the 

cooperative reorientation motion of water molecules take place in the GHz.  It is important 

to note here that DR in the GHz region is unable to precisely probe the ultrafast cooperative 

water relaxation around small solutes as it is affected by the rotational relaxation of the 

solutes.  These time scales are found to be dependent on the amino acid type and the 
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cooperative motion is found to be dependent on both the hydrophobic as well as the 

hydrophilic residue of amino acids [164]. 

Alshami et al. [160] reported results on the behavior of selected proteins in solution and 

how they affect the overall absorption and distribution of electromagnetic energy within 

dielectrically heated biomaterials. Ovalbumin, bovine serum albumin (BSA), β-lacto 

globulin (BLG), and lysozyme (Lys) proteins varying in molecular weight, structure, and 

isoelectric point were systematically screened. Measurements were performed using an 

open-ended coaxial probe over a frequency range encompassing the industrial, scientific, 

and medical (ISM) bands (1–1800MHz) at six concentration levels and 25 °C.   They found 

a δ-dispersion region in addition to the previously observed two regions between the well-

established β- and γ-dispersion regions for protein solutions. They hypothesize that the β-

dispersion is a summation of these multiple δ-dispersions and their cumulative effect is 

manifested in the amount of heat generated within a dielectrically treated biomaterial. 

Balos et al. [165] report the strength of the binding of anions to proteins relative to 

cation–protein binding has remained elusive even with increasing evidence for ion-induced 

protein destabilization through direct ion–protein interactions. The rotational mobility of a 

model amide in aqueous solution was used as a reporter for the interactions of different 

anions with the amide group. Protein-stabilizing salts do not affect the rotational mobility of 

the amide, but conversely, protein denaturants reduce the orientation freedom of the amide 

group and the results provide evidence for a direct denaturation mechanism through ion–

protein interactions.  The effect of salts on biomolecular behavior, such as protein 

denaturation, protein crystallization, and enzymatic activity, has been proven to follow the 

Hofmeister series, which states that cations with a high surface charge density and anions 
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with a low surface charge density tend to destabilize proteins.  Comparing the present 

findings with results for cations shows that in contrast to common belief, anion–amide 

binding is weaker than cation–amide binding.  In recent years, it has been established that 

direct interactions between biomolecules and ions dominate these effects. The direct 

interactions between biomolecules and ions are highly complex because of 1) the complexity 

of the salt solutions themselves and 2) the plethora of potential specific and non-specific 

interaction sites of biomolecules (e.g., the backbone, side chains, and termini of a protein). 

Cerveny et al. [163] report that studies of protein dynamics at low temperatures are 

generally performed on hydrated powders and not in biologically realistic solutions of water 

because of water crystallization.  Proteins are biopolymers made up of long strings of amino 

acids having biological functionality and are organized in multiscale structures that along 

with its dynamics, determines their functions.  The dynamics includes motions of the protein 

itself such as vibrations, rotations, and transitions between sub-states as well as motions in 

the hydration shell and the bulk solvent, and all of them are necessary for the functions.  

Fluctuations of the protein structure correspond to transitions from one sub-state to another, 

separated by energy barriers, and water plays a dominant role increasing the entropic 

contribution and facilitating the passage of the enthalpy barriers. This causes the most 

important protein motions to follow the same temperature dependences as the water motions 

and has been experimentally proven that the protein conformational motions are “slaved” by 

the hydration shell and the bulk solvent.  This implies that the large-scale conformational 

protein fluctuations exhibit the same non-Arrhenius temperature dependence as the 

cooperative relaxation in the surrounding solvent, but protein fluctuations are typically 
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103−106 times slower because many solvent fluctuations are needed to cause all the steps 

needed for a large-scale conformational change of the protein.  

There are a large number of experimental and simulation studies supporting this close 

coupling with a common viewpoint being that water acts as a plasticizer for the protein and 

thereby facilitates its motions.  Also the suggestion that there is a mutual effect on both water 

and protein dynamics.   We have extended the protein studies to smaller molecules of 

peptides by investigating the dynamical behavior of oligomers of the amino acid L-lysine 

(chain length 1−10 monomers) and ε- polylysine (chain length of 32 monomers).   Lysine 

has three hydrophilic moieties (two amino groups and one carboxylate group) as well as a 

large hydrophobic tail, and this provides different environments for water molecules. In spite 

of the fact that L-lysine and its oligomers are small and relatively simple molecules, it has 

been shown that they can also explore different conformations.  The smallness of these 

molecules reduces the topological disorder and the number of possible conformational 

fluctuations of the biomolecule.  This implies that solvent-slaved motions are not unique for 

proteins but are present in all types of solute molecules which need the dynamics in the 

surrounding solvent to reach different conformational sub states.  All samples were 

completely dissolved in water and studied at super-cooled temperatures without any problem 

of crystallization because of their high solubility in water (up to 8 M).  However, here we 

avoid the problem of crystallization by reducing the size of the biomolecules. We have 

studied oligomers of the amino acid L-lysine, fully dissolved in water, and our dielectric 

relaxation data show that the glass transition-related dynamics of the oligomers is 

determined by the water dynamics.  This implies that the crucial role of water for protein 
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dynamics can be extended to other types of macromolecular systems, where water is also 

able to determine their conformational fluctuations [163].   

Calabrό et al. [162] studied the effects of exposure of mobile phones microwaves on four 

typical proteins were studied by means of Fourier Transform Infrared spectroscopy and 

Fourier self-deconvolution analysis.  Previous literature indicated that the propensity to 

cause transition from a-helix to b-sheet component in secondary structure of proteins can be 

responsible for aggregation leading to neurotoxicity and neurodegenerative disorders.  We 

focused our attention on the question of if exposure to mobile phone MWs can induce 

increase in b-sheet conformation in secondary structure of typical proteins that have a 

relevant role in human metabolism (hemoglobin [HB], myoglobin [MB], bovine serum 

albumin [BSA], lysozyme [LYS]) and if there is a relationship between this effect of 

unfolding and protein dipole moment.  The a-helix of proteins’ secondary structure has a 

dipole moment due to alignment of its peptide bonds having half-positive and negative 

charges at their ends. Their separation causes a single peptide unit to behave like a micro-

dipole with positive C-terminal and negative N-terminal on the chain’s end.  When an 

external electric field is applied, it induces an alignment change with respect to direction of 

applied field.  Also, a protein exposed to an applied EMF decreases its potential energy 

through dipole alignment and high field strengths will force protein structure to be aligned.  

Some studies evidenced that dipole moments of amino acids change their orientation, 

following increasing of field magnitude, forcing the peptide to undergo a conformational 

change to a structure in which dipoles are aligned parallel to each other and parallel to the 

field.  A change in protein’s dipole moment due to an alignment in the direction of the field 

should cause a change in intensity of vibration bands of proteins’ secondary structure that 
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can be detected using spectroscopic techniques.  Fourier Transform Infrared (FTIR) 

Spectroscopy has been successfully used to highlight unfolding of proteins after exposure 

and an eventual relationship between proteins’ dipole moment and b-sheet vibration bands 

in the Amide I region.  Indeed, FTIR Spectroscopy can be considered a valuable tool for 

analyzing protein structure in H2O based structure or deuterated form.  Increase in intensity 

of parallel b-sheet component around 1635 cm-1 was observed after exposure of hemoglobin, 

myoglobin, and bovine serum albumin, showing that a mechanism of unfolding occurred 

after exposure, whereas no appreciable change in the amide I region occurred after lysozyme 

exposure.  In addition, a relationship between protein dipole moment and protein unfolding 

rate was demonstrated. 

2.6.2. Hydrated Proteins 

Dielectric analysis of hydrated proteins were investigated in the following research.  

Much like protein solutions, past research has focused on testing protein samples that are 

high in moisture content, such as hydrated proteins because the majority of proteins are not 

used for materials, but used for food or biological applications.   

Damage to cell structure was evaluated on a wet soybean by measuring dielectric 

properties using the Cole-Cole arc. [166]. Bywater et al. [167] used a dielectric constant 

compatible with water-poor macromolecular environment to reveal differences in secondary 

structure preferences for the all amino-acid residue types.  

Pinheiro et al. [168] investigated how Först r approximations impact the energy transfer 

dynamics between flurbiprofen and human serum albumin including uncertainties in the 

electronic coupling related to the dipole−dipole orientation factor, dielectric screening 

effects, and deviations from the ideal dipole approximation. Samanta et al. [169] reported 
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that hydration of amino acids is a key step to realize the overall solvation processes in 

proteins with the imaginary and real dielectric constants obtained in GHz and THz regions 

and fitted into multiple Debye model to obtain various relaxation times. Yamamoto et al. 

[170] performed dielectric spectral measurements of solid state lysozyme to understand the 

effects of hydration and thermal excitation on the low-frequency dynamics of protein under 

changing hydration conditions at room temperature in the frequency region GHz to THz and 

also the temperature dependence.  

Basilevsky et al. [171] developed a golden rule type algorithm for calculation of charge-

transfer (CT) rates aimed at the description of charge carrier mobility in organic 

semiconductors.  This methodology borrows the Miller–Abrahams scheme for the treatment 

of the electron conductivity in semiconductors and circumvents the high temperature 

Redfield approximation applied in the earlier work. The scheme is widely applied for the 

computational modeling of photosensitive organic materials and covers large temperature 

range, while the Marcus-like polar interaction mechanism is not applicable for such systems.  

It treats CT processes in non-polar media, including solvents with low dielectric permittivity, 

solid organic materials in which orientation polarization effects are strongly suppressed and 

various biological molecular objects.  Within the present approach, the dissipation of the 

reaction energy promoted by this interaction significantly determines the CT kinetics. The 

main quantity under study was the time-dependent relaxation function ρ(t) expressed using 

the generalized Langevin equation technique. This method can be applied to create a 

simulation of the conductivity of organic materials. 
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2.6.3. Dielectric Analysis of Soy Protein 

Previous research into the dielectric analysis of soy protein included SPI being used to 

modify energy storage performances of polyethylene oxide (PEO) films [95] and interaction 

between Polyethylene glycol (PEG) and SPI film [93]. The research of Shabeer et al. [113] 

showed a linear increase in the dielectric constant and the dielectric loss of the soy 

nanocomposites with the increase in concentration of the montmorillonite clay. 

Petrovic et al. [112] reported that polyurethane networks from soybean have a number 

of valuable properties determined by their chemical composition and cross-linking density 

and that changing the molar ratio of reacting groups can affect the cross-linking density.  His 

work varied the NCO/OH molar ratio in a soy polyol/MDI system, and tested the resulting 

physical and mechanical properties. The activation energy of the glass transition, determined 

from dielectric spectra, varied as the molar ratio of NCO to OH groups decreased. 

Hong and Wool [116] developed a novel bio-based composite material from soybean 

oils and keratin feather fibers (KF) that is suitable for electronic as well as automotive and 

aeronautical applications. The development of low dielectric constant materials is a main 

issues in modern high-speed microelectronics with the physical performance, such as 

strength, stiffness, vibration damping, and density, being important properties in automotive, 

trucking, farming, civil infrastructure, defense, aerospace, housing construction, and 

electronic materials applications.  The new KFS lightweight composites have a low density 

with only a KF volume fraction is 30% showing that the hollow keratin fibers were not filled 

by resin infusion and the composite retained a significant volume of air in the hollow 

structure of the fibers. Due to the retained air, the dielectric constant, k, of the composite 
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material was, depending on the fiber volume fraction, significantly lower than the 

conventional silicon dioxide or epoxy, or polymer dielectric insulators.  

Ueno et al [115] measured the dielectric properties of untreated and pressurized soybeans 

immediately after pressure release.  Dielectric properties of pressurized and control soybean 

cotyledons were measured and for each cotyledon, resistance was plotted against reactance, 

giving rise to a Cole-Cole plot, which reflects the integrity of the cellular structure.  The 

effects of high-hydrostatic pressure processing (HPP) on soybean cotyledon were 

investigated from the viewpoints of the cell structure because damage to cell structure and 

membranes, leading to mass transfer of materials within cells.  Since certain enzymes are 

still active at high pressures, several biochemical reactions can often occur after HPP. The 

biochemical reactions related to proteins and peptides are predicted to change the free amino 

acid composition in pressurized biological materials. Soybean is rich in nutrients and other 

bioactive substances, and the effects of soybean components on human physiology have 

been reported with certain soybean components associated with the reduction of certain 

cancers and heart disease. 
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3. MATERIALS AND METHODS  

3.1. Materials 

Soy Protein Isolate (SPI) powder (PRO-FAM 891) free from most fats and sugars was 

donated from Archer Daniels Midland Company. Dimethyl Sulfoxide (DMSO), 99.9% 

minimum, was purchased from Alfa Aesar and utilized as the solvent. DMSO is a polar 

aprotic solvent that dissolves both polar and nonpolar compounds, frequently used in protein 

denaturation.  Hexagonal Boron Nitride (BN), 70nm particle size, was purchased from M. 

K. Impex Corporation (Canada).  BN is used as the nanoparticle to fabricate SPI/BN 

nanocomposites. BN exists in different forms with the hexagonal form which corresponds 

to crystalline graphite being the most stable.  Hexagonal boron nitride has a layered structure 

similar to graphite as seen in Figure 9, and within each layer, the boron and nitrogen atoms 

are bound by strong covalent bonds.  This is in contract to the layers which are held together 

by weak van der Waals forces. The stacking of these sheets differs, however, from the pattern 

seen below with boron atoms aligned directly above the nitrogen atoms. This stacking 

reflects the polarity of the Boron and Nitrogen bonds. Hexagonal BN has excellent chemical 

and thermal stabilities to temperatures up to 1000°C in air and 1400°C in vacuum.  

 

Figure 9. Boron Nitride (BN) Hexagonal Molecular Structure [172] 
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3.2. Methods  

Soy protein cannot be melt-processed because of the rigidity of the molecular structures 

and close chain packing via numerous hydrogen bonds [93], so current melt processing 

methods incorporate the use of plasticizers to increase the flexibility of the film enough to 

achieve a viable test sample.  The use of plasticizers was not desired for this research, 

therefore, normal melt processing methods would not work. A vacuum-assisted solution 

process was developed to fabricate soy protein cake samples. This method produced a pure 

SPI sample free of foreign agents that allows us to study true dielectric relaxation of native 

soy protein, and the effects of moisture absorption, compression molding and nano-

modification on native soy protein.   

3.2.1. Sample Preparation 

To fabricate a SPI cake sample, 2 grams of SPI power was mixed with 20ml of DMSO.  

Magnetic stirring and heating were accomplished with a Fisherbrand™ Isotemp™ Basic 

Stirring Hotplate.  Stirring was done at 700 RPM for 5 hours at 60°C.  Probe sonication was 

conducted on a Branson Digital Sonifier (Model 450).  Sonication occurred for 30 minutes 

at 20% power with a low intensity sonication tip.  Solutions were sealed and kept in an ice 

bath during sonication to prevent overheating. Sonication was primarily used for BN 

nanoparticle dispersion in the SPI matrix. To study the effects of BN nanoparticle, both 

SPI/DMSO solutions and SPI/BN/DMSO solutions received the probe sonication.  

Vacuum filtering was accomplished with use of a 35mm diameter Büchner funnel and a 

vacuum pump. Removal of DMSO in fabricated SPI cake samples was done in a VWR® 

Gravity Convection Oven at 80°C for 48 hours. The dried SPI cake samples were ground 

and polished to desired thickness for characterizations.  Polishing of samples was performed 
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with an oscillating sander while the sample was sandwiched between two abrasive sheets. 

Polishing grip particle size was decreased continuously to achieve a very smooth sample 

surface.  Polishing was also done to remove surface imperfections and provide a flat smooth 

surface for characterizations.   

Compression molding of the samples was done with a Carver Benchtop Heated Press 

(Model 4386).  After polishing, samples were placed in the preheated hot press under 2-3 

tons (~5000lbs) pressure for 10 minutes at 150°C. To study the effects of moisture 

absorption, additional drying process was carried out for 24 hours at 100°C to obtain the 

dry-base.  The dry-base was allowed to absorb moisture in ambient laboratory conditions 

(T= 22-23°C, RH = 40-45%) for 24 hours.  

The designation of different SPI and SPI/BN samples are listed in Table 1.  To track 

moisture absorption, the dry-base was identified as “D” indicating a “dry” sample, while 

“W” indicates a “wet” sample that has absorbed moisture under the conditions introduced 

above. To track compression molding, “C” indicates compression molding, while “N” 

indicates no compression molding applied.  
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Table 1: Summary of SPI Modification Conditions and Designated Samples Names 

Designated Name Samples 

SPI-DN SPI 

SPI-DC SPI + Compression Molding 

SPI-WN SPI + Moisture Absorption 

SPI-WC SPI + Moisture Absorption + Compression Molding 

SPI/3%BN-DN SPI + 3wt% BN 

SPI/3%BN-DC SPI + 3wt% BN + Compression Molding 

SPI/3%BN-WN SPI + 3wt% BN + Moisture Absorption 

SPI/3%BN-WC SPI + 3wt% BN + Moisture Absorption + Compression Molding 

SPI/10%BN-DN SPI + 10wt% BN 

SPI/10%BN-DC SPI + 10wt% BN + Compression Molding 

SPI/10%BN-WN SPI + 10wt% BN + Moisture Absorption 

SPI/10%BN-WC SPI + 10wt% BN + Moisture Absorption + Compression Molding 

 

The moisture content in the “wet” sample, with reference to the dry-base, was weighted, 

as listed in Table 2. Compression molding and nano-modification did not show noticeable 

effects on the moisture absorption behaviors of the dry-base.  
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Table 2: Moisture Absorbed in wt% from Dry-Base 

Designated Name  Absorbed moisture (wt%) 

SPI-WN 6.78 ± 1.09 

SPI-WC 5.89 ± 2.87 

SPI/3%-WN 7.79 ± 1.25 

SPI/3%-WC 6.66 ± 2.70 

SPI/10%-WN 8.15 ± 0.59 

SPI/10%-WC 6.40 ± 3.27 

  

3.2.2. Characterizations  

 

Figure 10. Hitachi-U2900 spectrophotometer 

UV-Vis characterization was performed on a HITACHI U-2900 spectrophotometer. The 

transmittance from wavelength 200nm to 800 nm for SPI samples with and without 

compression molding were measured. As shown in Figure 11, compression molding led to 

enhanced transmittance in the visible light range. 
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Figure 11. Transmittance of SPI-WC and SPI-WN 

Dielectric Relaxation Spectroscopy (DRS) was used to study the dielectric properties of 

both SPI and SPI/BN nanocomposites on a Hioki Model IM 3533-01 LCR meter. DRS is a 

powerful technique for investigating the dynamics of condensed materials. Polished samples 

were tested over a temperature range from room temperature to 150°C with testing intervals 

at every 10°C to identify temperature dependent dielectric properties. Testing frequency 

began at 200K Hz down to 1 Hz to identify any frequency responses.  Testing recoded data 

for capacitance (C), loss factor (Tan (δ)) and impedance (Rp).   

  

Figure 12. Hioki Model IM 3533-01 LCR meter & Parallel-Plate Testing Fixture 
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Hysteresis analysis at high electric fields was performed on a Precision LC II 

Ferroelectric Test System (Radiant Technology, Inc.) (Figure 13) equipped with a high 

voltage amplifier (Matsusada, AMJ-4B10). The testing frequency was 10 Hz, and the 

maximum electric field was 160kV/cm. The dielectric polarization performances were 

obtained through the monopolar hysteresis loops accordingly. 

 

Figure 13. Precision LC II Ferroelectric Test System  

A Scanning Electron Microscope (SEM, Figure 14) is a type of electron microscope that 

produces images of a sample by scanning the surface with a focused beam of electrons. The 

electrons interact with atoms in the sample, producing various signals that contain 

information about the sample’s surface topography and composition.  The fracture surfaces 

of the SPI/BN nanocomposite samples were analyzed by Scanning Electron Microscope 

(FEI Versa 3D Dual Beam) with an accelerating voltage of 20kV.   



 

93 

 

Figure 14. Scanning Electron Microscope (FEI Versa 3D Dual Beam) 

Sputter Coating was performed with a Hummer-X sputter coater (Anatech Ltd) for 150 

seconds at an average of 6 milliamps.  Samples were coated on each side to create surface 

electrodes for dielectric studies.  Meanwhile, sputter coating was also applied to ensure high 

surface conduction for SEM analysis.  Figure. 15 shows SEM images of the surface of 

SPI/BN nanocomposites. It is observed that some small BN aggregates exist and these 

aggregates have distributed uniformly in the SPI matrix.  To further improve the dispersion 

of BN nanoparticles, proper surface modification will be needed. 

 

Figure 15. SEM image of fracture surface of SPI/ 5 wt% BN nanocomposite 
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4. ELECTRICAL PROPERTIES OF SPI CAKE  

4.1. Electrical Conduction Analysis of SPI Cake   

The frequency dependent conductivity properties of SPI samples as a function of 

moisture absorption, compression molding, and two different BN loading nanocomposites, 

i.e. 3wt% and 10wt%, were measured in the frequency range of 1Hz to 200KHz  and 

temperature range of room temperature to 150°C, as shown in Figure 15.   

4.2. Effects of Moisture on Temperature Dependent Electrical Conductivity 

When comparing SPI-DN with SPI-WN, there was a substantial effect on the electrical 

conductivity from the moisture they absorbed.  Figure 16a displays data from SPI-DN 

samples while Figure 16b displays data from SPI-WN samples. 

The SPI-DN samples show an increase in conductivity with an increase in temperature 

throughout the entire temperature range.  The response is frequency dependent with an 

increase in conductivity with higher frequency. The SPI-WN samples show this conductivity 

increase with increase in temperature. The maximum and minimum values are higher than 

corresponding maximum and minimums on the SPI-DN samples.  Furthermore the SPI-WN 

samples exhibited a frequency independent response that changed to a frequency dependent 

response as frequency increased.  The frequency dependent response was similar to the SPI-

DN samples with an increase in conductivity with increase in temperature. This transition 

from frequency independent to dependent was only seen in the lower temperature results and 

moved to higher frequency with increase in temperature.   
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Figure 16. AC Conductivity of pure SPI a) without moisture absorbed and b) with moisture absorbed, 
both without compression molding  

Moisture had a significant effect on the electrical conductivity of SPI cake samples 

that did not have any compression molding, with SPI-WN samples showing higher electrical 

conductivity compared to SPI-DN samples and a change in frequency response.   

When comparing SPI-DC with SPI-WC, there was a substantial effect on the electrical 

conductivity from the moisture they absorbed.  Figure 17a displays data from SPI-DC 

samples while Figure 17b displays data from samples with moisture absorbed, both with 

compression molding.   

The SPI-DC samples show an increase in conductivity with an increase in temperature 

throughout the entire temperature range. The response is frequency dependent with an 

increase in conductivity with higher frequency.  The SPI-WC samples also show this 

conductivity increase with increase in temperature.  The maximum and minimum values are 

higher than corresponding maximum and minimums on the SPI-DC samples.  Furthermore 

the SPI-WC samples exhibited a frequency independent response that changed to a 

frequency dependent response as frequency increased.  The frequency dependent response 
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was similar to the SPI-DC samples with an increase in conductivity with increase in 

temperature.   This transition from frequency independent to dependent was only seen in the 

lower temperature results and moved to higher frequency with increase in temperature.  Very 

similar results to samples without compression molding.   

 

Figure 17. AC Conductivity of pure SPI a) without moisture absorbed and b) with moisture absorbed, 
both with compression molding  

Moisture had a significant effect on the electrical conductivity of compression 

molded SPI cake samples, with SPI-WC samples showing higher electrical conductivity 

compared to SPI-DC samples. For SPI-DC samples, they showed frequency dependent 

electrical conductivity (i.e. AC conductivity) in whole frequency range when temperature is 

lower than 150oC, suggesting a typical insulating nature of SPI-DC samples. At 150oC, the 

frequency independent electrical conductivity (i.e. DC conductivity) was observed at low 

frequencies.  This insulating nature was also seen in the SPI-DN, and like SPI-DC, at 

temperatures above 140oC, the frequency independent electrical conductivity was observed 

at low frequencies.  Oppositely, both the SPI-WC and SPI-WN samples started to show 

frequency independent electrical conduction at low frequencies at room temperature, 

comparable to that of the electrical conductivity of SPI-DN samples at 140oC, suggesting 
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the dramatic improvement in electrical conduction of both SPI-WC and SPI-WN samples 

because of the moisture. Moreover, as temperature increases, the frequency associated with 

AC to DC transition moves to higher frequencies, leading to frequency independent 

electrical conductivity in the majority of the frequency range.  

4.3. Effects of Compression Molding on Temperature Dependent Electrical 

Conductivity 

When comparing SPI-DN with SPI-DC, there was a minimal effect on the electrical 

conductivity from the compression molding.  Figure 18a displays data from SPI-DN samples 

while Figure 18b displays data SPI-DC from samples, both without moisture absorbed. 

Both SPI-DN and SPI-DC samples show an increase in conductivity with an increase in 

temperature throughout the entire temperature range.  The response is frequency dependent 

with an increase in conductivity with higher frequency. 

 

Figure 18. AC Conductivity of pure SPI a) without compression molding and b) with compression 
molding, both without moisture absorbed 
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Compression molding had an insignificant effect on the electrical conductivity of SPI 

cake samples that did not have any moisture absorbed, with SPI-DN samples showing little 

change when compared to SPI-DC samples.   

When comparing SPI-WN with SPI-WC, there was a minimal effect on the electrical 

conductivity from the compression molding.  Figure 19a displays data from SPI-WN 

samples while Figure 19b displays data SPI-WC from samples. 

Both SPI-WN and SPI-WC samples show an increase in conductivity with an increase 

in temperature throughout the entire temperature range.  The response is frequency 

independent at low frequency that changed to a frequency dependent response as frequency 

increased.  The frequency dependent response is characterized by an increase in conductivity 

with increase in temperature.   This transition from frequency independent to dependent was 

only seen in the lower temperature results and moved to higher frequency with increase in 

temperature.  The SPI-WC has a higher minimum conductivity value and the 

dependent/independent change is at higher frequency.   

 

Figure 19. AC Conductivity of pure SPI a) without compression molding and b) with compression 
molding, both with moisture absorbed 
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Compression molding had an insignificant effect on the electrical conductivity of SPI 

cake samples with the SPI-WC samples showing higher electrical conductivity compared 

to SPI-WN samples and SPI-DC samples showing a low frequency dependent electrical 

conductivity at higher temperature compared to SPI-DN  

4.4. Effects of BN on Temperature Dependent Electrical Conductivity  

When comparing SPI-DN, SPI/3%BN-DN, and SPI/10%BN-DN, there was a minimal 

effect on the electrical conductivity from the Boron Nitride.  Figure 20a displays data from 

SPI-DN samples, Figure 20b displays data SPI/3%BN-DN from samples, and Figure 20c 

displays data SPI/10%BN-DN from samples.  All graphs without compression molding or 

moisture absorbed. 

All SPI-DN, SPI/3%BN-DN, and SPI/10%BN-DN samples show an increase in 

conductivity with an increase in temperature throughout the entire temperature range.  The 

response is frequency dependent with an increase in conductivity with higher frequency.  

SPI/3%BN-DN nanocomposite has a lower conductivity and has less conductivity increases 

with temperature (consolidated/compressed graph).  
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Nanocomposite fabrication had an insignificant effect on the electrical conductivity of 

SPI cake samples, with both SPI/3%BN-DN, and SPI/10%BN-DN samples showing little 

change when compared to SPI-DN samples.   

When comparing SPI-DC, SPI/3%BN-DC, and SPI/10%BN-DC, there was a minimal 

effect on the electrical conductivity from the Boron Nitride.  Figure 21a displays data from 

SPI-DC samples, Figure 21b displays data SPI/3%BN-DC from samples, and Figure 21c 

displays data SPI/10%BN-DC from samples.  All graphs without moisture absorbed. 

All SPI-DC, SPI/3%BN-DC, and SPI/10%BN-DC samples show an increase in 

conductivity with an increase in temperature throughout the entire temperature range.  The 

response is frequency dependent with an increase in conductivity with higher frequency.   
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Figure 20. AC Conductivity of a) pure 
SPI, b) 3wt% BN nanocomposite, c) 
10wt% BN nanocomposite without 
compression molding or moisture 
absorbed 
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Nanocomposite fabrication had an insignificant effect on the electrical conductivity of 

SPI cake samples, with both SPI/3%BN-DC, and SPI/10%BN-DC samples showing little 

change when compared to SPI-DC samples.   

When comparing SPI-WN, SPI/3%BN-WN, and SPI/10%BN-WN, there was a minimal 

effect on the electrical conductivity from the Boron Nitride.  Figure 22a displays data from 

SPI-WN samples, Figure 22b displays data SPI/3%BN-WN from samples, and Figure 22c 

displays data SPI/10%BN-WN from samples.  All graphs without compression molding. 

All SPI-DN, SPI/3%BN-DN, and SPI/10%BN-DN samples show an increase in 

conductivity with an increase in temperature throughout the entire temperature range.  The 
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Figure 21. AC Conductivity of a) pure 
SPI, b) 3wt% BN nanocomposite, c) 
10wt% BN nanocomposite with 
compression molding and without 
moisture absorbed 
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samples exhibited a frequency independent response that changed to a frequency dependent 

response as frequency increased.  The frequency dependent response is characterized by an 

increase in conductivity with higher frequency.  This transition from frequency independent 

to dependent was only seen in the lower temperature results and moved to higher frequency 

with increase in temperature.   

 

            

Nanocomposite fabrication had an insignificant effect on the electrical conductivity of 

SPI cake samples, with both SPI/3%BN-WN, and SPI/10%BN-WN samples showing little 

change when compared to SPI-WN samples.   
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Figure 22. AC Conductivity of a) pure 
SPI, b) 3wt% BN nanocomposite, c) 
10wt% BN nanocomposite without 
compression molding and with 
Moisture absorbed 
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     When comparing SPI-WC, SPI/3%BN-WC, and SPI/10%BN-WC, there was a 

minimal effect on the electrical conductivity from the Boron Nitride.  Figure 23a displays 

data from SPI-WC samples, Figure 23b displays data SPI/3%BN-WC from samples, and 

Figure 23c displays data SPI/10%BN-WC from samples.   

All SPI-DN, SPI/3%BN-DN, and SPI/10%BN-DN samples show an increase in 

conductivity with an increase in temperature throughout the entire temperature range.  The 

samples exhibited a frequency independent response that changed to a frequency dependent 

response as frequency increased.  The frequency dependent response is characterized by an 

increase in conductivity with higher frequency.  This transition from frequency independent 

to dependent was only seen in the results at lower temperature and moved to higher 

frequency with increase in temperature.   
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Nanocomposite fabrication had an insignificant effect on the electrical conductivity of 

SPI cake samples, with both SPI/3%BN-WC, and SPI/10%BN-WC samples showing little 

change when compared to SPI-WC samples.   

The nanocomposite samples without moisture show a low frequency dependent electrical 

conductivity at higher temperature compared to SPI samples.   While the nanocomposite 

samples with moisture show a low frequency dependent electrical conductivity at lower 

temperature compared to SPI samples.  This suggests the increased insulating effects of the 

Boron Nitride.   
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Figure 23. AC Conductivity of a) pure 
SPI, b) 3wt% BN nanocomposite, c) 
10wt% BN nanocomposite with 
compression molding and with 
moisture absorbed 
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5. DIELECTRIC RELAXATION SPECTROSCOPY 

ANALYSIS OF SPI CAKE 

5.1. Frequency Dependent Dielectric Analysis of SPI Cake   

The frequency dependent dielectric properties of pure SPI samples, i.e. dielectric 

constants (ε’) and loss factor (tan δ), as a function of moisture absorption, compression 

molding, and two different BN loading nanocomposites, i.e. 3wt% and 10wt%, were 

measured in the frequency range of 1Hz to 200KHz  and temperature range from room 

temperature to 150°C, as shown in Figure 24. 

 

Figure 24. Dielectric constant (ε’) and dielectric loss factor (tan δ) of SPI and all modification 
combinations at 150˚C (a, b) and 20˚C (c, d) 
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5.2. Effects of Moisture on Frequency Dependent Dielectric Properties  

When comparing SPI-DN with SPI-WN, there was a substantial effect on the dielectric 

constant (ε’) and dielectric loss factor (tan δ) from the moisture they absorbed.  Figure 25 

displays data from SPI-DN samples as solid lines while data from SPI-WN samples is shown 

as dashed lines.  Figure 25a and Figure 25b display ε’ and tan δ data respectively from high 

temperatures while Figure 25c and Figure 25d display ε’ and tan δ data respectively from 

low temperatures.   

All samples show an increase in ε’ with an increase in temperature over the entire 

frequency range.  All SPI-DN and SPI-WN samples below testing temperature of 80°C show 

a frequency independent response.  SPI-WN samples above 80°C show a frequency 

dependent response characterized by a decrease in dielectric constant with increase in 

frequency.  As seen with the dielectric constant, all samples show an increase in tan δ with 

an increase in temperature over the entire frequency range, along with movement of visible 

peaks to a higher frequency.  The absorbed moisture increases all the tan δ values and moves 

the visible peaks to even higher frequency, sometimes making a peak not visible or 

previously not visible peak visible.     
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Figure 25. Dielectric constant (ε’) and loss factor (tan δ) of SPI-DN and SPI-WN at high temperature (a, 
b) and low temperature (c, d) 

Moisture had a significant effect on the ε’ and tan δ of SPI cake samples that did not 

have any compression molding, with SPI-WN samples showing both higher ε’ & tan δ 

compared to SPI-DN samples and a movement of visible peaks to a higher frequency.   

When comparing SPI-DC with SPI-WC, there was a substantial effect on the dielectric 

constant (ε’) and dielectric loss factor (tan δ) from the moisture they absorbed.  Figure 26 

displays data from SPI-DC samples as solid lines while data from SPI-WC samples is shown 

as dashed lines.  Figure 26a and Figure 26b display ε’ and tan δ data respectively from high 
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temperatures while Figure 26c and Figure 26d display ε’ and (tan δ) data respectively from 

low temperatures.   

All samples show an increase in ε’ with an increase in temperature over the entire 

frequency range.  All SPI-DC show a frequency independent response while all SPI-WC 

samples show a frequency dependent response characterized by a decrease in dielectric 

constant with increase in frequency.  As seen with the dielectric constant, all samples show 

an increase in tan δ with an increase in temperature over the entire frequency range, along 

with movement of visible peaks to a higher frequency.  The absorbed moisture increases all 

the tan δ values and moves the visible peaks to even higher frequency, sometimes making a 

peak not visible or previously not visible peak visible.   
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Figure 26. Dielectric constant (ε’) and loss factor (tan δ) of SPI-DC and SPI-WC at high temperature (a, 
b) and low temperature (c, d) 

Moisture had a significant effect on the ε’ and tan δ of SPI cake samples that did have 

compression molding, with SPI-WC samples showing both higher ε’ & Tan δ compared to 

SPI-DC samples and a movement of visible peaks to a higher frequency.   

Moisture had a significant effect on the dielectric constant ε’ of SPI cake samples, with 

SPI-WC/WN samples showing higher ε’ compared to SPI-DC/DN samples. Both SPI-DC 

and SPI-DN samples, they showed frequency independent dielectric response in the whole 

frequency and temperature range, suggesting insulating nature of SPI samples. On the other 
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hand both SPI-WC and SPI-WN samples, they showed frequency dependent dielectric 

response in whole frequency range for temperatures higher than 50°C, indicating the 

increased conduction from the moisture.  

Moisture also increased the tan δ of SPI cake samples, with SPI-WC/WN samples 

showing higher values compared to SPI-DC/DN samples.  The tan δ graphs are characterized 

by peaks and valleys indicating relaxations mechanisms at different frequencies and 

temperatures.  The increase in temperature and addition of moisture increase the intensity of 

these peaks and moves the peak maximum to a higher frequency indicating increase in 

conduction. 

5.3. Effects of Compression Molding on Frequency Dependent Dielectric 

Properties  

When comparing SPI-DN with SPI-DC, there was a minimal effect on the dielectric 

properties such as dielectric constant (ε’) and dielectric loss factor (tan δ) from the 

compression molding added to the samples.  Figure 27 displays data from SPI-DN samples 

as solid lines while data from SPI-DC samples is shown as dashed lines.  Figure 27a and 

Figure 27b display ε’ and tan δ data respectively from high temperatures while Figure 27c 

and Figure 27d display ε’ and tan δ data respectively from low temperatures.   

All samples show an increase in ε’ with an increase in temperature over the entire 

frequency range.  SPI-DC samples show a lower ε’ value compared to SPI-DN for all 

temperatures and frequencies except temperatures above 120°C at low frequencies.   As 

frequency increases the ε’ values decreases and converge to a similar value with the higher 

temperature results decreasing more with increased frequency.  As seen with the dielectric 
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constant, all samples show an increase in tan δ with an increase in temperature over the entire 

frequency range, along with movement of visible peaks to a higher frequency.  The 

compression molding again decreased all the tan δ values for all temperatures and 

frequencies except temperatures above 120°C at low frequencies.     

  

  

Figure 27. Dielectric constant (ε’) and loss factor (tan δ) of SPI-DN and SPI-DC at high temperature (a, 
b) and low temperature (c, d) 

Compression molding had an insignificant effect on the ε’ and tan δ of SPI cake samples 

that did not have any moisture absorbed, with SPI-DN samples showing both higher ε’ & 

tan δ compared to SPI-DC samples.   
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When comparing SPI-WN with SPI-WC, there was a substantial effect on the dielectric 

properties such as dielectric constant (ε’) and dielectric loss factor (tan δ) from the 

compression molding added to the samples.  Figure 28 displays data from SPI-WN samples 

as solid lines while data from SPI-WC samples is shown as dashed lines.  Figure 28a and 

Figure 28b display ε’ and tan δ data respectively from high temperatures while Figure 28c 

and Figure 28d display ε’ and tan δ data respectively from low temperatures.   

Both the SPI-WN and the SPI-WC samples show an increase in ε’ with an increase in 

temperature across all temperatures.  Both low and high temperature results display a 

frequency dependent response characterized by a decrease in dielectric constant with 

increase in frequency.  As frequency increases the ε’ values decreases and converge to a 

similar value.  The compression molding increases the ε’ values across all temperatures and 

frequencies but the trends do not change.  The SPI-WN samples show an increase in tan δ 

with an increase in temperature along with movement of visible peaks to a higher frequency 

at all temperatures, while the compression molding increases all the SPI-WC tan δ values 

with only a change in peak frequency to a higher frequency in the lower temperature 

samples.    
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Figure 28. Dielectric constant (ε’) and loss factor (tan δ) of SPI-WN and SPI-WC at high temperature (a, 
b) and low temperature (c, d) 

Compression molding had a significant effect on the ε’ and tan δ of SPI cake samples 

that did have and moisture absorbed, with SPI-WC samples showing both higher ε’ & tan δ 

compared to SPI-WN samples a movement of visible peaks to a higher frequency.   

Compression molding had a significant effect on the ε’ of SPI cake samples mainly in 

the presence of moisture, with SPI-WC samples showing higher ε’ compared to SPI-WN 

samples, yet with SPI-DC samples showing lower ε’ compared to SPI-DN samples.  Both 

SPI-DC and SPI-DN samples, they showed frequency independent dielectric response 
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through the majority of the frequency and temperature range, while both SPI-WC and SPI-

WN samples showed frequency dependent dielectric response in whole frequency and 

temperature range.  Compression molding had little influence on these behaviors.   

Compression molding also increased the tan δ of SPI cake samples, with SPI-DC/WC 

samples showing higher values compared to SPI-DN/WN samples.  The tan δ graphs are 

characterized by peaks and valleys indicating relaxations mechanisms at different 

frequencies and temperatures.  At lower temperatures only the addition of compression 

molding moves the peak maximum to a higher frequency.  

5.4. Effects of BN on Frequency Dependent Dielectric Properties  

When comparing SPI-DN, SPI/3%BN-DN, and SPI/10%BN-DN, there was a minimal 

effect on the dielectric constant (ε’) and dielectric loss factor (tan δ) from the Boron Nitride.  

Figure 29 displays data from SPI-DN samples as solid lines, data from SPI/3%BN-DN 

samples is shown as dotted lines and SPI/10%BN-DN data as dashed lines.  Figure 29a and 

Figure 29b display ε’ and tan δ data respectively from high temperatures while Figure 29c 

and Figure 29d display ε’ and tan δ data respectively from low temperatures. 

All SPI-DN, SPI/3%BN-DN, and SPI/10%BN-DN samples show an increase in ε’ with 

an increase in temperature throughout the entire temperature range.  The response is 

frequency independent and slightly decreases with an increase in frequency.  The amount of 

decrease is larger with increased temperature leading to a convergence of temperatures at 

high frequency.  SPI/3%BN-DN lowers the ε’ for all frequencies and temperatures while 

SPI/10%BN-DN cause little change.  
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All SPI-DN, SPI/3%BN-DN, and SPI/10%BN-DN samples show an increase in tan δ 

with an increase in temperature and movement to a higher frequency throughout the entire 

temperature range.  SPI/3%BN-DN lowers the tan δ values for all frequencies and 

temperatures and moves the vales to a lower frequency, while SPI/10%BN-DN cause little 

change.  

  

 

Figure 29. Dielectric constant (ε’) and loss factor (tan δ) of SPI-DN, SPI/3%BN-DN, and SPI/10%BN-
DN at high temperature (a, b) and low temperature (c, d) 
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Nanocomposite fabrication had an effect on ε’ and tan δ of SPI-DN cake samples, but 

was sensitive to BN loading, with SPI/3%BN-DN samples showing both lower ε’ & tan δ 

and SPI/10%BN-DN showing little change when compared to SPI-DN samples.   

When comparing SPI-DC, SPI/3%BN-DC, and SPI/10%BN-DC, there was an effect on 

the dielectric constant (ε’) and dielectric loss factor (tan δ) from the Boron Nitride.  Figure 

30 displays data from SPI-DC samples as solid lines, data from SPI/3%BN-DC samples is 

shown as dotted lines and SPI/10%BN-DC data as dashed lines.  Figure 30a and Figure 30b 

display ε’ and tan δ data respectively from high temperatures while Figure 30c and Figure 

30d display ε’ and tan δ data respectively from low temperatures. 

All SPI-DC, SPI/3%BN-DC, and SPI/10%BN-DC samples show an increase in ε’ with 

an increase in temperature throughout the entire temperature range.  The response is 

frequency independent and slightly decreases with an increase in frequency.  The amount of 

decrease is larger with increased temperature leading to a convergence of temperatures at 

high frequency.  Both SPI/3%BN-DC and SPI/10%BN-DC increase the ε’ values for all 

frequencies but as temperatures increase SPI/3%BN-DC stop increasing while SPI/10%BN-

DC do not stop.  

All SPI-DC, SPI/3%BN-DC, and SPI/10%BN-DC samples show an increase in tan δ 

with an increase in temperature and movement to a higher frequency throughout the entire 

temperature range. Tan δ values decrease with increased frequency.  SPI/3%BN-DC lowers 

the tan δ values for all frequencies and temperatures, while SPI/10%BN-DC increases the 

tan δ values for all frequencies and temperatures. Little frequency movements are caused by 

the Boron Nitride.   
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Figure 30. Dielectric constant (ε’) and loss factor (tan δ) of SPI-DC, SPI/3%BN-DC, and SPI/10%BN-
DC at high temperature (a, b) and low temperature (c, d) 

Nanocomposite fabrication had an effect on ε’ and tan δ of SPI-DC cake samples, but 

was sensitive to BN loading, with SPI/3%BN-DC samples showing both lower ε’ & tan δ 

and SPI/10%BN-DC showing both lower ε’ & tan δ when compared to SPI-DC samples.   

When comparing SPI-WN, SPI/3%BN-WN, and SPI/10%BN-WN, there was an effect 

on the ε’ and tan δ from the Boron Nitride.  Figure 31 displays data from SPI-WN samples 

as solid lines, data from SPI/3%BN-WN samples is shown as dotted lines and SPI/10%BN-

WN data as dashed lines.  Figure 31a and Figure 31b display ε’ and tan δ data respectively 
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from high temperatures while Figure 31c and Figure 31d display ε’ and tan δ data 

respectively from low temperatures. 

All SPI-WN, SPI/3%BN-WN, and SPI/10%BN-WN samples show an increase in ε’ with 

an increase in temperature throughout the entire temperature range.  The response is 

frequency dependent at high temperatures and decreases with an increase in frequency.  The 

amount of decrease is larger with increased temperature leading to a convergence of 

temperatures at high frequency.  Both SPI/3%BN-WN, and SPI/10%BN-WN increase the ε’ 

values for all frequencies but as temperatures increase SPI/3%BN-WN continues increasing 

while SPI/10%BN-WN decreases ε’ values for all frequencies.  

All SPI-WN, SPI/3%BN-WN, and SPI/10%BN-WN samples show an increase in tan δ 

with an increase in temperature and movement to a higher frequency throughout the entire 

temperature range. Tan δ values show peaks and valleys indicating relaxations.  SPI/3%BN-

WN lowers the tan δ values for all frequencies and temperatures, while SPI/10%BN-WN 

increases the tan δ values for all frequencies and temperatures. Little frequency movements 

are caused by the Boron Nitride. 
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Figure 31. Dielectric constant (ε’) and loss factor (tan δ) of SPI-WN, SPI/3%BN-WN, and SPI/10%BN-
WN at high temperature (a, b) and low temperature (c, d) 

Nanocomposite fabrication had an effect on ε’ and tan δ of SPI-WN cake samples, but 

was sensitive to BN loading, with SPI/3%BN-WN samples showing higher ε’ & tan δ and 

SPI/10%BN-WN showing both lower ε’ & tan δ and a shift to lower frequency when 

compared to SPI-WN samples.   

When comparing SPI-WC, SPI/3%BN-WC, and SPI/10%BN-WC, there was an effect 

on the ε’ and tan δ from the Boron Nitride.  Figure 32 displays data from SPI-WC samples 

as solid lines, data from SPI/3%BN-WC samples is shown as dotted lines and SPI/10%BN-
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WC data as dashed lines.  Figure 32a and Figure 32b display ε’ and tan δ data respectively 

from high temperatures while Figure 32c and Figure 32d display ε’ and tan δ data 

respectively from low temperatures. 

All SPI-WC, SPI/3%BN-WC, and SPI/10%BN-WC samples show an increase in ε’ with 

an increase in temperature throughout the entire temperature range.  The response is 

frequency dependent at high temperatures and decreases with an increase in frequency.  The 

amount of decrease is larger with increased temperature leading to a convergence of 

temperatures at high frequency.  Both SPI/3%BN-WC, and SPI/10%BN-WC decrease the 

ε’ values for all frequencies.  

All SPI-WC, SPI/3%BN-WC, and SPI/10%BN-WC samples show an increase in tan δ 

with an increase in temperature and movement to a higher frequency throughout the entire 

temperature range. Tan δ values show peaks and valleys indicating relaxations.  Both 

SPI/3%BN-WN and SPI/10%BN-WN lowers the tan δ values for all frequencies and little 

frequency movements are caused by the Boron Nitride. 
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Figure 32. Dielectric constant (ε’) and loss factor (tan δ) of SPI-WC, SPI/3%BN-WC, and SPI/10%BN-
WC at high temperature (a, b) and low temperature (c, d) 

Nanocomposite fabrication had an effect on ε’ and tan δ of SPI-WC cake samples, but 

was sensitive to BN loading, with both SPI/3%BN-WC and SPI/10%BN-WC samples 

showing lower ε’ & tan δ and a shift to lower frequency when compared to SPI-WC samples.   

The nanocomposite samples without moisture show minimal change with 3wt%BN 

lowering both ε’ and tan δ while 10wt%BN having little effect or slightly increasing ε’ and 

tan δ while not causing any major shifts in either graph.  The nanocomposite samples with 

moisture show a minimal change with 10wt%BN lowering both ε’ and tan δ while 3wt%BN 
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only lowering ε’ and tan δ in the samples with compression molding but increasing ε’ and 

tan δ in the samples without.  Similarly both the BN loading shift the tan δ maximum peak 

to a lower frequency with compression molding but only 10wt%BN maintains this shift 

without compression molding.  SPI/3%BN-WN shifts the tan δ maximum peak to a slightly 

higher frequency. 

5.5. M” vs. Frequency Plots  

During dielectric testing, electrode polarization is contributing to the dielectric properties 

of the material and the effect often masks the relaxation behaviors of the materials at low 

frequencies and high temperatures. To overcome the electrode polarization effect and reveal 

the actual materials relaxations, electric modulus is frequently employed. The electric 

modulus M* is previously defined by the Equation (6) and in this study, M” plots were used 

to analyze different relaxation behaviors affected by all modifications including BN, 

Moisture, and compression molding.  The resulting data was normalized to remove 

relaxations peak intensity changes and focus on relaxation peak frequency changes.   

5.5.1. Effects of Moisture on M”  

When comparing SPI-DN samples with SPI-WN samples, there was a substantial effect 

on the electric Modulus from the moisture they absorbed.  Figure 33 displays data from SPI-

DN samples as solid lines while data from SPI-WN samples is shown as dashed lines.  Figure 

33a displays M” data from high temperatures while Figure 33b displays M” data from low 

temperatures.   
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At high temperature SPI-DN samples have two peaks with the maximum peak at higher 

frequency.  As temperature decreases these peaks shift to lower frequency.  The peaks for 

the SPI-WN samples have moved to a higher frequency and are no longer visible.   

At low temperature the SPI-DN samples show a small third peak at about 1000Hz.  

Similarly like the high temperature results the SPI-WN sample peaks have moved to a higher 

frequency and increased in intensity.   

  

Figure 33. Electric Modulus (M”) of pure SPI with and without moisture absorbed without compression 
molding for three different a) high (90°C-150°C) and b) low (20°C-80°C) temperatures  

Moisture had a significant effect on the electric modulus of SPI cake samples that did 

not have any compression molding, with SPI-WN samples showing a relaxation peak shift 

to higher frequency compared to SPI-DN samples.   

When comparing SPI-DC samples with SPI-WC samples, there was a substantial effect 

on the electric Modulus from the moisture they absorbed.  Figure 34 displays data from SPI-

DC samples as solid lines while data from SPI-WC samples is shown as dashed lines.  Figure 

34a displays M” data from high temperatures while Figure 34b displays M” data from low 

temperatures.   
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At high temperature SPI-DC samples have two peaks with the maximum peak at higher 

frequency.  As temperature decreases these peaks shift to lower frequency.  The peaks for 

the SPI-WN samples have moved to a higher frequency and are no longer.   

At low temperature the SPI-DC samples show a small third peak at about 1000Hz.  

Similarly like the high temperature results the SPI-WN sample peaks have moved to a higher 

frequency so much so that the third peak is not visible, the first peak is almost not visible, 

and the second peak can be seen. 

  

Figure 34. Electric Modulus (M”) of pure SPI with and without moisture absorbed with compression 
molding for three different a) high (90°C-150°C) and b) low (20°C-80°C) temperatures  

Moisture had a significant effect on the electric modulus of SPI cake samples that did 

have compression molding, with SPI-WC samples showing a relaxation peak shift to higher 

frequency compared to SPI-DC samples.   

Moisture had a significant effect on the electric modulus of SPI cake samples, with SPI-

WC/WN samples showing a frequency shift in relaxation peaks to a higher frequency when 

compared to SPI-DC/DN samples, suggesting increased charge mobility from the increased 

conduction and corresponding relaxations happening faster.   
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5.5.2. Effects of Compression Molding on M”  

 When comparing SPI-DN samples with SPI-DC samples, there was minimal effect on 

the electric Modulus from the compression molding.  Figure 35 displays data from SPI-DN 

samples as solid lines while data from SPI-DC samples is shown as dashed lines.  Figure 

35a displays M” data from high temperatures while Figure 35b displays M” data from low 

temperatures.   

At high temperature SPI-DN samples have two peaks with the maximum peak at higher 

frequency.  As temperature decreases these peaks shift to lower frequency.  The peaks for 

the SPI-DC samples have moved to a slightly lower frequency and the low frequency peak 

is reduced in intensity.   

At low temperature both the SPI-DN and SPI-DC samples show a small third peak at 

about 1000Hz.  SPI-DC have lower third peak modulus values compared to SPI-DN.   

   

Figure 35. Electric Modulus (M”) of pure SPI with and without compression molding without moisture 
absorbed for three different a) high (90°C-150°C) and b) low (20°C-80°C) temperatures  
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Compression molding had an insignificant effect on the electric modulus of SPI cake 

samples that did not have any moisture absorbed, with SPI-DC samples showing little 

relaxation peak shift to lower frequency compared to SPI-DN samples.   

When comparing SPI-WN samples with SPI-WC samples, there was some effect on the 

electric Modulus from the compression molding.  Figure 36 displays data from SPI-WN 

samples as solid lines while data from SPI-WC samples is shown as dashed lines.  Figure 

36a displays M” data from high temperatures while Figure 36b displays M” data from low 

temperatures.   

At high temperature SPI-DN samples have two peaks with the maximum peak at higher 

frequency and as temperature decreases these peaks shift to lower frequency.  The peaks for 

the SPI-WN and SPI-WC samples have moved to the maximum end of the frequency 

spectrum and can’t be seen.   

At low temperature the SPI-WN samples show a maximum peak at low frequency that 

increases again to a second peak with less intensity at higher frequency.  Increase in 

temperature moved these peaks in frequency location to a higher frequency.  The SPI-WC 

sample peaks have moved to a higher frequency so much so that the third peak is not visible, 

the first peak is almost not visible, and the second peak can be seen. 
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Figure 36. Electric Modulus (M”) of pure SPI with and without compression molding with moisture 
absorbed for three different a) high (90°C-150°C) and b) low (20°C-80°C) temperatures  

Compression molding had a significant effect on the electric modulus of SPI cake 

samples that did have moisture absorbed, with SPI-WC samples showing a relaxation peak 

shift to higher frequency compared to SPI-WN samples.   

Compression molding had a significant effect on the electric modulus of SPI cake 

samples that had absorbed moisture, with SPI-WC samples showing a frequency shift in 

relaxation peaks to a higher frequency when compared to SPI-WN samples, suggesting 

increased charge mobility from the increased conduction and corresponding relaxations 

happening faster.  The effects of compression molding on the electric modulus of SPI cake 

samples that had no absorbed moisture was not as significant with SPI-DC samples showing 

a minor frequency shift in relaxation peaks to a lower frequency and lower modulus values 

when compared to SPI-DN samples. 
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5.5.3. Effects of BN on M”  

When comparing SPI-DN, SPI/3%BN-DN, and SPI/10%BN-DN, there was a 

minimal effect on the electric Modulus from the Boron Nitride.  Figure 37 displays data from 

SPI-DN samples as solid lines, data from SPI/3%BN-DN samples is shown as dotted lines 

and SPI/10%BN-DN data as dashed lines.  Figure 37a displays M” data from high 

temperatures while Figure 37b displays M” data from low temperatures. 

At high temperature SPI-DN samples have two peaks with the maximum peak at higher 

frequency and as temperature decreases these peaks shift to lower frequency.  The peaks for 

the SPI/3%BN-DN samples have moved to a slightly lower frequency and the low frequency 

peak is increased in intensity.  The main peak for the SPI/10%BN-DN samples have no shift 

in frequency location but the low frequency peak moved to a slightly lower frequency and 

decreased in intensity. 

At low temperature the SPI-DN samples show a small third peak at about 1000Hz.  

SPI/3%BN-DN samples have an increased third peak intensity while the SPI/10%BN-DN 

samples have a decreased third peak intensity and neither nanocomposite shifts the peak.   
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Figure 37. Electric Modulus (M”) of pure SPI and nanocomposites without compression molding or 
moisture absorbed for three different a) high (90°C-150°C) and b) low (20°C-80°C) temperatures  

Boron Nitride had a significant effect on the electric modulus of SPI-DN cake samples, 

with SPI/3%BN-DN samples showing relaxation peak shift to lower frequency and decrease 

in secondary peak intensity at high temperatures while causing an increase in tertiary peak 

intensity at lower temperatures.  Similarly SPI/10%BN-DN samples showed a decrease in 

tertiary peak intensity at lower temperatures while secondary peak intensity increased at high 

temperatures.   

When comparing SPI-DC, SPI/3%BN-DC, and SPI/10%BN-DC, there was a minimal effect 

on the electric Modulus from the Boron Nitride.  Figure 38 displays data from SPI-DC 

samples as solid lines, data from SPI/3%BN-DC samples is shown as dotted lines and 

SPI/10%BN-DC data as dashed lines.  Figure 38a displays M” data from high temperatures 

while Figure 38b displays M” data from low temperatures. 
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peaks for the SPI/3%BN-DC and SPI/10%BN-DC samples have moved to a lower frequency 

and the low frequency peak is decreased in intensity.   

At low temperature the SPI-DC samples show a small third peak at about 1000Hz.  

Both SPI/3%BN-DC and SPI/10%BN-DC samples have an increased third peak intensity 

while neither nanocomposite shifts the peak.   

 

Figure 38. Electric Modulus (M”) of pure SPI and nanocomposites with compression molding and 
without moisture absorbed for three different a) high (90°C-150°C) and b) low (20°C-80°C) temperatures  

Boron Nitride had some effect on the electric modulus of SPI-DC cake samples, with 

both SPI/3%BN-DC and SPI/10%BN-DC samples showing relaxation peak shift to lower 

frequency at high temperatures while causing an increase in tertiary peak intensity at lower 

temperatures.     

When comparing SPI-WN, SPI/3%BN-WN, and SPI/10%BN-WN, there was a 

significant effect on the electric Modulus from the Boron Nitride.  Figure 39 displays data 

from SPI-WN samples as solid lines, data from SPI/3%BN-WN samples is shown as dotted 

lines and SPI/10%BN-WN data as dashed lines.  Figure 39a displays M” data from high 

temperatures while Figure 39b displays M” data from low temperatures. 
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At high temperature SPI-WN samples have two peaks with the maximum peak at higher 

frequency and as temperature decreases these peaks shift to lower frequency.  The peaks for 

the SPI-WN samples have moved to the maximum end of the frequency spectrum and are 

hard to see.  SPI/3%BN-WN shifts the modulus curves to a higher frequency while 

SPI/10%BN-WN shifts them to a lower frequency.   

At low temperature the SPI-WN samples show a maximum peak at low frequency that 

increases again to a second peak with less intensity at higher frequency.  Increase in 

temperature moved these peaks in frequency location to a higher frequency.  Both 

SPI/3%BN-WN and SPI/10%BN-WN samples show the modulus curves at a higher 

frequency, with decrease in the low frequency peak and increase the high frequency peak.   

  

Figure 39. Electric Modulus (M”) of pure SPI and nanocomposites without compression molding and 
with moisture absorbed for three different a) high (90°C-150°C) and b) low (20°C-80°C) temperatures 

Boron Nitride had a significant effect on the electric modulus of SPI-WN cake samples, 

with SPI/3%BN-WN samples showing relaxation peak shift to higher frequency and 
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low temperatures while causing an increase in tertiary peak intensity at lower temperatures.     
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When comparing SPI-WC, SPI/3%BN-WC, and SPI/10%BN-WC, there was a 

minimal effect on the electric Modulus from the Boron Nitride.  Figure 40 displays data from 

SPI-WC samples as solid lines, data from SPI/3%BN-WC samples is shown as dotted lines 

and SPI/10%BN-WC data as dashed lines.  Figure 40a displays M” data from high 

temperatures while Figure 40b displays M” data from low temperatures. 

At high temperature the peaks for the SPI-WC samples have moved to the maximum end 

of the frequency spectrum and are hard to see.  Both SPI/3%BN-WC and SPI/10%BN-WC 

peaks are at a lower frequency.   

At low temperature the SPI-WC samples show a maximum peak at high frequency that 

moves to higher frequency with increase in temperature.  A possible secondary low 

frequency peak is seen.  Both SPI/3%BN-WC and SPI/10%BN-WC samples show the 

modulus curves at a lower frequency, with suppression of the low frequency peak.   

  

Figure 40. Electric Modulus (M”) of pure SPI and nanocomposites with compression molding and with 
moisture absorbed for three different a) high (90°C-150°C) and b) low (20°C-80°C) temperatures  
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Boron Nitride had some effect on the electric modulus of SPI-WC cake samples, with 

both SPI/3%BN-WC and SPI/10%BN-WC samples showing relaxation peak shift to lower 

frequency at both high and low temperatures.     

The nanocomposite samples without moisture show a minimal change with 10wt%BN 

moving the M” peak to a lower frequency only in the presence of compression molding and 

no change otherwise and 3wt%BN moving the peak to a lower frequency independent of the 

presence of compression molding at higher temperatures.     

The nanocomposite samples with moisture show a minimal change with 10wt%BN 

moving the M” peak to a lower frequency independent of compression molding and 

3wt%BN moving the peak to a lower frequency in the presence of compression molding but 

moving the M” peak to a higher frequency in samples without compression molding at high 

temperature.  At low temperature the peak movements are the same in addition to 10wt%BN 

causing peak intensity decrease.   

The nanocomposite samples without moisture show a low frequency dependent electrical 

conductivity at higher temperature compared to SPI samples.   While the nanocomposite 

samples with moisture show a low frequency dependent electrical conductivity at lower 

temperature compared to SPI samples.  This suggests the increased insulating effects of the 

Boron Nitride.   
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6. HIGH FIELD DIELECTRIC ANALYSIS OF SPI CAKE 

As mentioned previously, SPI is a ferroelectric material, and as such can have some 

dielectric energy storage application in batteries and capacity devices. In order to verify the 

effects of different modifications on the dielectric property changes of SPI, we measured the 

ferroelectric polarization performances of SPI and its nanocomposite samples via high 

voltage monopolar hysteresis method. 

 

Figure 41. Monopolar Hysteresis Loop 

Figure 41 shows a typical hysteresis monopolar loop that consists of two curves.  The 

first is the “charging curve” where the samples are charged by external electric field from 

zero to maximum, followed by the discharging curve where the external electric field is 

reduced back to zero.  As seen in Figure 41, three different areas are identified as A, B, C.  

The area between the charging and discharging curves is labeled A, the area between the 

discharging curve and the maximum polarization is labeled B, and the area between the 

charging curve and the maximum field is labeled C. Area A represents the dielectric energy 
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loss of the material during the charging/discharging cycle, Area B represents the total 

released dielectric energy by the material during the discharging process, while area C is the 

total dielectric energy absorbed during the charging polarization.  Areas A plus B represent 

the whole dielectric energy stored by the material during charging process with the intent to 

maximize A+B while minimizing A.  The efficiency of the material tested is defined as the 

energy lost divided be the total energy or A/(A+B).   

In addition to areas of monopolar hysteresis loop, this testing also reveals the polarization 

properties of the material.  For example, Pmax is the polarization value of the samples at 

maximum electric field, which indicates the potential of the SPI to store dielectric energy, 

and Pr is the remnant polarization when electric field reduces to zero during the discharging, 

and represents the total irreversible dipoles formed during charging/discharging process.  

6.1. Hysteresis of Pure SPI Cake 

 For this study the hysteresis testing was performed at a maximum field voltage of 

160kV/cm, over a temperature range with three sampling temperatures to identify any 

temperature dependence.  Room Temperature (RT) collated data is displayed as solid lines, 

data collected at 90°C is displayed as dotted lines, and data collected at 150°C is displayed 

as dashed lines.  All samples tested were below 500µm maximum thickness with all sample 

thickness variation under 80µm.  Table 3 contains the Monopolar Hysteresis Pmax Values for 

all samples. 

 

 

 



 

136 

Table 3. Monopolar Hysteresis Pmax Values for all Samples 
 

RT 90 150 

AVG STD AVG STD AVG STD 
  SPI-C    0.7790 0.0711 0.6213 0.0588 0.6488 0.0383 
SPI-N 0.7000 0.0906 0.6255 0.0143 0.6264 0.0146 

SPI/3%BN-C 0.6956 0.0735 0.6196 0.0094 0.6187 0.0107 
SPI/3%BN-N 0.7678 0.0695 0.6418 0.0136 0.6349 0.0186 

SPI/10%BN-C 0.7970 0.0842 0.6647 0.0225 0.6647 0.0237 
SPI/10%BN-N 0.7450 0.0362 0.6254 0.0377 0.6652 0.0412 

 

6.2. Effects of Moisture on Hysteresis Properties 

Moisture absorption was not a sample modification investigated with hysteresis testing, 

as the samples cannot withstand the electric field during the testing due to the added 

moisture. 

6.3. Effects of Compression Molding on Hysteresis Properties 

By comparing SPI-N with SPI-C, the effects on the hysteresis testing from the 

compression molding on SPI samples is visible in Figure 42, with SPI-C samples showing 

an increase in polarization across all temperatures.    

   

Figure 42. Monopolar Hysteresis Loops of SPI Samples a) with compression molding and b) without 
compression molding 
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The addition of compression molding to samples without any BN addition had an 

insignificant effect on the hysteresis results.  The compression molding does increases 

maximum polarization across all temperatures but there is no increase to area A or B or the 

efficiency.  The polarization maximum decreased with an increase in temperature from room 

temperature to 90ºC but no further decrease at 150ºC.  The compression molding did not 

effect this polarization decreases.    

By comparing SPI/3%BN-N with SPI/3%BN-C, the effects on the hysteresis testing 

from the compression molding on SPI/3wt%BN nanocomposite samples is visible in Figure 

43, with an insignificant effect from compression molding.    

   

Figure 43. Monopolar Hysteresis Loops of SPI/3%BN Samples a) with compression molding and b) 
without compression molding 
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further decrease at 150ºC.  The BN or compression molding did not effect this polarization 

decreases.    

By comparing SPI/10%BN-N with SPI/10%BN-C, the effects on the hysteresis testing 

from the compression molding on SPI/10wt%BN nanocomposite samples is visible in Figure 

44, with SPI/10%BN-C samples showing an increase in polarization across all temperatures. 

Describe a and be below 

   

Figure 44. Monopolar Hysteresis Loops of SPI/10%BN Samples a) with compression molding and b) 
without compression molding 

The addition of compression molding to SPI/10%BN samples had an insignificant effect 

on the hysteresis results.  The compression molding does increases maximum polarization 

across all temperatures there is no increase to area A or B or the efficiency.   The polarization 

maximum decreased with an increase in temperature from room temperature to 90ºC but no 

further decrease at 150ºC.  The BN or compression molding did not effect this polarization 

decreases.    
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6.4. Effects of BN on Hysteresis Properties 

When comparing SPI-N, SPI/3%BN-N, and SPI/10%BN-N, there was a minimal effect 

on the Hysteresis from the Boron Nitride (see Figure 45).  Figure 45a displays data from 

SPI-N samples, Figure 45b displays data SPI/3%BN-N from samples, and Figure 45c 

displays data SPI/10%BN-N from samples.  All of the samples are without compression 

molding. 

  

  

The addition of BN to form a SPI/BN nanocomposite in samples without compression 

molding increases Hysteresis parameters across all temperatures with 10wt% increasing 

values more than 3wt%.    Same as before, the polarization maximum decreased with an 
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Figure 45. Monopolar Hysteresis Loops without 
compression molding of samples a) SPI, b) 3wt% 
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increase in temperature from room temperature to 90ºC but no further decrease at 150ºC.  

The BN did not effect this polarization decreases. 

When comparing SPI-C, SPI/3%BN-C, and SPI/10%BN-C, there was a minimal effect 

on the Hysteresis from the Boron Nitride.  Figure 46a displays data from SPI-C samples, 

Figure 46b displays data SPI/3%BN-C from samples, and Figure 46c displays data 

SPI/10%BN-C from samples.  All of the samples are with compression molding. 

  

  

The addition of BN to form a SPI/BN nanocomposite in samples with compression 

molding decreased Hysteresis parameters across all temperatures with 10wt% decreasing 

values more than 3wt%.  Much like the non-compression molded samples, the polarization 
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compression molding of samples a) SPI, b) 3wt% 
BN nanocomposite, c) 10wt% BN nanocomposite 

 



 

141 

maximum decreased with an increase in temperature from room temperature to 90ºC but no 

further decrease at 150ºC.  The BN did not effect this polarization decreases. 
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7. CONCLUSION AND FUTURE WORK 

7.1. Conclusion 

In this study, the structures and properties of SPI samples were successfully modulated 

via nanocomposite fabrication and physical modification of the sample. By different 

modifications and BN addition, the resulting samples exhibited changes in conduction and 

polarization mechanisms, pointing to distinguishable microstructures and morphologies of 

SPI phases in the samples.  

The electrical properties were evaluated for SPI and SPI/BN nanocomposite by AC 

conductivity measurements of samples along with the effects from the additional 

modifications of compression molding and moisture absorption.  Although soy protein is an 

insulating material with few charge carriers on its surface, there were significant changes in 

the conductivity, essentially from AC to DC, with the addition of moisture, proving this 

modification to have the most impact overall.  The moisture increased the conduction of the 

samples except at low temperature and high frequency when the response was still frequency 

dependent, showing the boundary of the moisture effects.  The frequency dependent 

response of the moisture-less dry samples shows the insulating nature of the SPI cake and 

the possibilities of temperature dependent relaxations.  Compression molding modified 

samples show no significant change, indicating this modification has the least amount of 

impact on electrical conductivity.  BN addition on the other hand was a modification that 

did have an impact on the conductivity, with its additional insulating properties.  

Nanocomposite samples with absorbed moisture at lower temperature show lower frequency 

dependent electrical conductivity, while nanocomposite samples without moisture at higher 

temperature show a low frequency dependent electrical conductivity compared to SPI 

samples.    
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The dielectric relaxation spectroscopy was evaluated for the SPI and SPI/BN samples 

with the use of dielectric properties ε, tan δ, and M”. Like Chapter 4, the relaxation 

spectroscopy experiments were conducted over a broad range of temperature and 

frequencies to evaluate the effects of the different modifications on the samples along with 

nanocomposite fabrication.  While polarization relaxations induced by microstructure 

changes can be seen in the dielectric constant and loss factor graphs, electric Modulus (M”) 

calculations help show the relaxations and effects.     

Much like electrical conductivity, the additions of moisture had a significant, but 

opposite effect on the dielectric constant, producing frequency dependent, while moisture-

less SPI samples showed frequency independent values.  As the frequency increased a 

possible relaxations is observed by a transitions to frequency independent response.    

Compression molding had no effect on dry samples, but with moisture rich samples the 

compression molding increasing the dielectric values, possibly by modification of the 

samples surface effecting the moisture absorption.  The BN on the other hand had very little 

impact on the dielectric constant.   

Dielectric Loss Factor is useful in identifying possible dielectric relaxations in a material 

and the results for SPI and SPI/BN samples show characteristic relaxations.  The polarization 

mechanisms and relaxations times are influenced by the effects of the modifications applied 

and defined as shifts in the relaxations peak maximum intensity and frequency location.  The 

relative shifts from moisture are often confusing as they are so drastic.  A relaxation peak is 

often shifted more than the measurement window, meaning peaks disappear or appear with 

the additions of moisture.  Only the moisture samples show a dramatic relaxation peak with 

compression molding speeding up the polarization time and BN addition slowing it.   
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Relaxation peaks that are had to see in ε and tan δ graphs become more visible when the 

modulus is calculated and displayed.  Opposite of the tan δ graphs where only the moisture 

effected relaxations peaks are visible, with electric modulus the moisture shifts the peaks to 

such a high frequency they are not visible anymore.  This does not provide easy viewing of 

relaxations in moisture absorbed samples but the effects of compression molding and BN 

are much more visible.  In the SPI samples tested 3 different relaxations were identified, a 

primary and secondary at high temperature and tertiary at low temperature.  Only the 

3wt%BN seemed to effect the primary peak by slowing its response down to a lower 

frequency.  The compression molding and 10wt%BN did not have much effect on the 

primary peak.  The secondary peak was subdued while the tertiary peak was increased by 

both the BN and compression molding. These relaxations peaks are confirmation of different 

polarization mechanism in the SPI and nanocomposite material samples.   

The high electric field polarization of the SPI and SPI/BN samples was evaluated for 

energy storage possibilities, and as in the previous chapters the effects on the storage values 

from the nanoparticle and modifications. Only the dry samples could be tested as the 

moisture and associated increase in conduction affected the samples’ ability to withstand the 

testing field.  All the samples showed a very high efficiency with a very small dielectric loss 

area (A) and high polarization and large discharge area (B). Moreover, at temperatures 

higher than 90 °C, both SPI and SPI/BN nanocomposites showed very good stability, with 

no noticeable decline in dielectric polarization observed. The different modification 

investigated in this research has little effect on the hysteresis of the samples.   
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7.2. Future Work 

With completion of this research and identification of dielectric relaxations in SPI 

and nanocomposite materials, the next steps is to further investigate and correlate the three 

relaxation peaks seen in the electric modulus to polarization mechanisms in the SPI material.  

As the mechanisms are thermally activated the activation energy will be calculated using 

two methods.  First, in combination with Arrhenius Law Equation (9), a self-convolution 

peak-fitting technique will be applied to separate the combined relaxation peaks and 

investigate the contributions of each modification to different relaxation mechanisms.  

Second, the Havriliak-Negami (HN) model function will be applied, combined with the 

conductivity term, that reflects contributions of DC loss to the dielectric relaxation. 

Dielectric relaxation time obtained from HN fitting will then be used to calculate the 

activation energy for each relaxation processes.  These two activation energies will provide 

insight into the relaxation mechanism and associated changes in material properties.  

Meanwhile, to achieve satisfactory energy storage applications, the hysteresis 

performances at higher electric fields needed to be investigated. However, current 

manufacturing technology was not efficient in making a thin SPI film below 50 μm. 

Therefore, the processing of SPI and its nanocomposites will be studied, in order to create 

applicable thin films of SPI and its nanocomposites. On the other hand, in this study, pristine 

BN nanomaterials were applied. The effects of BN on the dielectric relaxation and 

polarization were not very significant. A possible reason is unsatisfactory dispersion of BN 

nanomaterials. To improve the dispersion, the surface modification of BN nanomaterials will 

be studied, and the effects of the surfactants on the dispersion and dielectric properties on 

the resulting SPI nanocomposites will be analyzed using both DRS and ferroelectric 

analysis. 
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To acquire profound understanding of the three relaxation mechanisms found in this 

study, both thermal analyses and structural analyses, including differential scanning 

calorimetry, dynamic mechanical property analysis, thermally stimulated depolarized 

current and small angle x-ray scattering, will be carried out on both SPI and SPI 

nanocomposites.  
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