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ABSTRACT  

The significance of protein aggregation has been extensively studied in biomedical and food 

research. While biomaterials derived from plant proteins, such as soy protein, as green material 

alternatives, have gained enormous attentions in various industrial and engineering fields 

including food packaging and adhesives, etc., the roles of protein aggregation in material 

properties and functionalities are insufficiently understood, which will be the focus of this study.  

In this study, soy protein isolate (SPI) with different aggregated structures, is investigated as a 

functional modifier to tune the micro-structures and dielectric properties of two polymers: 

hydrophobic poly(vinylidene fluoride) (PVDF) and hydrophilic poly(ethylene oxide) (PEO). The 

aggregated structures of SPIs are obtained via various controlled denaturation processes, 

including heat treatment, high-energy sonication, pH control, and usage of denaturation agents. 

Denatured SPIs are then applied to polymer matrices. It is found that SPI aggregation and SPI-

polymer interactions are strongly subjected to the denaturation conditions, as well as properties 

of polymer matrix, which lead to distinctive morphologies and structures of the resulting 

polymer/SPI films. This is investigated via scanning electron microscope, confocal laser 

scanning microscopy, X-ray diffraction spectrum, and Fourier transform infrared spectroscopy. 

The changes in micro-structures consequently cause the variation of ferroelectric and dielectric 

properties of the films, leading to different dielectric polarization and energy storage properties.  

Keywords: Soy Protein; Protein Aggregation; Poly(ethylene oxide);  Poly(vinylidene fluoride); 

Dielectric Properties; Energy Storage Performances 
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CHAPTER 1 

INTRODUCTION 

In the past decades, with increasing environmental concerns of petroleum-based products, 

biomass, especially those derived from plants, as an alternative, has become an important 

research area.  

Soybean is one of the major agricultural crops in the United States, with an annual production 

up to 3.36 billion bushels [1]. Soy protein is one of the main components of soybean, which 

makes up to around 40wt%, and it can be easily extracted from soybeans [2]. Soy protein is one 

of the least expensive and most widely available natural resources, and it has been widely studied 

by a significant number of researchers for its food and non-food applications. Soy protein is 

mainly composed of two protein structures: β-conglycinin (7S) and glycinin (11S), and they 

consist of 20 different amino acids covalently linked by peptide bonds to form polypeptide 

chains, such as leucine, lysine, aspartic, phenylalanine, tyrosine and glutamic acid, etc. [3]. 

Among them, approximately 58% of the amino acid units are polar and reactive, containing 

numerous reactive functional groups, hydrogen bonds, ionic interactions, hydrophobic 

interactions, disulfide bonds, etc. [4].  

As a low cost and green resource, soy protein has already been investigated for functional 

material applications. By utilizing these polar and reactive structures, soy protein-based plastics 

[5, 6], adhesives [7], films [8, 9], and coatings have been taken into consideration in various 

industrial fields such as agricultural equipment, vehicles, and civil engineering [10]. 

Commercially available soy protein products are mainly in three forms: soy flour (SF), soy 

protein concentrate (SPC), and soy protein isolate (SPI). In particular, soy protein isolate (SPI), 
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extracted from crushed or defatted soymeal, contains the highest amount of protein (at least 90% 

protein), and it shows great potential for materials applications [11]. Among these applications, 

SPI has been frequently used to blend with polymer materials to create functional polymer 

blends for broad applications in biomedicine and electronics, etc., leading to polymer blends with 

both enhanced functionalities and environment friendliness. While past research has made great 

achievements in exploring the potential of soy protein in functional material applications, the 

understanding on the roles of protein structures and their interactions with polymer materials in 

micro-structures and properties of the resulting polymer blends is still insufficient. In the face of 

the complexity of protein structures, knowledge in this area is very essential to guide effective 

design of protein-based functional materials, which is the primary goal of this research. 

1.1. Statement of Research Problem and Significance 

 

Figure 1. Hypothesis of the research 
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Proteins including soy protein are known for their complex multilevel structures containing a 

variety of amino acids and diverse secondary interactions [12-15]. While creating challenges in 

studying protein structures, this complexity also provides great opportunities in developing 

protein-based materials, upon successful design and manipulation of protein structures, as 

illustrated in Fig.1. Fig.1 presents the hypothesis of the study. The peptide chains of proteins are 

natively aggregated into a complex 3D structure. By applying denaturation or modifications to 

the natively aggregated protein structures, those peptide chains will be unfolded, leading to 

various denatured protein structures. Upon the removal of these denaturation and modification 

conditions, the denatured protein structures are expected to re-aggregate into new 3D structures. 

Because of such a structural transformation, the vectors of dipole moments (D) will be altered 

accordingly. Two consequences will be expected due to this alteration. Firstly, the dielectric 

polarization behaviors of the resulting protein structures will change accordingly. Secondly, the 

varied dipole moment will directly affect the secondary bonding between protein structures and 

polymer materials, and will cause distinctive polymer-protein interactions. This will eventually 

generate different micro-structures and properties of the polymer/protein blends.  

However, current researches on protein-based materials rarely focused on the roles of 

aggregation of proteins in materials structures and functionalities. In the studies of 

polymer/protein blends, the primary discussion was on the functional groups of proteins 

structures and their interactions with polymer matrix. This research will acquire knowledge on 

the significant roles of aggregated structures of soy protein in materials applications via 

exploring the relationships among protein aggregation, polymer-soy protein interactions, and 

dielectric properties of the resulting polymer/soy protein blends. The knowledge will be 
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beneficial to extension of applications of renewable biomass in advanced materials, such as 

dielectric films and transient electronic materials.  

1.2. Research Objectives 

 The objective of this research is to demonstrate the significance of the aggregated structures 

of SPI, obtained by different denaturation and modification processes, in tuning diverse material 

structures and functionalities, and to provide basic knowledge on the relationships between 

aggregated protein structures and material functionalities. 

 To achieve this objective, in this study, various denaturation conditions are applied to pristine 

SPI, to obtain different aggregated structures, which can be divided into two categories: physical 

denaturation including heat treatment and high energy sonication; and chemical denaturation 

including manipulating pH value of the solutions and using chemical agent (2-mecaptoethanol), 

etc.  The varying polymer-protein interactions, due to different aggregated SPI structures, and 

their remarkable effects on structures and functionalities of polymer/SPI blends will be 

investigated. Specifically, the structures and phase morphologies of both SPI and polymer 

matrices will be analyzed by Fourier transformed infrared spectroscopy (FTIR), confocal laser 

scanning microscope, scanning electronic microscope (SEM), and X-ray diffraction (XRD). 

Dielectric relaxation spectroscopy (DRS) and charging-discharging hysteresis analysis will be 

used to investigate the polymer-SPI interactions. In particular, in addition to the understanding of 

aggregated protein structures in modifying polymer-SPI interactions, this study will also lead to 

knowledge on the effects of polymer materials on the aggregation of proteins. 

At last, the accomplishment of the aforementioned objective will be essential to the long-term 

goal of this research, that is, extending engineering applications of SPI-based green functional 
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materials in advanced material fields, and creating bio-based electronic and energy materials, 

such as dielectric films and disposable and bio-degradable electronic materials, etc.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1. Basics of Soy Protein 

Soybean is an economic crop cultivated for oil and protein. Despite considerable public and 

commercial interests in soybean products as food, the proportion of soy protein consumed 

directly in human nutrition is really small, while the majority of soy protein is consumed as 

animal feed. It is widely acknowledged that there is a need to explore new industrial uses of soy 

protein [16, 17]. The United States and Brazil are the leading countries in growing soybean, and 

the soy production in the U.S. accounted for more than 30% of global production.  

Recently, there is an increasing interest of using bio-based polymers instead of conventional 

petroleum-based polymers to fabricate biodegradable materials (Fig.2). Soy protein isolate (SPI), 

a protein with sustainable resource, good biocompatibility, biodegradability, and processability, 

has a significant potential in the food industry, agriculture, bioscience, and biotechnology. Up to 

now, several technologies have been applied to prepare SPI-based materials with equivalent or 

superior physical and mechanical properties compared with petroleum-based materials.  

 

Figure 2. Industrial life cycle of soy protein [17] 
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2.1.1. Structures and Properties of Soy Protein 

Soy protein fractions have been characterized by their sedimentation constants, corresponding 

to their molecular weight. Two major fractions, known as 7S and 11S have been studied 

extensively (S stands for Svedberg units) [17]. The content of 11S is around 52%, while the 

content of 7S is around 35% [18, 19]. The other minor fractions have been designated as 2S (8%) 

and 15S (5%). The DSC scans of 7S and 11S fractions with 10% water content showed an 

endothermic transition at 120 and 150˚C, respectively [9], and this endothermic transition is 

generally related to the denaturation of both fractions. With the increase of the moisture content, 

this transition temperature is expected to decrease [20, 21]. 

The 2S fraction consists of low molecular weight polypeptides (in the range of 8000-20000 

Da) and comprises mainly the soybean trypsin inhibitors. The 7S fraction is highly 

heterogeneous. Its principal component is β-conglycinin, a sugar containing globulin with a 

molecular mass in the order of 150-190 kDa. The fraction also comprises enzymes and 

hemagglutinins. The 11S fraction consists of glycinin, the principal protein of soybeans.  

TABLE 1 

Amino Acid Composition of Soybeans [16] 

Amino acid Composition g/16g nitrogen 

Isoleucine 4.54 

Leucine 7.78 

Lysine 6.38 

Methionine 1.26 

Cystine 1.33 

Phenylalanine 4.94 

Tyrosine 3.14 
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TABLE 1 (continued) [16] 

Amino acid Composition g/16g nitrogen 

Threonine 3.86 

Tryptophan 1.28 

Valine 4.80 

Arginine 7.23 

Histidine 2.53 

Alanine 4.26 

Aspartic acid 11.70 

Glutamic acid 18.70 

Glycine 4.18 

Proline 5.49 

Serine 5.12 

 
     Glycinin has a molecular mass of 320-360 kDa. 11S is a quaternary structure composed of 

three acidic and three basic subunits of ~35000 and 20000 Da with isoelectric points between pH 

4.7-5.4 and 8.0-8.5, respectively. The polypeptides in native glycinin are tightly folded and 

stabilized via intermolecular disulfide bonds. The ability of soy proteins to undergo association-

dissociation reactions under known conditions is related to their functional properties and 

particularly to their morphologies. The 15S protein is probably a dimer of glycinin. Soy protein 

consists mainly of the acidic amino acids and their corresponding amides, non-polar amino acids, 

basic amino acids, uncharged polar amino acid and approximately 1% of cystine, as shown in 

Table 1 [16]. 
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Figure 3. Multilevel structures of protein [22] 
 
Proteins, i.e. polypeptides, are a kind of polymers, with amino acids as the monomers, 

covalently linked into polymer long chain molecules. One single amino acid monomer is often 

known as a residual, representing a repeating unit of the polymer. By convention, a chain 

consisting of under 30 amino acids is often identified as a peptide, rather than a protein [23]. To 

be able to perform their biological function, proteins fold into one or more specific spatial 

conformations driven by a number of non-covalent interactions such as hydrogen bonding, ionic 

interactions, Van der Waals forces, and hydrophobic interactions [4]. To understand the 

functions of proteins at a molecular level, it is often necessary to determine their three-

dimensional structures. A protein may undergo reversible structural changes in performing its 

biological function. The alternative structures of the same protein are referred to as different 

Primary 

Secondary 

Tertiary 

Quaternary 
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conformational isomers, or simply, conformations, and transitions between them are called 

conformational changes. 

There are four distinct structural levels in protein, as shown in Fig.3. Protein primary 

structure is the linear sequence of amino acids in a peptide or protein, held together by covalent 

peptide bonds [24]. Secondary structure is the 3D form of local repeating unit of proteins. 

Defining by patterns of hydrogen bonds between the main-chain peptide groups [25], the 

secondary structural of protein has two most common elements, which are α-helix and β-sheet, 

while β-turn and random coil occur as well. Tertiary structure is the three-dimensional shape of a 

protein [26, 27]. The tertiary structure has a single polypeptide chain "backbone", containing one 

or more protein secondary structures. The diverse types of interactions and bonds among side 

chains of a protein determine its tertiary structure. Quaternary structure is eventually formed by 

multiple folded tertiary structures arranged into a multi-subunit complex. It includes 

organizations from simple dimers to large homo-oligomers and complexes with defined or 

variable numbers of subunits [28]. 

2.1.2. Soy Protein Products 

Soy protein products include soy flour, soy protein concentrate, and most preferably soy 

protein isolate with the highest protein content. The starting soy protein products are either 

soybean meal, flakes, cake or chips. The processing of soybean seeds includes cleaning, drying, 

cracking, dehulling, flaking, and extraction of oil by using hexane, as shown in Fig.3 [29]. The 

residual soybean meal, which contains some hexane, is then used for the production of defatted 

soybean meal, soy protein concentrates, and soy protein isolates [30]. The composition of all the 

three soy products is given in Table 2 [18]. 
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Figure 4. Flow diagram for the production of defatted soybean meal [29] 

TABLE 2 

Composition of Different Soy Protein Products [18] 

g/100 g product Soy flour Soy protein concentrate (SPC) Soy protein isolate (SPI) 

Protein 48 64 92 

Fat 0.3 0.3 0.5 

Moisture 10 10 <5 

Fiber 3.0 4.5 <1 

Ash 7 7 4 

Carbohydrate 31-32 14-15 - 

 
Soy flour is finely ground, defatted meal made from soybean containing less than 1% oil and 

a protein content ranging from 40-60% with a particle size less than 100 mesh [30]. Defatted 

soybean meal is obtained by removing fatty acid or oil from soybean meal by using hexane as 

solvent, as shown in Fig.4. After extraction, solvent is removed [29]. Three methods are 
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commonly used to make soy protein concentrates: (if) moist heat/water leach; (ii) aqueous 

alcohol leach; and (iii) dilute mineral acid.  

 

Figure 5. Flow diagram for the production of soy protein isolate [29] 

 
The most common soy product, i.e., soy protein isolate (SPI), has high soluble protein 

contents, and it is a highly-valued functional additive. The general method of SPI production 

adopted by commercial manufacturer utilizes the isoelectric point of the soy proteins, as shown 

in Fig.5 [29]. Defatted soy flake is stirred into warm water and pH is raised to between 7 and 8.5 

by the addition of alkali such as sodium hydroxide. The solution is then centrifuged to separate 

the soluble protein carbohydrates fractions from the insoluble fraction. The pH of the solution is 

lowered to 4.2-4.5 by the addition of hydrochloric acid, the soluble sugars are washed away, and 

the precipitated protein rich residue is obtained, which is neutralized and freeze dried. Soy 

protein isolate produced by this method is a creamy-colored powder and on average has a protein 

content of 90-95% (on a dry weight basis) [29].  
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2.2. Soy Protein-based Materials 

2.2.1. Applications of Soy Protein as Adhesives 

Due to a large amount of polar and reactive chemical structures in soy protein, it has been 

extensively studied as a green alternative to replace current toxic adhesive materials from 

petrochemicals. The adhesive performances of soy protein are dependent upon particle size, 

nature of surface, structure of protein, its viscosity and pH values, as well as processing 

parameters such as press temperature, pressure, and time [31]. 

The particle size of soy protein as adhesive has significant influences on its suitability and 

performance. Fineness of protein particles is usually defined in terms of specific surface area 

(cm2/g) rather than mesh size. A specific surface area of 3000-6000 cm2/g is considered to be 

satisfactory for adhesive grade [32]. Adhesive properties also reply on the nature of the bonding 

surface. Smooth surface will cause an adhesive failure, while too rough surface may lead to 

cohesive failure [33]. The bonding between adhesives and wood materials mainly consist of 

molecular attractive forces, including van der Waals forces and hydrogen bonds, and mechanical 

adhesion, such as interlocking by adhesive penetration through porous wood surfaces, which 

highly vary regarding the variation in physical properties of woods, such as porosity and degree 

of surface roughness. Moreover, moisture content of the substrate/surface also affects the 

adhesive strength.  

Viscosity is an important property, which largely governs the adhesive behavior. Soy protein 

glues have a very board operating viscosity limits, which can satisfy different types of 

applications and the natural properties of the materials to be glued. The high viscosity soy 

protein is caused by the numerous intermolecular interactions between unfolded protein 

molecules. The major forces that facilitate such interactions are electrostatic and covalent 
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disulfide bonding. Low viscosity is generally preferred, because of easy handling and good flow 

ability of adhesives on the wood surface. Ionic environments have been known to weaken the 

electrostatic interactions between protein molecules. Therefore, the viscosity of protein can be 

modified by treatment with salts or by using reducing agents with little influences on the 

adhesive strength or water resistance. Enzymatic or alkaline hydrolysis also reduces the viscosity. 

The higher the pH is, the higher rate of hydrolysis, and better adhesive strength/water resistance 

will be; but life of storage will be reduced accordingly. A moderate pH/temperature environment 

condition of 10.0/50˚C was reported to possess optimal overall performance [34, 35].  

The adhesive strength of protein-based adhesives depends on both their ability to disperse in 

water and the interactions between nonpolar and polar groups of the protein and wood materials. 

In a native protein, most polar and nonpolar groups are not exposed due to the internal bonds of 

protein molecule (van der Waals forces, hydrogen bonds and hydrophobic interactions). 

Therefore, simply using soy flour as paste will result in poor adhesive properties. Chemical 

modifications are usually needed to break the internal bonds and uncoil or disperse the polar 

protein molecules. Dispersion and unfolding of proteins can be enhanced by hydrolysis process 

or by increasing the pH up to 11. Treatment with sodium hydroxide unfolds the protein 

molecules, and exposes more polar, active functional groups, which eventually can interact with 

bonding substrate surface and lead to an improvement in both adhesive strength and water 

resistance [31]. Liu et al. [36] prepared SPI adhesive by modifying SPI via grafting dopamine. 

And it was found that the adhesive strengths and water-resistances of SPI with wood substrate 

are largely promoted. 
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2.2.2. Soy Protein-based Bioplastics 

A study on soy protein based plastics and soy/polymer blends (phenol formaldehyde) (PF) for 

automotive applications was reported as early as 70-80 years ago [37]. The potential of soy 

protein-basic plastics as commodity products was widely reported in the past two decades [5, 38]. 

However, commercialization of the protein-based plastics still faces unavoidable problems, such 

as the high price, short-lifetime of those products, as well as long-term performances of the 

material. Researchers are contributing their efforts to solving these major problems recently. 

Paetau et al. [38] studied the effects of preparation and processing conditions on mechanical 

properties and water absorption of biodegradable plastics prepared from soy protein isolate and 

soy protein concentrate. Soy protein isolate and concentrate, as well as acid-treated soy protein 

isolate and soy concentrate, were compression molded at various moisture levels and molding 

temperatures. The compression-molded specimens were tested and calculated for their tensile 

and yield strength, percent elongation, Young’s modulus, and water absorption. The soy protein 

plastics obtained were rigid and brittle with tensile strength of 10-40 MPa, yield strength values 

of 1.0-5.9 MPa, elongation values of 1.3%-4.8%, and water absorption of 30-167 wt% after 26 

hrs of submersion in distilled water at 25˚C. Elongation increased and Young’s modulus 

decreased with increasing water content in compression-molded specimen, and the yield strength 

achieved maximum (4.9 MPa) at a moisture level of 10.0%. The plastic specimens made from 

soy protein concentrate and soy protein isolate displayed similar tensile strength. An increase in 

molding temperature resulted in an increase in strength but reduction of elongation. Plastics 

molded at 160˚C were strongest, having yield strength of 5.7 MPa, and showed the lowest water 

absorption.  
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Soy plastics exhibited a shear storage modulus (G’) of 1.76 GPa when moisture or other 

plasticizers were absent [9]. The storage modulus remained constant and was temperature 

insensitive up to 130˚C as revealed by dynamic mechanical spectroscopy (DMS). A significant 

decrease in shear storage modulus (0.22 GPa) was observed after ageing these plastics for 3 

weeks at 50% relative humidity (RH). In DMS studies of soy sheets  two transitions were 

observed by Zhang et al [39], with one above 70˚C (softening of sheets), and the other at sub-

ambient temperatures (due to glass transition of the sheets).  

Mohanty et al. [40] fabricated bio-composites from soy protein based bioplastic and hemp 

fibers using twin-screw extrusion and injection molding process. Mechanical, thermal properties 

and fracture surface morphology of the bio-composites were evaluated with universal testing 

system (UTS), dynamic mechanical analysis (DMA), Environmental Scanning Electron 

Microscopy (ESEM). They found that the tensile strength and modulus, flexural strength and 

modulus, impact strength and heat deflection temperature of soy protein plastic based bio-

composites were significantly improved. 

Plastic performances of two major fractions of protein i.e. 7S and 11S, were also studied [41]. 

It was found that plastics made from 11S-RG (rich globulins) at its thermal transition 

temperature (~145˚C) were stronger and had lower water absorption than those made from 7S-

RG. However, the plastics made from the mixture of 7S and 11S showed highest tensile strength 

and medium water absorption capacity. Tensile strength and elongation were maximum at 145˚C 

for 7S-RG and mixture of 7S-RG and 11S-RG plastics. However, 11S-RG showed maximum 

tensile strength and elongation at 162.5˚C. Thermal, mechanical, and water absorption properties 

of Sodium dodecyl sulfate (SDS)/guanidine hydrochloride (GH) modified soy protein [42] and 

blends of SPI with polycaprolactone (PCL) with and without the presence of methylene diphenyl 
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diisocyanate (MDI) have also been investigated by Zhong, et al [43]. DSC and DMA analysis 

showed that SDS or guanidine hydrochloride acted as a plasticizer for protein and Tg decreased 

with increasing concentration of SDS or GH. Plastics made from 11S protein modified with 5% 

SDS had the highest tensile strength and elongation. In the case of blends, MDI acted as a 

compatibilizer and the mechanical properties of 50/50 SPI/PCL blends increased with increasing 

amount of MDI. Strength of the SPI/PCL blends with 2wt% MDI decreased, and elongation of 

the blends increased with increasing PCL concentration. Water resistance of the blends was 

improved significantly by increasing PCL concentration and be incorporating MDI [42, 43]. 

Thermogravimetric analysis of molded soy protein plastics in nitrogen gas showed that plastics 

were stable up to 300˚C, indicating thereby good thermal stability. With the presence of oxygen, 

however, the plastics decomposed at 180˚C [44]. 

2.2.3. Soy Protein/Polymer Blends 

Blending soy protein with synthetic polymers is a short-term but efficient solution for 

reducing dependence on petro-chemicals and lowering emission of volatile organic compounds. 

Blends of soy protein with casein, polyvinyl alcohol, polyvinyl acetate resin, or PF showed 

improved properties for industrial and biomedical applications [45].  

G. Qi et al. [46] investigated the compatibility of modified soy protein (MSP) with 

commercial synthetic latex adhesives (SLAs), including Press bond glue (PBG, UF based resin), 

Heat Lock Iron Veneer Glue (HLIG, PVA based resin), and Flex-Pro Veneer Adhesive (FPV), 

and characterize the adhesion, structural change, rheological, thermal, and morphological 

properties of MSP/SLAs blends. According to their results, the shear adhesive strength was 

improved by blending with MSP, as listed in Table 3. The shear adhesion strength of SLA was 

low, but improved to different levels when the SLA was blended with MSP. The strength 
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increased as the percentage of MSP increased. Moreover, viscosity is an important physical 

property that governs the adhesive behavior of wood adhesives. Low viscosity allows easy 

handling and good flowability on the wood surface. The apparent viscosity of HLIG and FPV 

decreased significantly when blended with 20-60% MSP, whereas adhesive blends with 80% 

MSP had apparent viscosity similar to that of pure MSP (Fig. 6). 

TABLE 3 

Shear Adhesive Strength of MSP/SLA Blends [46] 

Protein content Shear strength (MPa) 

0% 1.43 

20% 1.62 

40% 2.01 

60% 1.90 

80% 2.35 

100% 3.60 

 

 

Figure 6. Effects of MSP concentration on apparent viscosity of MSP and MSP/SLAs blends [46] 
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Biodegradable and non-toxic polymers available in nature (renewable resources) like collagen, 

gelatin, chitosan, and proteins (e.g. soy protein, casein, silk fibroin and wheat etc.) have been 

used widely for wound dressing [47-49]. Soy protein is one of the best candidates. Specific 

amino acids in protein are necessary for wound healing, tissue regeneration, and building block 

components [50, 51]. Besides, soy protein has the advantages of good affinity to human skin. 

Thirugnanaselvam et al. [50] used electrospinning process to make soy protein isolate (SPI) and 

poly(ethylene oxide) (PEO) nano-fiber web/mat. Fig.7a presented the prepared SPI/PEO (40:60) 

electrospun web. The average diameter of the fiber was around 151 nm. FTIR spectra of 

SPI/PEO (40:60) electrospun web, PEO, and SPI was obtained in the wave length ranged from 

4000 to 400 cm-1 are shown in Fig. 7b. By wide broaden sharp peak at 3000-2850 cm-1 in Fig. 7b, 

SPI/PEO (40:60) blend confirms the interaction of SPI with PEO is through functional group 

alkanes (C-H). 

       

Figure 7. (a) SEM image of SPI/PEO electrospun mat; (b) FTIR spectra of SPI/PEO blend, PEO, 
and SPI [50] 

 
Shengzhe Yang et al. [52] evaluated performances of the blends of SPI and poly(lactic acid) 

(PLA) that were designed for use in eco-friendly plant containers that can degrade in landscape 

and garden soils, thereby eliminating the need for disposal. The effect of biodegradation on the 

weight loss of the pure SPI and pure PLA as well as SPI/PLA (33/67) and SPI/PLA (50/50) 

SPI/PEO 
(40:60) 
blend 

PEO 

SPI 
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blends in soil medium for durations from 0 to 24 weeks is presented in Fig.8. They found that the 

biodegradation rate of SPI/PLA blends could be easily controlled by adjusting the blend 

composition, that is, the higher the concentration of PLA was, the slower the rate of 

biodegradation would be. Their moderate rate of biodegradation indicated the potential to end 

their life cycle as biodegraded organic matter in soil. Meanwhile, blends of SPI/PLA showed a 

much higher degradation rate than pure PLA, indicating that the biodegradation of PLA-based 

material could be significantly accelerated by increasing the amount of SPI, which was good 

news for environment protection. 

 

Figure 8. Degradation weight-loss percentages (%) for neat SPI, neat PLA, and SPI/PLA (33/67) 
and SPI/PLA (50/50) blends in soil medium for 0 to 24 weeks. [52] 

 
2.3. Modification of Soy Protein Isolate (SPI) 

2.3.1. Composition 

As mentioned above, SPI possesses a complicated multi-level structure, and a combination of 

various amino acid units with different molecular weights and structures. Therefore, regarding 
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structure-property relationships, SPI with different composition will lead to unique properties. 

For instance, 11S protein has more tendency to form disulfide bonds than that of 7S protein [53, 

54]. Tensile strength (TS) of protein film formed by 11S can often be 2 times higher than that of 

7S [55]. Cho and Rhee [56] fractionated SPI by molecular weight with an ultrafiltration unit, to 

further understand the relationship between the molecular weight and other properties of protein 

films. Mechanical, moisture barrier, and physical properties of films, as affected by molecular 

weight of soy protein fraction, were investigated. Tensile strength and percent elongation at 

break of films increased with molecular weight of soy proteins.  

2.3.2. pH Value Manipulation 

The pH values will influence the association and dissociation behaviors of protein in aqueous 

solution. SPI tends to coagulate rather than disperse in water at the pH near its isoelectric point 

(pH 4.5). Originally folded SPI molecule chains will more easily be denatured and unfolded at 

pH away from the isoelectric region; therefore, various functional groups, such as sulfhydryl and 

hydrophobic groups will be exposed, and can be utilized for self-association and formation of 

new bonds and interactions during sample preparation. However, at extreme acidic or alkaline 

conditions, protein molecule chains will be covered by highly negative (pH > 12) or positive (pH 

< 1) charges, which have strong repulsive forces, and prevent self-association and formation of 

interactions processes of protein molecules [57-60]. The protein solubility profiles of soy protein 

isolate and soy protein films at various pH’s are shown in Fig.9. A decrease in protein solubility 

with decreasing pH was observed, with the minimum solubility being between pH 4 and 5 and 

subsequent re-solubilization of proteins at pH’s lower than pH 4. A higher protein solubility 

(greater than 30%) was observed at pH values greater than 8 as compared to the acidic pH values 

at which the protein solubility was 15%. 
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Figure 9. Solubility profile of SPI and SPI film in different pH buffers [61] 

Mauri et al. [62] investigated the changes in solubility and molecular properties of soy protein  

obtained from SPI solutions at pH 2, 8, and 11. They found that, proteins retained their native 

conformation at pH 8, but were partially or extensively denatured at pH 11 and 2. Especially, at 

different pH value environments, the protein molecule networks were held with similar 

interactions, that is, covalent (disulfide bonds) and non-covalent bonds (especially hydrophobic 

interactions and hydrogen bonds); however, the intensity of each type of interaction was 

influenced by pH value of the SPI solution. Therefore, the protein networks were different. 

Proteins obtained at pH 8 possessed high solubility, whereas those prepared at pH 2 presented 

relatively low solubility. At extreme pH environment (pH 2, or 11), protein molecule chains 

would be more easily denatured and obtained unfolding structure than those at pH 8. Unfolded 

protein chains exposed more functional groups and formed strong chain-to-chain interactions or 

bonding, thereby producing dense protein films. The disulfide bonds concentration also was 

higher for films obtained at pH 2 and 11, leading to denser microstructures than those formed at 

pH 8 (Fig.10). Moreover, SPI films prepared at pH 6 to 11 were reported to have better 
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mechanical performances than those obtained at pH 1 to 3, including high tensile strength, large 

elongation, and low water vapor permeability [57]. 

 

Figure 10. SEM micrographs of SPI films prepared at pH 2 (a), pH 8 (b), and pH 11 (c) [62] 

2.3.3. Heating and Reduced Pressure Treatment 

Heat treatment of SPI plastics or solutions noticeably influenced their overall performances. 

For instance, intra- and intermolecular cross-links between protein molecules could be promoted 

by heat treatment [63]; heat treated SPI plastics were reported to have much lower water vapor 

permeability (WVP) than untreated ones [64]. SPI plastics heat-treated at 80 or 95°C possessed 

increased tensile strength (TS), as well as the decreased elongation (E), moisture content, and 

WVP [65]. To further explore the mechanisms on interactions among protein molecules in heat-

treated films, Rangavajhyala et al. investigated the changes in solubility and disulfide bond 

content of protein [61]. Soy protein films were heated at 65, 80, or 95 °C for 6, 18, or 24 h. The 

results showed that the solubility of the proteins decreased with increasing temperature of heat 

treatment. Moreover, they found that buffers containing urea, a hydrogen bond-disrupting agent, 

and 2-mercaptoethanol, a disulfide bond-disrupting agent, dissolved more than 95% of protein in 

all the heat-treated samples. The combined effects of urea and 2-mercaptoethanol suggested that, 

SPI molecules interactions were primarily hydrogen bonds and intermolecular disulfide bonds. 
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Reducing pressure during drying process of SPI plastics could also affect their structures. 

Reduced pressure increased the drying rate, and as a result, the level of cross-linking was 

influenced compared with that dried at atmospheric pressure [66]. Vacuum and temperature 

effects on moisture content, water vapor permeability (WVP), color (L, a, b, and DE), tensile 

strength (TS), elongation (E), and total soluble matter (TSM) of soy protein isolate (SPI) films 

were examined by KM Kim et al [67]. As a result of heat-curing at reduced pressure together 

with temperature significantly affected the moisture content, TS, and total soluble matter (TSM) 

of SPI films, as shown in Fig.11 [67].  

 

Figure 11. Tensile strength (MPa) of soy protein isolate films heat-cured at pressures (abs.) of 

01.32 kPa (○), 81.32 kPa (□), or 61.32 kPa (Δ) for 24 h [67] 

 
In the meantime, the relative humidity (RH) was also an important factor, affecting the SPI 

solution drying rate. The type and proportion of interactions and bonds, including S-S bonds and 

hydrophobic interactions, ionic and hydrogen bonds between protein chains, were eventually 

influenced [68]. Denavi et al. [68] found that drying conditions of 70 °C and 30% RH to be the 

optimal environment to obtain SPI plastics with good mechanical properties and low WVP (SPI 

purchased from Solae Company in Brazil).  
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2.3.4. Blending 

Blending is one of the most useful methodology to improve properties of SPI-based materials 

and satisfy physicochemical and mechanical properties for industrial application [69]. So far, SPI 

has been investigated to blend with various plasticizers and biocompatible polymers to achieve 

the desired properties.  

2.3.4.1. Plasticizers.  

It is a simple and effective method to prepare biodegradable thermoplastics using 

thermomechanical processing technique; and SPI is a good candidate for the formation of 

environmental materials [70]. However, during the preparation of protein plastics, plasticizers 

are usually necessary to be added into the SPI plastics, where it can effectively reduce the 

internal hydrogen bonding between protein molecules and increase the molecular spacing of 

proteins, and eventually, SPI will have enhanced processability and flexibility, and the plastics 

will perform higher ductility [71]. The most effective plasticizers for SPI are usually chemical 

compounds containing hydroxyl groups, such as water and alcohols. 

Thermoplastic sheets prepared from soy protein isolate (SPI) with ethylene glycol (EG) as the 

plasticizer were obtained by Q Wu et al. [70]. They found that, with increasing EG content, the 

tensile strength (σb) and Young’s modulus decreased and breaking elongation (εb) increased, as 

shown in Fig.12. The water resistance of the thermoplastic sheet of SPI increased with an 

increase of the EG content and was much higher than that of thermoplastic starch sheets or a 

cellulose film. 
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Figure 12. (a) Effect of the EG content on the tensile strength (σb) of ES sheets; (b) Effect of EG 
on the breaking elongation (εb) and Young’s modules (E) of ES sheets [70] 

 
 

       

Figure 13. Scanning electron micrographs of molded soy isolate specimens (a) with 16.9% 
moisture content, and (b) with 7.1% moisture [72] 

 
Paetau et al. used that compression molding method to prepare SPI plastics, where the 

moisture levels drying compressing could noticeably affect their property [72]. It was found that, 

the elongation was increased with the increase of water content in the molding material, due to 

the plasticizing effect of water in SPI matrix. Scanning electron micrographs (Fig.13) revealed 

that specimens made with higher moisture contents displayed smoother surfaces. 

(a) (b) 

(a) (b) 
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Glycerol is one of the most widely used plasticizer in preparation of SPI plastics, because of 

its good bio-campatiblity with SPI due to its small molecule size and hydrophilicity [73]. To 

better understand the influence of glycerol on the physicochemical properties of SPI films, 

protein films were prepared from SPI solution containing different glycerol contents. It was 

found that, both glycerol and protein affected the properties of SPI plastics, such as WVP, and 

adding glycerol or increasing RH significantly improved the moisture absorption rates and 

permeability of SPI films [74]. What’s more, other hydrophilic plasticizers, such as  triethylene 

glycol, poly(ethylene glycol), butanediols, urea, and acetamide, were also investigated to 

improve the processability and flexibility of SPI plastics [75, 76].  

     Researches have been done on not only the influence of concentration, nature hydrophilicity 

and size of plasticizers on protein-based films [77, 78], but also the effects of applying a blend of 

several plasticizers. Cho et al. [79] invesitgated the effects of blend plasticizers of glycerol and 

sorbitol (weight ratio is 1:1) on moisture absorption characteristics of SPI films with different 

plasticizer concentration (0.7, 0.5, and 0.3 g plasticizer/g SPI). It was found that films with 

higher glycerol content possessed higher moisture absorption content, as well as larger 

adsorption rate (Fig.14). In addition, films with lower glycerol content were more sensitive to 

RH variation compared to those with higher glycerol content. Moreover, Wan et al. [73] 

favricated the SPI films plasticzed with glycerol and other plasticizers, including propylene 

glycol, poly(ethylene glycol), sorbitol, and sucrose at a the ratio of 25:75, 50:50, 75:25, and 

0:100. Their influences on water barrier and mechanical properties of SPI films were 

investigated. From their results, 50:50 glycerol:sorbitol performed the best overall properties due 

to its comparatively low WVP value and high flexibility and strength. In order to improve the 

properties of glycerol-containing SPI films, 2,2-diphenyl-2-hydroxyethanoic acid (DPHEAc) and 
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different amounts of salicylic acid (SAA) were also added as platicizers [80]. The resultant 

composite films had relatively high transmittance. Intermolecular hydrogen bonding was 

detected between SPI and SAA, indicating a good compatibility between SPI and SAA. 

Mechanical properties, including tensile strength and modulus, as well as water absorption 

behaviors were improved with the addition of DPHEAc and SAA.  

 

Figure 14. Effects of plasticizers on moisture sorption curves of soy protein films at various 

relative humidities (RH): ○, glycerol:sorbitol = 100:0; ▽, glycerol:sorbitol = 50:50; □, 

lycerol:sorbitol = 0:100; - · -, RH 32%;  - - -, RH 52%; −, RH 75% [79] 
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Figure 15. Glass transition temperature (Tg) dependence on the composition of SPI/SDS and 
SPI/SDS/PCL-T films, as determined by DSC measurements [81] 

 
The presence of hydrophilic plasticizer leads to high water adsorbing properties of SP films 

and thus a strong decrease in TS after absorbing moisture. Therefore, thiodiglycol, a relatively 

nontoxic compound from organic wastes found worldwide, was used as a hydrophobic 

plasticizer of SPI. Water uptake experiments indicated that the water resistance of the 

thiodiglycol-plasticized SPI films was higher than that of the glycerol-plasticized SPI films [82]. 

Besides the hydrophobic lowmolecular-weight plasticizer the addition of a moderated 

hydrophobic polymer is a very interesting approach to endow materials with better mechanical 

and water-resistance properties. Polycaprolactone triol (PCL-T) is a type of biodegradable 

synthetic aliphatic polyester. From the results reported by Schmidt et al. [81], the mechanical and 

thermal properties and the morphology of SPI films were found to be controlled by changing the 

amount of PCL-T (Fig.15), enabling the fabrication of rigid and flexible materials. But a loss in 

thermal stability was found for this system, therefore, thermogravimetry and infrared 
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spectroscopy were applied to study the influence of PCL-T on the thermal degradation properties 

of SPI films under a nitrogen atmosphere. 

 

Figure 16. SEM images of cross sections of SPI plastic sheets with CL/glycerol ratios in the 
plasticizer varying from 0:8 (a, f), 2:6 (b, g), 4:4 (c, h), 6:2 (d, i), and 8:0 (e, j) before and after 

CH2Cl2 extraction [83] 
 

The Fourier transform infrared (FTIR) spectra of gas products during the thermal degradation 

indicated the formation of OH, CO2, and NH3, suggesting that the reaction involved 

simultaneous scission of the C(O)-O polyester bonds and C-N, C(O)-NH, C(O)-NH2, and -NH2 

bonds of the protein [84]. ε-Caprolactone (CL) is the monomer of polycaprolactone (PCL) and 

can perform ring-opening polymerization at high temperature after initiating with -OH, -NH2, or 

-COOH [85, 86]. Both SPI and glycerol could offer the active groups for reaction, which can 

construct a premise to prepare a SPI plastic with lower glycerol concentrations and higher water 

resistance property via in situ reactions among SPI, CL, and glycerol during processing [83]. 

When the CL content was low (<25 wt %), the CL added was mainly dispersed in the glycerol-

rich domains and reacted with glycerol; however, at a higher concentration, the CL predominated 

in the protein-rich domains and reacted with protein molecules (Fig.16). The chemical reactions 
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retarded the volatilization of glycerol and the release of NH3 and CO2, and the elevated TS, 

Young’s modulus, and water resistance were obtained for the resultant SPI plastic sheets [83]. 

2.3.4.2. Surfactants 

Ionic surfactant, such as sodium dodecyl sulfate (SDS), is a powerful denaturing and 

dissociating agent for proteins [87]. Incorporation of SDS into protein-based film forming 

solutions would affect the structure and properties of cast protein films [88]. In addition, adding 

different types of fatty acid [lauric acid (LA), palmitic acid (PA), stearic acid (STA), and oleic 

acid (OA)] in film-forming solutions is an effective way to obtain SPI films which are thicker, 

more whitish, and less susceptible to shrinkage upon drying than control SPI films [89]. 

2.3.4.3. Biodegradable Polymers 

Common biodegradable polymers, compatibilizers, and plasticizers, which have been mixed 

with SPI to prepare blend films, are listed in Table 4. The biodegradable polymers can be divided 

into natural (polysaccharide and protein) and synthetic polymers. 

TABLE 4 

Biodegradable Polymers, Compatibilizers, and Plasticizers Used for Fabrication of SPI-based 
Blends 

 
Biodegradable polymer Compatibilizer Plasticizer ref 

Propylene glycol alginate  Glycerol [90, 91] 

Cellulose   [92] 

Chitin  Glycerol [93] 

Chitosan  Glycerol [47, 49] 

Konjac glucomannan + 

chitosan 
 

PEG20000, glycol, sorbitol, 

glycerol 
[94] 

Wheat gluten  Glycerol [69] 
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TABLE 4 (continued) 

Biodegradable polymer Compatibilizer Plasticizer ref

Gelatin  Glycerol, sorbitol [95, 96]

Caseinate  Glycol [97]

Poly(vinyl alcohol) Glycerol Glycerol [98-101]

Polycaprolactone Maleated PCL Glycerol [102]

Polylactide Poly(2-ethyl-2-oxazoline) Glycerol [103]

Polyurethane   [104, 105]

 

 

Figure 17. Change of water vapor permeability of soy protein isolate-propyleneglycol alginate 
composite films as related to propyleneglycol alginate content [91] 

 
Propylene glycol alginate (PGA) was used to blend with SPI to improve the water stability of 

multicomponent films by forming covalent complexes between PGA and SPI [90]. The 

mechanical, water resistance, and water vapor resistance properties were reported to be increased 

with addition of PGA up to 10% (w/w), and the SPI/PGA composite films may have potential 

applications in packaging areas; but further addition of PGA increased values for these properties, 
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as shown in Fig.17. Results suggest that the site of reaction with PGA on the protein chain may 

become saturated with PGA at the 10% level [91]. 

Interestingly, coating SPI onto paper can result in the enhanced grease resistance and 

mechanical properties of the resultant paper [106, 107], which suggested that a certain 

interaction between cellulose and SPI occurred in this case. To obtain blend films of SPI and 

cellulose, ionic liquid 1-butyl-3-methylimidazolium chloride (BmimCl) was used as their co-

solvent. The blend films were amorphous, and the interaction between cellulose and SPI 

molecular chains occurred mainly through hydrogen bonds, confirmed by FTIR and X-ray 

diffractometer (XRD) [92]. Particularly, the blend films showed good oxygen and carbon dioxide 

barrier properties as well as desirable mechanical strength and can be used as barrier polymeric 

films to substitute non-biodegradable films. 

Chitin (CH), the second abundant natural polymer, is a hard, inelastic, and nitrogenous 

polysaccharide, which was used to blend with SPI in the presence of glycerol as a plasticizer by 

compression molding [93]. The rigid nature of chitin molecules could enhance the TS and 

Young’s modulus of SPI films. Moreover, as shown in Fig.18, the water adsorption of the blends 

was lower than that of pure SPI film when the content of chitin was higher than 10wt %, where 

the rigid CH molecules can effectively restrict the swelling of soy protein plastics in water. SP-

C1 with 5wt % CH exhibited higher water absorption than that of SP-C0 without CH, which 

resulted mainly from the existence of phase separation, which indicated poor interaction between 

the CH and SPI molecules. 
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Figure 18. Effects of CH content on water absorption im-mersed in water for 26 h [93] 

Chitosan is a natural polymer, which contains β-1−4-linked 2-amino-2-deoxy-D-

glucopyranose repeat units and is readily obtained by the N-deacetylation of chitin. Sivla et al. 

[47] demonstrated that the combination of chitosan with SPI colloidal suspension, in a form of 

blend films exhibiting different degradation patterns. The characteristics of the system were 

dependent on the composition of the blend as well as the interaction between chitosan and SPI. 

To study the way how they interact, solid-state 13C nuclear magnetic resonance (NMR), FTIR, 

contact angle measurements, atomic force microscopy (AFM), and scanning electron microscopy 

(SEM) were used to analyze the miscibility and morphological aspects of chitosan/SPI blend 

[49]. FTIR investigations suggested that chitosan and soy may have participated in a specific 

intermolecular interaction. SEM results indicated that, however, the surface morphology of the 

membrane blends increased in roughness as the amount of soy protein increased, suggesting 

increasing heterogeneity. Chitosan film is less hydrophilic than SPI film; therefore, blending of 

chitosan with SPI could result in an increase in the water contact angle of the blended films and a 
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decrease in surface energy, as shown in Table 5. As a ternary system, blend films were prepared 

based on konjac glucomannan, chitosan, and SPI, and the effects of film composition, plasticizer, 

and concentration on the mechanical and water vapor barrier properties of the films were 

investigated [94]. 

TABLE 5 

Water Contact Angles (θ) and Surface Energy (γ) of Chitosan, SPI, and Their Blended 
Membranes [49] 

 
Membrane θwater (˚) γ (mN m−1) 

Chitosan (CHT) 103.1 ± 3.2 27.8 ± 0.2 

CS75 (Chitosan:Soy=75:25) 92.4 ± 2.8 26.8 ± 0.1 

CS50 (Chitosan:Soy=50:50) 88.2 ± 2.0 31.2 ± 0.1 

CS25 (Chitosan:Soy=25:75)  75.2 ± 3.8 34.8 ± 0.1 

Soy 67.6 ± 4.2 33.9 ± 0.3 

 

SPI/wheat gluten films could be used as viable packaging materials and primary wrappers for 

low-moisture foods. However, importantly, it must be confirmed that SPI/wheat gluten films 

degrade more rapidly than conventional disposable plastic films. Therefore, the effect of 

blending of wheat gluten with SPI on biodegradation behavior of blend films was studied in the 

simulated farmland soil conditions [69]. Compared with pure SPI films, the addition of wheat 

gluten could delay their degradation rates due to the high disulfide contents. The blend films 

were found to rapidly degrade 50% in 10 days and further up to 95% in 30 days.  
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Figure 19. Tensile strength (a), elongation to break (b), elastic modulus (c), and swelling ratio (d) 
of composite films as a function of SPI/gelatin ratios (containing 0.1 g glycerol/g protein) [95] 

 
Gelatin is a protein extracted from degradation of collagen, and has drawn attention as edible 

films, since it is abundant, biodegradable, with excellent film-forming, and good mechanical 

properties [108]. Therefore, Cao et al. [95] prepared SPI/bovine bone gelatin blend films and 

found that TS, E, elastic modulus, and swelling property of the blend films increased with 

increasing the content of gelatin, as seen in Fig.19. In addition, Denavi et al. [96] prepared blend 

films from SPI and cod-skin gelatin and found that SPI can induce conformation changes and 

aggregation of gelatin chains. Although breaking force and WVP were improved, the films were 

highly water-sensitive, making them still far from being an alternative to synthetic polymers. 

Caseinate-based films showed better water barrier properties although they are less flexible 

and stretchable [109, 110]. Mixing caseinates with SPI, therefore, could be a useful alternative to 

improve properties of SPI film. Incorporation of either sodium caseinate or calcium caseinate 

could increase the transparency of SPI films, while only calcium caseinate had obvious effects in 

increasing the elastic modulus and TS of the blend films [97]. 
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Poly(vinyl alcohol) (PVA), the synthetic water-soluble polymer that is produced in largest 

quantity worldwide, can be blended with natural polymers to form biodegradable composites. Su 

and his group prepared blend films from SPI and PVA, in which glycerol was used as the 

plasticizer as well as the compatibilizer [98], and they studied the compatibility, thermal stability, 

moisture sorption, and biodegradation behaviors of the blend system [99-101]. To explain the 

relationship between the WVP and microstructure of this system, an illustration of the 

microstructure of SPI/PVA/glycerol films was advanced (Fig.20). Figure 20a−e illustrates 

various microstructures of SPI/PVA blends with increasing PVA contents. For hydrophilic 

polymers, the water vapor transmission proceeds by a two-step process, namely water absorption 

and water diffusion through the film. Water molecules are first absorbed by hydrophilic groups 

of polymers and remain in the polymers for a longer time before passing through the films. 

Blending of SPI with PVA under lower PVA contents decreased the initial absorption ability of 

film, which can be attributed to the higher density of blends by the addition of the long-chain 

PVA molecules as well as the hydrogen bonds between SPI and PVA. However, with increasing 

the content of PVA, it may congregate in some areas by incorporation effect of water molecules 

in blends, as seen in Figure 20e. Figure 20f−j shows the effect of glycerol on the water vapor 

transmission properties of SPI/PVA blends. The hydrophilic plasticizer, glycerol, could enter the 

free space of the blends, and more water was adsorbed in the film with increasing the content of 

glycerol at the same temperature and RH. Fig.20j illustrates the passing-through process of water, 

which indicated that a higher concentration of glycerol in the blends could facilitate the 

penetration of water molecules [100]. 
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Figure 20. Illustration of the microstructures of SPI/PVA/glycerol films [100] 

PCL is a kind of biodegradable synthetic aliphatic polyester. Blending PCL with natural 

polymers, such as proteins [102, 111], cellulose [112], and starch [113, 114], was reported to 

significantly improve their water resistance property. However, these natural polymers are 

hydrophilic and are not miscible with hydrophobic PCL, which may result in inferior physical 

properties. Therefore, a third component, compatibilizer, should be added into these immiscible 

blend systems to increase the compatibility of the blend. For SPI/PCL blends, the compatibility 

between the two polymers can be improved by using reactive small molecules, such as 

methylene diphenyl diisocyanate (MDI) and toluene-2,4-diisocyanate (TDI) [43, 115] or 

macromolecule, maleated PCL, as compatibilizers [102]. Moreover, coconut oil and PEG 400 

were applied as nonreactive plasticizers in SPI/PCL blend system [116]. But as for plasticization, 

PEG 400 appeared unsuitable for the SPI/PCL hot-melt adhesive because migration of PEG 400 

was observed during room storage for its incompatibility in the blend. For coconut oil, it was 

proven to be a plasticizer as well as a compatibilizer in SPI/PCL blends, and the effects of its 

amount on the mechanical properties, adhesion properties, and biodegradability were 

investigated [117, 118]. 
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Polylactide (PLA) is a kind of corn starch-based thermoplastic polyester that has attracted 

extensive studies for biodegradable plastics. Blends of SPI and PLA were prepared by using a 

twin-screw extruder, and poly(2-ethyl-2-oxazoline) was used as a compatibilizer [103]. Scanning 

electron microscopy revealed that a co-continuous phase structure existed in the blends with soy 

protein concentrate (SPC) to PLA ratios ranging from 30:70 to 70:30. Sodium bisulfite (NaHSO3) 

can break disulfide bonds of SPI by fractionating SP into a glycinin-rich and a β-conglycinin-rich 

fraction, which could improve the flexibility and processability of SPI. Addition of NaHSO3 into 

SPI/PLA blends was found to have effects of improving the TS and water resistance property of 

resultant materials, as shown in Fig.21 [119]. 

 

Figure 21. Water absorption versus time for (a) Neat PLA and different PLA/SPI (75/25) blends, 
(b) SPI-25, (c)NaHSO3-0.5, and (d) MDI-0.5 [119] 

 
Poly(butylene succinate) (PBS) can be prepared from renewable resource, which holds 

potential applications in green materials. It is a semi-crystalline polymer with excellent 

elongation and other physical properties. Wang and his group blended PBS with SPI to improve 

the mechanical properties and water resistance of SPI-based plastics [120]. To obtain better 
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compatibility between SPI and PBS, PBS was first reacted with TDI at different ratios to prepare 

urethane group-containing PBS before blending with SPI, and the residual -NCO groups attached 

to PBS can further react with functional groups in SPI (Fig.22). 

 

Figure 22. 1H NMR spectrum of PBS containing urethane groups with different molar ratios of 
NCO/OH [120] 

 
Polyurethane (PU) is an elastic material with properties covering from high-performance 

elastomer to tough thermoplastic [121]. Zhang and co-workers [122] first synthesized polyether 

based polyurethane prepolymers (PUP) containing -NCO groups and then prepared a series of 

SPI/PU composites by a compression-molding process. The -NCO groups of PUP could react 

with -NH2, -NH-, and -OH groups of SPI, and the toughness, thermal stability, and water 

resistance of obtained composite sheets were increased significantly. In the following work, they 

prepared SPI/PU blends by mixing anionic waterborne polyurethane (WPU) with SPI. The 

resultant WPU-plasticized SPI sheets showed good mechanical properties, water resistance, 

optical transmittance, and thermal stability [104, 105]. Ethylene glycol diglycidyl ether (EGDE) 

can be used as cross-linker for SPI/WPU system to improve its mechanical strength [123]. The 

obtained SPI/WPU plastics crosslinked with EGDE under the concentrations of 2-4wt % showed 
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higher miscibility and better mechanical properties and water resistance than the SPI/WPU 

plastic before cross-linking. In addition, the cross-linked sheets could be biodegraded, and the 

half-life of the biodegradation for a sheet cross-linked with 3wt % EGDE was calculated to be 

around 28 days, where that of pure SPI was 15 days, as shown in Fig.23. 

 

Figure 23. Plots of the degree of biodegradation against the degradation time of SPI, E0, and E3 
sheets [123] 

 
2.3.4.4. Lipids and Essential Oils 

Wax, a lipid with long carbon chain in its structure, holds a good water barrier property for its 

high hydrophobicity. It can be extracted from plant and seed by nonpolar solvents, and it is not 

miscible in aqueous film-forming solutions. Therefore, wax, which contains polar and 

hydrophilic materials, may serve as a useful additive to improve the water vapor barrier 

properties of protein films. Kim et al. [124] extracted wax from whole grain sorghum by ethanol 

and blended it with SPI to produce lipid/SPI films. Mean WVP, E, and TSM of the blend films 

were found to be lower than those of SPI films; SPI-sorghum wax paste films had better water 

barrier and physical properties as well, compared to SPI films [124]. However, glycerol 
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increased the WVP of blend films, which is not desirable, while sorbitol was more effective at 

smaller amounts than glycerol as a plasticizer in casein films of equal mechanical properties 

[125]. To understand how the addition of plasticizers influenced the properties of SPI films 

under different concentrations of grain sorghum wax, changes in the WVP, TS, E, and TSM of 

resultant blend films were studied by using response surface methodology, as shown in Fig.24 

[126]. Gloss and appearance of films are relevant to the appearance of the coated product, which 

may be also modified by the incorporation of different lipids [127, 128]. Monedero et al. [129, 

130] evaluated the effect of the addition of pure oleic or oleic/beewax mixture on mechanical, 

optical, and water barrier properties as well as the retention and release of n-hexanal of SPI films. 

To find the optimal composite emulsifier for SPI films, response surface methodology based on 

the fuzzy comprehensive method was used, and beewax as well as sorbitan monododecanoate 

was selected to be best from 11 emulsifiers [131]. The optimal composite emulsifier was 

beeswax (1.87% of SPI), Span 20 (10.25% of SPI), and glycerol (29.12% of SPI), as shown in 

Fig.25. 

 

Figure 24. Response surface for the effects of sorbitol and glycerin concentrations on the 
elongation at break (%) of sorghum wax–soy protein isolate composite films [126] 
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Figure 25. Optimization of the composite emulsifier by response surface analysis. The glycerol 
content is 30% of SPI [131] 

 
Addition of essential oils in SPI films can not only increase their water vapor barrier but also 

endow them with additional advantages, such as protection against microbial growth and lipid 

oxidation [132, 133]. Atares et al. [134] investigated the type and content of essential oils 

(cinnamon and ginger) on the properties of SPI films. The type of the oil played an important 

role in affecting the mechanical properties of obtained films. Ginger oil made the films less 

resistant to elongation and less stretchable than cinnamon oil; however, cinnamon oil 

considerably affected the chrome and whiteness index of SPI films due to its particularly intense 

color. Especially, some aggregation of ginger oil was found on the surfaces of the film during the 

drying step (Fig.26) [134]. 
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Figure 26. Typical surface morphologies of control SPI film (a) and SPI-based blend films with 
cinnamon oil (b) and ginger oil (c) [134] 

 
2.3.4.5. Fillers 

Cellulosic fibers extracted from natural plant, indlucing flax, jute, ramie, hemp, sisal, and 

pineapple, have played more and more important roles as reinforcements for green composites 

because of several advantages, such as annually renewable, sustainable, low cost, high specific 

modulus, light weight density, biodegradable, biocompatible, and so on [135-137]. Paetau et al. 

[5] used fabricated green composite with long-fiber, short-fiber, and microcrystalline cellulose as 

reinforcements, and SPI as matrices. The resultant green composite with three types of 

reinforcements all possessed decreased elongation and improved rigidity and water resistance [5]. 

Ramie fiber is one of the best reinforcement candidate, which are obtained from the perennial 

herbaceous plant. The TS, Young’s modulus, and tensile strain of ramie fibers were reported to 

be in the range of 400-938 MPa, 61-128 GPa, and 1.2-3.8%, respectively, depending on the 

location and processing conditions [136]. Therefore, researchers utilized ramie fibers to reinforce 

SPI plastics to prepare completely biodegradable green composites, and the effects of volume 

concentration of reinforced ramie fiber in the composites on the interfacial properties between 

fiber and soy resin, as well as on the mechanical and thermal properties of the composites were 

also explored [138]. The SEM image showed that the pulled-out ramie fiber length was smaller, 
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and higher amounts of resin were sticking to the pulled-out fibers; and the fibers were found to 

be sticking together after the fracture test, which indicated good interfacial qualities between 

fibers and resins. Moreover, ramie fibers aligned in vertical, horizontal, and both vertical and 

horizontal directions were used to reinforce SPI. The SPI/ramie fiber composites with vertical 

aligned fiber exhibited the highest mechanical properties, which meant that the alignment of 

fibers in the composites plays an important role in the improvement of mechanical properties 

[139]. 

 

Figure 27. SEM photomicrographs of the fracture surface of ramie fiber-reinforced soy resin 
composites [138] 

 
In addition, ultrafine cellulose fibers were prepared via electrospinning technique, with the 

diameter of several hundred nanometers, and were used to blend with SPI to prepare reinforced 

composite films [140]. The films showed an improved fiber-SPI resin interfacial quality with 

good adhesion and compatibility between them, resulting in high visible light transmittance, even 

though the mass fraction of fiber was as high as 30%. 

Lignin is an amorphous natural polymer that is based on phenylpropane derivatives. Many 

kinds of industrial lignin, the byproduct from pulping and papermaking, have been used as fillers 
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for starch, petroleum-based plastics, rubbers, and resins to modify the strength, water resistance, 

and other properties [141-143]. Zhang and her group prepared a series of biodegradable plastics 

by incorporating lignosulfonate and alkaline lignin into the SPI matrix and studied the effects of 

lignin as the filler on the structure and properties of the blends [144, 145]. Lignosulfonate 

interacted with SPI molecules to form networks with physical cross-links, and this resulted in a 

simultaneous enhancement of the strength and elongation of SPI materials, whereas the addition 

of alkaline lignin enhanced the water resistance and strength of materials for its hydrophobicity 

and rigidity. However, there existed a certain degree of micro-phase separation in the lignin/SPI 

blends. Therefore, MDI was then used as a compatibilizer in the kraft lignin/SPI blend system, as 

shown in Fig.28. When the 2 parts of compatibilizer was added, the enhanced modulus, strength, 

and elongation of the resultant blends were observed. But further increasing the amount of the 

compatibilizer hindered the interaction between kraft lignin and SPI and resulted in a decrease in 

mechanical properties of the blends [146]. 

    

Figure 28. SEM images of cross sections of sheets SK-M0, and SK-M6 [146] 

Whiskers are very promising reinforcing materials for composites due to their high stiffness 

and strength. The extent of their reinforcement was found to depend on the nature of the matrix, 
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the generation of a strong fiber−matrix interface through physicochemical bonding, and the 

aspect ratio and dispersion of the whiskers in the matrix [147]. Compared with inorganic 

whiskers, whiskers from renewable resources have advantages such as renewability, low cost, 

easy availability, and good biocompatibility. Chitin nanowhiskers were incorporated into SPI to 

improve the thermomechanical properties and to decrease water sensitivity of SPI. Moreover, the 

effects of chitin whisker content on morphology, structure, and properties of the SPI/chitin 

whiskers composites were also investigated [147]. 

Recently, bio-nanocomposites and eco-nanocomposites, based on renewable resources 

combined with the nanoscale effects by in situ assembling nanophase or blending organic and 

inorganic nanoparticles, have attracted much attention. Montmorillonite (MMT) has been used as 

a filler in the field of polymer materials for its high aspect ratio of silicate nanolayers and high 

surface area. Chen and Zhang [148] prepared highly exfoliated and intercalated SPI/MMT 

nanocomposite by using the solution exfoliation method and investigated the interaction between 

SPI and MMT as well as the effects of the microstructures on the properties of the 

nanocomposites. Moreover, the mechanical and barrier properties of SPI/MMT blend systems 

were studied by Lee and Kim [149]. Kumar et al. [150] prepared SPI/MMT bio-composite films 

by using melt extrusion and followed film-casting methods. The arrangement of MMT in the SP 

matrix was exfoliated at lower MMT content (5%) and intercalated at higher MMT content 

(15%). The addition of MMT resulted in significant improvements in mechanical and dynamic 

mechanical properties, thermal stability, and WVP of the resulting films [150]. In order to clarify 

the effect of incorporation of various clay minerals in SPI matrices on properties of 

nanocomposite films, Rhim et al. mixed SPI with organically modified MMT, Wamok clay, 

bentonite, talc powder, and zeolite and tested thickness, moisture content, TS, E, WVP, and WS 
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of resultant films [151]. Other analogous attempts to modify SPI plastics were carried out and the 

fillers were nano-SiO2 [152], carbon nanotubes [153], calcium carbonate [154], and rectorite 

nanoplatelets [155]. 

2.3.5. Chemical Cross-Linking 

Soy protein plastic were reported to be modified via calcium cross-linking to enhance its 

moisture [156]. Park et al. [157] modified SPI with different calcium salts, including calcium 

chloride and calcium sulfate, and their influences on the mechanical properties of SPI plastics 

were compared. It was found that, calcium sulfate modified SPI plastic had higher tensile 

strength than calcium chloride-treated one.  

Ferulic acid, as an abundant phenolic phytochemical, has many applications in food industry 

[158]. It is often used as a resonance-stabilized free radical intermediate to cross-link with 

protein structures [159, 160]. For example, ferulic acid can produce free radical that can react 

with tyrosine or with itself to form diferulic acid, acting as bridges among protein molecules; 

meanwhile, oxidized ferulic acid can react with amino and thiol groups of protein and help 

denature SPI molecules [161]. Ferulic acid treated SPI plastics were reported to possess 

enhanced tensile strength, elongation and antioxidant activity [158]. In addition, hydrogen 

peroxide oxidized ferulic acid could further improve the mechanical properties of the SPI 

plastics. 

Besides, chemical agents containing aldehyde groups were also investigated as cross-linkers 

to modify SPI. The chemical agents, including formaldehyde [162], glyoxal [163], 

glutaraldehyde [164, 165], and dialdehyde starch [166], were utilized to react with the amino 

groups of proteins and form network bridges between protein chains. The cross-link modification 
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with these agents could also improve the mechanical, water-resistance, and other properties of 

SPI plastics. 

2.4. Study on Poly(vinylidene fluoride) (PVDF) 

2.4.1. Structures and Properties  

     Poly(vinylidene fluoride) (PVDF) (-CF2-CH2-) is a very important engineering plastic. It is a 

highly chemical resistant and hydrophobic thermoplastic fluoropolymer produced by the 

polymerization of vinylidene difluoride. PVDF has drawn great attention as a membrane material 

regarding its outstanding properties such as high mechanical strength, chemical resistance, 

thermal stability, and high hydrophobicity [167]. Strong piezoelectricity was detected in PVDF, 

with the piezoelectric coefficient of poled PVDF films (6-7 pC/N) 10 times larger than that 

observed in any other polymer. Therefore, it was also often considered as an electroactive 

polymer. There are several crystalline phases of PVDF, including α (TGTG’), β (TTTT), and γ 

(TTTGTTTG’) phases, determined by the chain conformation as trans (T) or gauche (G) linkages. 

Among them, α and β phases are most common, where α phase is nonpolar phase, and β phase is 

polar one, as shown in Fig.29. Poled PVDF polymer is a ferroelectric material, possessing good 

piezoelectric and pyroelectric behaviors. Its high dielectric constant and relatively low 

dissipation factor, compared with other polymer materials, make it a potential candidate in 

structural capacitor applications and sensor electronic devices [168]. Among all the distinct 

phases of PVDF, β phase is the only one that exhibits a spontaneous polarization, and thus 

piezoelectricity [169]. So, β phase contributes the highest to the piezo-, pyro-, and ferroelectric 

properties of PVDF with its high polarization value [170].  
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Figure 29. SEM images of (a) α-PVDF, (b) β-PVDF [171] 

2.4.2. Applications 

  

Figure 30. (a) Dependence of the dielectric constant and (b) dielectric loss on frequency at room 
temperature [172] 

 

PVDF, as a very important engineering polymer, has broad applications in electronic devices 

[172, 173], ultrafiltration/microfiltration [167, 174], and biological applications [175, 176].  

These researches mainly focused on crystalline polymorphs [167], and (2) porous structures of 

PVDF polymers [177-180]. Thakur et al. [172] investigated an environmentally friendly green 

aqueous modification of PVDF for energy storage applications. They firstly modified PVDF 

polymer via a green aqueous functionalization of PVDF using bio-inspired protein dopamine. 
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The resulting dopamine modified PVDF films exhibited excellent dielectric properties, when 

compared with the pristine PVDF polymer. Both high dielectric constant (enhanced up to 32) 

and relatively low dielectric loss (compared to pristine PVDF) were acquired, as shown in Fig.30. 

 

Figure 31. Water fluxes of membranes prepared by dopes with different nanosized Al2O3 
particles (0-4wt%) [181] 

 
Because of good chemical resistance, thermal stability, and high hydrophobicity, PVDF is 

also one of the popular candidates as functional membranes in ultrafiltration/microfiltration, and 

membrane distillation [177-180], the performances of which are directly affected by the porous 

structures in these PVDF membranes. Yan et al. [181] fabricated PVDF ultrafiltration 

membranes with addition of inorganic nano-sized Al2O3 particles. The effect of Al2O3 particles 

concentration in the PVDF membranes on its permeation flux was studied, as shown in Fig.31. 

The results indicated that an increase of the Al2O3 concentration leads to an increase of the water 

permeate flux while this trend is not in evidence when nano-sized Al2O3 particles reached to 

some certain quantity.  

PVDF is commonly used as insulation on electrical wires, such as plenum cables, due to its 

excellent properties, including flexibility, low weight density, low thermal conductivity, high 

chemical resistance, high flame retardancy, and heat resistance [182].  
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Figure 32. (a) Sub-20nm PVDF–TrFE nanograss based tactile sensor. Inserted figure shows an 
illustrative schematic of the sensor [183]. (b) Schematic illustration of PVDF based frequency 

tunable energy harvester [184] 
 
There is also research done on the addition of piezoelectric inorganic particles to PVDF to 

selectively enhance the piezoelectric or the pyroelectric response of the material through a 

specific poling mechanism [185]. Such piezoelectric particles include BaTiO3 [186], PZT [185], 

or ZnO [187]. Fig.32a shows an example of tactile sensors based on flexible piezopolymers 

poly[(vinylidenefluoride-co-trifluoroethylene) [P(VDF-TrFE)] [183]. Piezoelectric tactile 

sensing is a unique piezoelectricity application that necessitates the use of polymers over the 

inorganic materials due to the mechanical flexibility and softness that is needed for the 

application. PVDF–TrFE is the material of choice for such an application. This is because of its 

biocompatibility and being the most commonly used polymer due to its highest piezoelectricity 

sensitivity. The nano-grass PVDF sensor showed a sensitivity of 0.56 V when hit with a 98 Mn 

force, and this response was 2.8 times higher than that of regular flat thin films [183].  

Energy harvesting from vibration continues to be an active field of research with the ambition 

that such harvesters could replace batteries or increase their lifetime [188]. Jo et al. [184] 

designed a novel PVDF based energy harvester with a tunable resonant frequency broadening the 

(a) 

(b) 
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frequency band of harvested vibration by automatically changing the suspension beam lengths 

with the applied frequency, as shown in Fig. 32b. 

2.4.3. PVDF-Protein Interactions 

Protein adsorption on PVDF membrane surface and in membrane pores often causes serious 

membrane fouling [189, 190], indicating the affinity between protein and PVDF polymer, such 

as electrostatic force, hydrophobic interactions, and so on, which shows the potential of protein 

as modifier to tune PVDF polymer. Such a good binding affinity of PVDF with proteins, enable 

it being used in Western blotting applications in molecular biology [191]. The binding affinity 

mostly came from hydrophobic interactions and dipole interactions between PVDF and protein 

molecules. Akashi et al. [192] proposed the procedure for surface modification in order to 

immobilize target protein onto PVDF membranes. Bovine serum albumin (BSA) was chosen as 

target protein, and was successfully conjugated on the polymer-modified PVDF membranes. 

Besides, regarding the fact of the high diversity of the structures of protein as introduced earlier, 

the PVDF-protein interactions would be expected to be largely distinct, relying on various 

protein aggregates manipulated by denaturation conditions. The studies on PVDF-protein 

interactions could help understand the interactions between synthetic polymers and natural 

proteins, and signify the critical roles of complex polymer-protein interactions in fabrication of 

functional polymer/protein blends for applications in composites, adhesives, biomedicine and 

electronics, etc., however, did not received enough attention in recent researches.  

2.5. Study on Poly(ethylene oxide) (PEO) 

2.5.1. Structures and Properties  

PEO is a semi-crystalline, thermos-plastic, polar, and hydrophilic polymer. The structure of 

PEO is commonly expressed as H−(O−CH2−CH2)n−OH. Unlike most polymer systems, PEO is 
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commercially available in an extraordinarily wide range of molecular weights from ethylene 

glycol, diethylene glycol, and so on up to polymers that have molecular weights many times 

greater than a million. The lower molecular weight members of the series (n<150) are generally 

known as polyethylene glycols (PEG) while the higher members are known as poly(ethylene 

oxide), poly-oxyethylene (POE) or polyoxirane. The properties of PEO differ sufficiently as to 

form two classes depending on their molecular weight. The lower Mw PEOs range from 

relatively viscous fluids to wax-like solids, while the higher ones are thermoplastics capable of 

being formed into tough, molded shapes.  

2.5.2. Applications 

While PEG and PEO with different molecular weights find use in different applications, and 

have different physical properties (e.g. viscosity) due to chain length effects, their chemical 

properties are nearly identical [193, 194]. PEO has been studied for broad applications in drug 

delivery [195, 196], wound healing [197, 198], polymer electrolytes [199, 200], and electronics 

[201], etc.  

PEO exhibits rapid clearance from the body, and has been approved for a wide range of 

biomedical applications. Because of these properties, hydrogels prepared from PEO are excellent 

candidates as biomaterials, such as drug delivery systems [202]. These hydrogels are often used 

in combination with other polymers to produce an appropriate biomaterial. PEG has formed a 

basis for some commercial products that is formed by radiation crosslinking of high molecular 

weight PEO chains as illustrated in Fig.33. Nikolaos et al. [203, 204] found that that diffusion 

controlled delivery of proteins from hydrogels containing poly(ethylene glycol) (PEG) can be 

possible and controlled by the three-dimensional structure.  
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Figure 33. Cross-linked PEO hydrogel network with the drug (D) inside [203] 

PEO also has enormous utilizations in chemical field. Because PEO has hydrophilic 

molecular structures, it has been used to passivate microscope glass slides for avoiding non-

specific sticking of proteins in single-molecule fluorescence studies [205], or as lubricating 

coating for various surfaces in aqueous and non-aqueous environments [206], as well as a polar 

stationary phase for gas chromatography, and a heat transfer fluid in electronic testers [207].  

 

Figure 34. An SEM image of the PPy-PEO composite nanofibers [208] 
 

PEO has been widely used as a polymer matrix to fabricate composite materials. Sujith, et al. 

[208] designed electrically conducting polypyrrole-poly(ethylene oxide) (PPy-PEO) composite 

nanofibers, as shown in Fig.34. The sheet conductivity of the as-produced PPy-PEO nanofiber 

mat at room temperature is in the order of 10-3 S·cm-1. 
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2.5.3. PEO-Protein Interactions 

In recent years, due to PEO/SPI blends’ degradable property [201] and the ablity to control 

their degradation behaviors [209, 210], they are gaining more and more interests, such as 

PEO/SPI nanofibers by electrospinning [211, 212], bio-friendly films [213, 214].  

    

Figure 35. (a) Schematic of electrospinning process for producing polymer nanofibres; (b) SEM 
micrographs of optimised electrospun Chitosan/PEO (50/50) nanofibrous samples [212] 

 
Zarandi et al. [212] fabricated Chitosan/PEO nanofibers via electrospinning method, as shown 

in Fig.35a. Afterwards, vitamin C and phenytoin sodium (PHT-Na) were added to these samples 

for producing wound dressing materials. Fig.35b showed the SEM micrographs of neat 

optimized electro-spun Chitosan/PEO nanofibrous sample. The sample had uniform and smooth 

nanofibers with an average diameter of around 165nm.  

Ling et al. [214] introduced Fourier transform infrared (FTIR) and scanning transmission X-

ray microscopy (STXM) spectroscopic imaging techniques to determine the structure of the silk 

fibroin/polyethylene oxide (SF/PEO) blend. Fig.36a showed the FTIR images of SF/PEO films. 

Fig.36b-d showed the resulting FTIR maps of SF absorbance (b), PEO absorbance (c) and their 

ratios (ASF/APEO; d), in which red represents the largest integrated intensity and purple (or blue) 

the weakest integrated intensity in a given field of view for the specific component. They found 

that SF shows random coil and/or α-helical conformation in the SF-rich domains, and β-sheet 

(a) 

(b) 
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conformation in the PEO-rich matrix. In the meantime, the SF content in SF-rich domains is 

74±4%, and 38±6% in the PEO-rich matrix from the FTIR maps.  

 

Figure 36. FTIR spectra and FTIR images of the SF/PEO blend. (a) FTIR spectra of SF film as a 
cast, SF film treated with 70% ethanol solution, pristine PEO film, and SF/PEO blend film; (b) 
SF-specific FTIR image of the SF/PEO blend; (c) PEO-specific image of the SF/PEO blend; (d) 

ASF/APEO image of the SF/PEO blend [214] 
 

Ghorpade et al. [213] prepared PEO/SPI films by combining SPI with PEO in the ratio of 19:1, 

9:1, 4:1, and 1.5:1. The results showed that, addition of PEO decreased film tensile strength (TS) 

and increased elongation at break €. TS values ranged from 3.9  to 1.4 MPa and E values ranged 

from 83 to 152%. Water vapor permeability of the film ranged from 3.0E-9 to 4.0E-9 g/m·sec·Pa. 

In the preliminary study of our group [215], we used SPI to modify the energy storage 

performances of poly(ethylene oxide) (PEO). It was found that, the addition of SPI in both high 

molecular weight PEO and low molecular weight PEO led to greatly reduced polarization and 

stored energy density; meanwhile, the current leakage and energy loss of the membranes were 
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largely reduced, resulting in significantly enhanced discharged energy density, as shown in 

Fig.37. We believed that the strong interactions between PEO and SPI were responsible for the 

energy storage properties aforementioned. 

 

 

Figure 37. Energy storage properties of PEO/SPI membranes: (a) stored energy density; and (b) 
discharged energy density. The high hysteresis loss in pure PEOs leads to negative discharged 

energy density [215] 
  

(a) 

(b) 

Pure HPEO: 85.13 ±24.17 mJ/cm3

Pure LPEO:  19.93±3.51 mJ/cm3 

Pure HPEO: ‐56.18±16.50 mJ/cm3

Pure LPEO:   0.12 ±3.10 mJ/cm3 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1. Materials 

PVDF polymer with a weight average molecular weight (Mw) of 534,000 g/mol was 

purchased from Sigma-Aldrich. PEO with a weight average molecular weight (Mw) of 1,000,000 

g/mol was purchased from Sigma-Aldrich. Soy Protein Isolate (SPI, PRO-FAM 891) with high 

protein content (>90%) was generously donated by Archer Daniels Midland (ADM). 2-

Mercaptoethanol (2-me) was purchased from Sigma-Aldrich. 

3.2. Methods 

3.2.1. Denaturation of SPI 

TABLE 6 

Summary of SPI Denaturation Conditions and Designated Sample Names 

Designated name Denaturation condition (in solution) 

-60°C Heat treatment at 60°C 

-90°C Heat treatment at 90°C 

-Sonic High-energy sonication 

-pH7 pH 7 solution 

-pH11 pH 11 solution 

-2ME Chemical modification with 2-Mercaptoethanol 

 
Denaturation of SPI was carried out under different conditions in Dimethyl sulfoxide (DMSO) 

or deionized water solvent, for blending with PVDF or PEO polymer, respectively. The 

denatured conditions and the designated sample names are listed in table 6. Denaturation 

methods can be divided into two categories: physical modification, including heat treatment and 
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energy-intensive sonication; and chemical modification, including involving chemical agent 2-

mercaptoethanol (2-me), and adjusting pH values of the solution. 

3.2.2. Preparation of Polymer/SPI films 

After denaturation modification, PVDF or PEO polymer was added to SPI solution. For 

SPI/PVDF samples, SPI/PVDF weight ratio is 5:95. The mixing continued at 60˚C for another 2 

hours to obtain uniform SPI/PVDF solutions. And for SPI/PEO samples, because PEO has better 

compatibility with SPI, as mentioned above, SPI content is higher, with the SPI/PEO weight 

ratio of 10:90. The mixing continued at 60˚C for another 10 hours to obtain uniform SPI/PEO 

solutions. After degassing the polymer/SPI solutions for 30 mins via bath sonication (Branson 

2510), the polymer/SPI films were made via solution-casting method and dried for 10 hours. 2-

me agents denatured SPI films were further washed with water to remove the leftover agents. 

The resulting polymer/SPI films possessed a thickness of ~ 55μm. 

3.2.3. Characterizations  

3.2.3.1. Scanning Electron Microscope (SEM) 

A scanning electron microscope (SEM) 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 [216]. 

The phase morphologies of the PEO/SPI films were analyzed by Scanning Electron 

Microscope (SEM, FEI Versa 3D Dual Beam, Fig.38) with an accelerating voltage of 20kV. 

Both free surfaces and fractures surfaces were analyzed. 
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Figure 38. Scanning electron microscope (SEM, FEI Versa 3D Dual Beam) device  
 

3.2.3.2. X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is a powerful nondestructive technique for characterizing crystalline 

materials. It provides information on crystal structure, phase, preferred crystal orientation 

(texture), and other structural parameters, such as average grain size, crystallinity, strain, and 

crystal defects. X-ray diffraction peaks are produced by constructive interference of a 

monochromatic beam of X-rays diffracted at specific angles from each set of lattice planes in a 

sample. The peak intensities are determined by the distribution of atoms within the lattice. 

Consequently, the X-ray diffraction pattern is the fingerprint of the periodic atomic arrangements 

in a given material [217]. Crystal structures of polymer phase in polymer/SPI films were studied 

by X-ray Diffraction (XRD) on a Rigaku MiniFlex II Desktop X-ray Diffractometer (CuKa 

radiation =1.5406 A°, 30kV and 15mA with a scanned step size of 0.05° and scan speed is 

4°/min), and the crystallinity of films were acquired accordingly (Fig.39). 
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Figure 39. Rigaku miniflex II desktop X-ray diffractometer 

3.2.3.3. Confocal Laser Scanning Microscopy (CLSM) 

Confocal microscopy, most frequently confocal laser scanning microscopy (CLSM, Fig40), is 

an optical imaging technique for increasing optical resolution and contrast of a micrograph by 

means of using a spatial pinhole to block out-of-focus light in image formation [218]. Capturing 

multiple two-dimensional images at different depths in a sample enables the reconstruction of 

three-dimensional structures (a process known as optical sectioning) within an object. This 

technique is used extensively in the scientific and industrial communities and typical applications 

are in life sciences, semiconductor inspection and materials science. 
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Figure 40. Olympus 3I spinning disk confocal epifluorescence TIRF inverted microscope 

To learn more structural details of SPI phases in polymer matrix, the Confocal Laser Scanning 

Microscopy (CLSM) was used. The fluorescence images were recorded by CLSM with Olympus 

3I Spinning Disk Confocal Epifluorescence TIRF Inverted Microscope.  For a better view, all the 

fluorescence images were enhanced by increasing 40% brightness. 

3.2.3.4. Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier-transform infrared spectroscopy (FTIR) is a technique used to obtain an infrared 

spectrum of absorption or emission of a solid, liquid or gas. An FTIR spectrometer 

simultaneously collects high-spectral-resolution data over a wide spectral range. This confers a 

significant advantage over a dispersive spectrometer, which measures intensity over a narrow 

range of wavelengths at a time [219]. Fourier transform infrared spectroscopy (FTIR) was used 

to analyze the structure of the films, with a focus on secondary structure of SPI, using a Thermo 

Nicolet 6700 spectrometer (Fig.41). Spectra were taken from 600 to 4000 cm-1 with resolving 

power of 2 cm-1. 
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Figure 41. Thermo nicolet 6700 spectrometer 

3.2.3.5. High-voltage Ferroelectric Hysteresis 

 

Figure 42. Precision LC II ferroelectric test system (Radiant Technology, Inc) 

It has become increasingly important to characterize the performance of piezoelectric 

materials under conditions relevant to their application. Measurements of properties such as, 

permittivity (capacitance), dielectric loss, and piezoelectric displacement at high driving voltages 

are required, which can be used either in device design or materials processing to enable the 

production of an enhanced, more competitive product [220]. In this study, the ferroelectric 

behaviors of the films were analyzed using a Precision LC II Ferroelectric Test System (Radiant 

Technology, Inc) equipped with a high voltage amplifier (Matsusada, AMJ-4B10) (Fig.42). The 

testing frequency was 10 Hz, and the maximum electric field was 80 kV/cm. The polarization 

performances were obtained through the monopolar hysteresis loops accordingly. 



65 
 

3.2.3.6. Dielectric Relaxation Spectroscopy (DRS) (LCR analysis) 

In order to further explore the various SPI-polymer interactions, the dielectric relaxation 

spectroscopy (DRS) of polymer/SPI films were measured via LCR analyze. Dielectric relaxation 

phenomena of polymers composites can provide a better point of view of the structure-property 

relationships at the morphological level. In other words, in order to relate the macroscopic 

properties of polymers/composites with molecular structures/morphologies, it is useful for us to 

understand the molecular motions or dynamics of these materials in response to various applied 

fields [221]. In this study, DRS of polymer/SPI films were measured via IM 3533-01 LCR meter 

(HIOKI E.E. CORPORATION, Fig.43). Dielectric constant and loss factors tan  of different 

films were measured under temperature range from 20-180°C and frequency range from 1-

200,000Hz. 

 

Figure 43. IM 3533-01 LCR meter (HIOKI E.E. CORPORATION) 
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CHAPTER 4 

MODIFICATION OF PVDF VIA SPI  

4.1. Background  

In recent years, biomaterials derived from plant proteins have attracted enormous attention as 

a critical component in functional polymer blends, with intended applications for commodity 

products [222-225], electronics [226, 227], and biomedical applications [50, 228-231], etc. Soy 

protein, as one of the low cost and abundant natural resources [1], have been widely studied. Soy 

protein-based plastics [5, 6, 8, 9], adhesives [7, 232], and coatings [233, 234] were studied for 

their applications in industrial and biomedical fields. By blending with proteins, the bio-

performances of petroleum-based polymers, such as biocompatibility, degradation rate and 

solubility were improved [52, 235]. While these researches have made great achievements in 

exploring the potential of soy protein in functional material applications, the understanding on 

the roles of diverse polymer-protein interactions in tuning microstructures and properties of the 

resulting polymer blends is still insufficient. These studies mostly focused on the compatibility 

and/or miscibility between polymers and proteins. However, the interactions between them are 

expected more complicated than conventional compatibility and miscibility in polymer blends, 

because of the complex protein structures. 

This complexity of polymer-protein interactions resulted from multilevel protein structures 

and diverse inter-/intra-molecular interactions in these protein structures. Soy protein consists of 

about 20 different amino acids covalently linked by peptide bond to form polypeptide chains [3]. 

In other words, soy protein is a mixture of many random copolymers of various amino acids. 

Among them, approximately 58% are polar and reactive, containing numerous reactive 

functional groups, hydrogen bonds, ionic interactions, hydrophobic interactions, disulfide bonds, 
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etc. [4]. This type of structure diversity is responsible for the complicated, yet insufficiently 

understood tertiary and quaternary protein structures, that is, the aggregated protein structures. 

The polymer-protein interactions are certainly subjected to the variation of aggregated protein 

structures.  

Poly(vinylidene fluoride) (PVDF) is a very important engineering polymer with broad 

applications in electronics [172, 173], purification/separation [167, 174], and biological 

applications [175, 176].  These works mostly focused on two aspects of micro-structures of 

PVDF: (1) crystalline polymorphs of PVDF [167], and (2) porous structures [177-180]. There 

are several crystalline phases of PVDF determined by the chain conformation. Among them, α- 

and β- phases are the most common polymorphs, where α phase is a nonpolar phase, and β phase 

is highly polar. β phase greatly contributes to piezoelectric, pyroelectric, and ferroelectric 

properties of PVDF [170]. Because of good chemical resistance, thermal stability, and high 

hydrophobicity, PVDF is also one of the popular candidates as functional membranes in 

ultrafiltration, microfiltration, as well as membrane distillation applications [177-180], the 

performances of which are directly affected by the porous structures in these PVDF membranes.  

PVDF has a good binding affinity with proteins, and therefore, PVDF membranes have been 

frequently used in Western blotting applications in molecular biology [191]. Such a good affinity 

primarily came from hydrophobic interactions and dipole interactions between PVDF and 

protein molecules. In face of the diversity of protein structures as introduced earlier, such 

interactions would be expected to vary, depending on different aggregated protein structures 

subjected to different denaturation processes. However, such interactions have not received 

enough attention in current research on functional polymer/protein blends.  



68 
 

In this study, soy protein isolate (SPI) was investigated as a modifier to alter the PVDF-SPI 

interactions. The effect of SPI on dielectric properties of PVDF polymer was studied accordingly. 

It was found that SPIs denatured via different methods could form distinctive PVDF-SPI 

interactions, resulting in largely different microstructures of PVDF/SPI films, according to X-ray 

Diffraction (XRD) and Scanning Electron Microscopy (SEM) analyses. Moreover, the varying 

PVDF-SPI interactions also remarkably altered the morphologies of SPI phases and the 

secondary protein structures, according to Fourier Transformed Infrared Spectroscopy (FTIR) 

and Confocal Laser Scanning Microscopy (CLSM). These findings would certainly signify the 

critical roles of complex polymer-protein interactions in fabrication of functional 

polymer/protein blends and provide new insights in the materials applications of plant proteins. 

Besides, dielectric properties of PVDF was also found to be modified by SPI. By controlling 

denaturation conditions of SPIs, SPIs could form distinctive interactions with PVDF, led to 

various dielectric properties. Influences of SPI aggregates on the hysteresis dielectric properties 

of PVDF were investigated to verify the potential of SPIs as surfactant to tune the properties of 

PVDF polymers. Dielectric relaxation behaviors were also studied to further understand the 

interactions between PVDF and SPI. 

4.2. Materials and Sample Preparation 

PVDF polymer with a weight average molecular weight (Mw) of 534,000 g/mol was 

purchased from Sigma-Aldrich. Soy Protein Isolate (SPI, PRO-FAM 891) with high protein 

content (>90%) was generously donated by Archer Daniels Midland (ADM). 2-Mercaptoethanol 

(2ME) and sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich. 

Denaturation of SPI was carried out in dimethyl sulfoxide (DMSO) solvent under different 

conditions, including both physical and chemical approaches. The detailed denatured conditions 
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and the designated sample names are listed in Table 7. After denaturation modification, PVDF 

polymer was added to SPI solution with a PVDF/SPI weight ratio of 95:5. The mixing continued 

at 60˚C for another 2 hours to obtain uniform PVDF/SPI solutions. After degassing the 

PVDF/SPI solutions for 30 mins via bath sonication (Branson 2510), the PVDF/SPI films were 

made via solution-casting method and dried at 100°C for 10 hours. SPI-SDS and SPI-2ME films 

were washed repeatedly with deionized water to remove SDS and 2ME for further 

characterizations. The resulting PVDF/SPI films possessed a thickness of ~ 55μm. 

TABLE 7 

SPI Denaturation Conditions and Designated Sample Names 

Sample name Denaturation condition 

SPI-60°C Heat treatment @60°C for 4 hours 

SPI-90°C Heat treatment @90°C for 4 hours 

SPI-SDS SPI/SDS weight ratio of 2:1@60°C for 4 hours 

SPI-2ME 2ME/DMSO volume ratio of 1ml/15ml @60°C for 4 hours 

SPI-Sonic Heat treatment @60°C for 4 hours followed by 15min high-energy sonication 

 

4.3. Microstructures of PVDF/SPI Films with Physically Denatured SPIs 

Fig.44 presents morphologies of fracture surfaces of PVDF/5wt% SPI films with physically 

denatured SPIs, including heat denaturation at different temperatures and high-energy sonication. 

It is obvious that, the morphologies of the films highly differed depending on denaturation 

conditions, compared with pure PVDF film (Fig.44d). SPI-60°C film possessed a highly porous 

microstructure throughout the film cross section (Fig.44a). This porous structure was further 

modified by sonicating the 60°C-denatured SPI for 15 mins, as shown in SPI-Sonic film, in 



70 
 

which a low porosity was achieved (Fig.44b). In addition to the porous structure, phase 

separation was easily observed in SPI-Sonic film, as evidenced by distinguishable SPI 

aggregates (circled area) in Fig.44b. It is clear that, in SPI-Sonic film, the SPI aggregates did not 

have very good compatibility with PVDF matrix.  

 

Figure 44. SEM images of the fracture surfaces of PVDF/SPI films: (a) SPI-60°C; (b) SPI-Sonic; 
(c) SPI-90°C; (d) pure PVDF. Inserted figures are images with low magnifications 

 
In the opposite, SPI-90°C film had a solid fracture surface without observable porous 

structures (Fig.44c). Meanwhile, a good compatibility between SPI and PVDF existed in this 

film. The free surfaces of PVDF/SPI films also showed similar morphological differences 

(Fig.45). Compared to highly porous surface of SPI-60°C film, the SPI-90°C and SPI-Sonic 

films showed smoother and less porous surfaces. Moreover, while the PVDF spherulites could be 

(c) 

(b)

10um 

(d)

(a) (a) 
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easily observed in SPI-90°C and SPI-Sonic films, the growth of PVDF spherulites was disrupted, 

due to the interactions between PVDF and 60°C-denatured SPI (Fig.45). The distinctive fracture 

surfaces of different PVDF/SPI films in Fig.44 suggested that PVDF/SPI interactions could be 

easily altered by denaturation treatment of SPI. Obviously, SPIs denatured via different methods 

could form different aggregated structures upon the removal of these denaturation conditions, 

leading to various interactions with PVDF matrix. 

 

Figure 45. Morphologies of free surfaces of PVDF/SPI films: (a) SPI-60°C; (b) SPI-Sonic; (c) 
SPI-90°C; (d) SPI-SDS; (e) SPI-2ME 

 
X-ray diffraction was applied to characterize crystalline structures of PVDF in the films, as 

shown in Fig.46. There are several crystalline phases of PVDF determined by different chain 

conformation [169]. Among them, non-polar α phase and polar β phase are the most common 

PVDF crystal phases. Both crystal phases were observed on the XRD spectra in Fig.46 (α phase: 

18.7°, 20.3°, 39.1°; β phase: 20.7°, 36.4°). The crystallinity of the films and the fraction of β-

phase, F(β), were calculated accordingly, as listed in Table 8. Pure PVDF film had the highest 

50µm 50µm 50µm 

50µm 50µm 

(a) (b) (c) 

(d) (e) 
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crystallinity. The presence of SPI always reduced the crystallinity of PVDF, regardless of 

denaturation conditions. However, the degree of crystallinity reduction was clearly related to SPI 

denaturation conditions. PVDF phase in SPI-90°C film had higher crystallinity than in the other 

two films. Moreover, the PVDF/SPI interactions did not always favor the formation of (002) 

plane (39.1°) and (020)/(101) planes (36.4°), both diffraction peaks were hardly observed in SPI-

90°C and SPI-Sonic films. 

 

Figure 46. XRD spectra of PVDF/SPI films containing physically denatured SPIs 

TABLE 8 

Crystallinity and β-phase Fraction of PVDF/SPI Films with Physically Denatured SPIs  

 
PVDF SPI-60°C SPI-90°C SPI-sonic

Crystallinity (%) 34.1 20.7 27.6 21.2 

Fraction of β-phase F(β) according to XRD (%) 48.7 46.3 54.5 59.3 

Fraction of β-phase F(β) according to FTIR (%) 66.2 58.1 68.7 73.0 
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SPI phase also affected β-phase transformation in PVDF polymer. Depending on the 

denaturation conditions, SPI could either favor or hinder the formation of β-phase during 

crystallization. F(β) of SPI-60°C film was slightly lower than that of PVDF, while 90°C-

/sonication-denatured SPI favored the formation of β-phase. The same effects of the SPI phases 

on the fraction of F(β) were also confirmed by FTIR analysis (Table 8 and Fig.47) using the 

method introduced in Ref. [236]. The vibration bands at 764 and 1230 cm-1 were assigned to α 

crystal structure of PVDF, while peaks at 840 and 1275 cm-1 were attributed to β phase.  In order 

to determine F(β), the following equation is applied: 

( )
1.26

X A
F

X X A A
 

   

  
 

                                         (1) 

where Xα and Xβ are crystalline mass fraction of α- and β-phase, Aα and Aβ are their absorption 

bands at 763 and 839 cm-1, respectively. The results were listed in Tables 8 and 9. Although the 

absolute values of the β-phase fractions F(β) calculated via FTIR spectra were not the same as 

XRD results, because of different analysis mechanisms, similar variation trend was found. The 

variation of crystallinity and F(β) further verified modified PVDF/SPI interactions via different 

SPI denaturation processes.  

Table 9 lists the crystal structure information of PVDF/SPI films, including d-spacing (d) and 

Full Width at Half Maximum (FWHM) of the crystal peaks. The d-spacing, i.e. the distance 

between parallel crystal planes, was calculated via Bragg’s law (Equation (2)) [237, 238]. The 

FWHM indicated the thickness of the crystalline domains along the crystal plane orientation, as 

shown in Scherrer equation (3) [239, 240]. 
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Figure 47. FTIR spectra of PVDF/5wt% SPI films 

 / 2sind                                                            (2)  

    
0.9

cosFWHM
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where, 2  is the incident angle, and   is the wavelength of the incident X-ray (1.5406 A°),   

is the thickness of the crystalline phase. Obviously, the PVDF/SPI interactions did not cause 

significant variation of d-spacing, while the thickness of certain crystalline planes had high 

sensitivity to the variation of such interactions, as shown in Table 9.   

TABLE 9 

Crystal Structure Information of PVDF/SPI Films with Physically Modified SPIs 

Crystal 

phase 

2θ 

() 

Crystal 

Plane 

PVDF SPI-60°C SPI-90°C SPI-Sonic 

d FWHM d FWHM d FWHM d FWHM

α-

phase 

18.7 100 4.77 0.54 4.85 1.05 4.73 0.39 4.72 0.46 

20.3 021 4.40 0.73 4.41 0.82 4.35 0.92 4.32 0.86 

39.1 002 2.28 2.60 2.28 2.26 2.29 1.84 2.27 2.46 

7001200170022002700

Wave number (cm‐1)

PVDF

SPI‐60°C

SPI‐90°C

SPI‐sonic

7001200170022002700
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TABLE 9 (continued) 

Crystal 

phase 

2θ 

() 

Crystal 

Plane 

PVDF SPI-60°C SPI-90°C SPI-Sonic 

d FWHM d FWHM d FWHM d FWHM

β-

phase 

20.7 110/200 4.32 1.26 4.34 1.42 4.24 1.28 4.26 1.57 

36.4 020/101 2.47 1.06 2.47 0.42 2.46 1.66 2.45 1.06 

 

4.4. Microstructures of PVDF/SPI Films with Chemically Denatured SPIs 

The morphologies and structures of PVDF/SPI films were further modified via SPIs 

denatured with chemical agents. SDS and 2-ME were chosen to denature SPI in this study. SDS 

is an anionic surfactant that is able to denature secondary and non-disulfide tertiary structures of 

proteins [241]. 2-ME can disrupt the disulfide bonds found between thiol groups of the protein 

complexes, and break the disulfide-linked high order protein-oligomers [242]. Both agents are 

important denaturation agents in protein research. 

To reveal the morphological and structural changes of the films caused by distinctive 

PVDF/SPI interactions, the morphologies and crystal structures of PVDF modified by SDS and 

2-ME were studied first.  Fig.48 shows the fracture surfaces of both PVDF films and PVDF/SPI 

films. Both SDS and 2-ME caused PVDF to form isotropic sponge-like porous structures 

constructed by PVDF knobs connecting with each other, as shown in Figs.48a and c, respectively. 

The formation of porous structures should follow phase inversion mechanisms [167, 174], 

however, they were not exactly the same: PVDF-SDS film consisted of numerous small knobs 

with a diameter of about 5 μm (inserted figure in Fig.48a); in contrast, PVDF-2ME film had a 

multilevel porous morphology, in which larger PVDF knobs around 10 µm were observed, with 

smaller pores (2-3 µm) on the surfaces of these knobs (Fig.48c).   
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Figure 48. SEM images of chemical agents modified PVDF/SPI films: (a) PVDF/SDS; (b) SPI-
SDS; (c) PVDF/2ME; (d-e) SPI-2ME. Inserted figures are images with low magnifications 
 

The phase morphologies of both PVDF-SDS and PVDF-2ME films were completely altered 

because of interactions between PVDF and chemically denatured SPIs. SPI-SDS film had a 

smooth, solid surface without any noticeable porous structures (similar to SPI-90oC in Fig.44), as 

shown in Fig.48b. It seemed that SPI denatured by SDS had rather good compatibility with 

PVDF matrix. On the contrary, SPI-2ME film showed a rough surface consisting of a large 

number of knobs smaller than 5 µm (Fig.48d). Moreover, different from the knobs with surface 

pores observed in PVDF/2ME film (Fig.48c), their surfaces were covered by papilla-like 

structures with a size of several hundred nanometers, resembling to broccoli head, as shown in 

Fig.48e; meanwhile, phase separation could be easily observed in SPI-2ME film, and large SPI 

aggregates existed in the films, with very poor compatibility with PVDF. The largely different 

morphologies of PVDF-chemically denatured SPI films again proved the distinctive PVDF/SPI 

interactions, and their significant roles in tuning phase morphologies. 
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Figure 49. XRD spectra of PVDF/SPI films with chemically denatured SPIs 

Fig.49, Tables 10 and 11 summarizes crystal structure information of PVDF/chemically 

denatured SPI films via both XRD and FTIR analysis. It can be seen that, both SDS and 2-ME 

led to lower PVDF crystallinity than original PVDF film (34.1%, as listed in Table 8); similar to 

physically denatured SPIs, SPIs denatured by SDS and 2ME affected thickness of certain crystal 

planes and F(β), while d-spacing barely changed. The PVDF/SPI interactions further modified 

the crystal structures in opposite ways. In SPI-SDS film, the PVDF crystallinity increased, 

compared with PVDF-SDS film, whereas, the PVDF crystallinity decreased to 0 in SPI-2ME 

film, meanwhile, the suppression of formation of (002) plane (39.1o) and (020)/(101) planes 

(36.4o) was obvious  in SPI-2ME film. This also suggested that the knobs covered by papilla-like 

structures observed in Fig.48(d-e) and spherical structures on the film surface (Fig.45e) did not 

belong to PVDF crystallites. 
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TABLE 10 

Crystallinity and β-phase Fraction of PVDF/SPI films with Chemically Denatured SPIs 

 
PVDF-SDS SPI-SDS PVDF-2ME SPI-2ME 

Crystallinity (%) 20.3 30.8 25.7 0 

Fraction of β-phase F(β) 

according to XRD (%) 
47.3 51.9 45.0 - 

Fraction of β-phase F(β) 

according to FTIR (%) 
60.4 65.2 57.8 - 

 

TABLE 11 

Crystal Structure Information of PVDF/SPI Films with Chemically Denatured SPIs 

Crystal 

phase 

2θ 

() 

Crystal 

Plane 

PVDF-SDS SPI-SDS PVDF-2ME SPI-2ME 

d FWHM d FWHM d FWHM d FWHM 

α-

phase 

18.7 100 4.76 0.50 4.75 0.40 4.80 0.57 - - 

20.3 021 4.41 0.80 4.39 0.82 4.40 0.82 - - 

39.1 002 2.30 2.48 2.29 1.95 2.29 2.30 - - 

β-

phase 

20.7 110/200 4.33 1.19 4.32 1.30 4.35 0.88 - - 

36.4 020/101 2.47 1.14 2.44 1.56 2.46 0.74 - - 
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4.5. Fluorescence Analysis of PVDF/SPI Films 

 

Figure 50. Fluorescence images of PVDF/SPI films: (a) SPI-60°C; (b) SPI-90°C; (c) SPI-Sonic; 
(d) SPI-SDS; (e) SPI-2ME 

 
Fig.50 presents fluorescence images of PVDF/5wt%SPI films. In the fluorescence images, the 

bright areas indicated the presence of fluorescent SPI, while the dark area was PVDF matrix 

which did not possess fluorescence. The brighter areas indicated higher concentrations of SPI. 

The morphological differences of SPI phases were obvious, depending on the denaturation of 

SPI and resulting PVDF-SPI interactions, in two ways: (1) different sizes of SPI aggregates and 

(2) different “solubility” (background fluorescence) of SPI in PVDF. In terms of the size of SPI 

aggregates, the largest aggregates were easily found in SPI-2ME film with very high fluorescent 

intensity (Fig.50e). Meanwhile, in contrast to the fluorescent SPI aggregates, the background 

fluorescence of SPI-2ME film was weak, suggesting low content of SPI in PVDF matrix. Similar 

dark background was found in SPI-Sonic films (Fig.50c). However, in SPI-Sonic films, large SPI 
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aggregates were hardly observed, instead, a large number of small and medium size SPI 

aggregates existed. The size reduction of SPI by ultrasound treatment has been reported [243].  

Comparing SPI-60oC film and SPI-Sonic film (Table 8, Fig.44 and Fig.50), the differences in 

their phase morphologies of both PVDF and SPI suggested that sonication treatment did not 

simply reduce the size of SPI, but more complicated structural changes of SPI had occurred, 

leading to different PVDF-SPI interactions, which eventually caused largely different phase 

morphologies and crystal structures of the films. 

In terms of “solubility” of SPI in PVDF, SPI-SDS film showed fluorescence throughout the 

entire film (Fig.50d). Specifically, while the SPI aggregates were easily observed due to the 

fluorescence, the background fluorescence was also clear, suggesting that, in addition to forming 

aggregates, a significant portion of SDS denatured SPI “dissolved” in PVDF matrix. This might 

also cause the low concentration of SPI in those aggregates with moderate fluorescence (Fig.50d) 

Compared with SPI-2ME film (Fig.43e and Fig.50e), the interactions between PVDF and SDS 

denatured SPI certainly favored a good compatibility and miscibility between PVDF and SPI. 

Similar apparent background fluorescence was also found in SPI-90oC film (Fig.50b).  

4.6. FTIR Analysis of Secondary Structures of SPIs 

FTIR spectra of PVDF/SPI films were further analyzed to study the secondary structures of 

SPI caused by denaturation treatment and PVDF/SPI interactions. Fig.47 showed the FTIR 

spectra of PVDF/5wt%SPI films with SPI denatured under various conditions. The peaks at 1640 

cm-1 and 1535 cm-1 correspond to the amide I and amide II band of protein, respectively. The 

amide I band mainly originated from the C=O stretching vibration of the polypeptide backbone, 

which was often used to monitor the conformational changes of secondary structures of proteins 

[244]. In order to investigate the variation of the secondary structures, Fourier self-deconvolution 
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technique was carried out on the amide I band by Gaussian curve fit. The fractions of secondary 

structures of SPI in PVDF/SPI films are summarized in Table 12.  

Compared with as-received SPI powder, the denaturation and PVDF/SPI interactions 

certainly affected the secondary structures to different degrees. Except in SPI-90oC film, the 

portion of random conformation was reduced in all other films, with the largest reduction found 

in SPI-Sonic and SPI-2ME films. Particularly, in SPI-Sonic film, such a reduction was largely in 

favor of α helix conformation, while in SPI-2ME film, the high fraction of β turn conformation 

should be a result of this reduction. Both SDS treatment and heat denaturation, as well as the 

interactions between resulting denatured SPIs and PVDF favored β sheet conformation in the 

protein structures, instead of β turn conformation. Although the detailed interaction mechanisms 

and protein structures are still unclear, the significant roles of diverse PVDF/SPI interactions in 

both phase morphologies and structures of SPI were recognized by fluorescence analysis and 

secondary structure analysis. 

TABLE 12 

Secondary Structure Analysis of SPI in PVDF/SPI Films via Self-deconvolution 

Wavelength 

(cm-1) 
Structure 

SPI  

powder 
SPI-60°C SPI-90°C SPI-Sonic SPI-SDS SPI-2ME 

1620, 1631, 

1683 
β-sheet 29.9%±0.3% 32.5%±0.5% 33.4%±2.2% 30.8%±3.0% 38.1%±4.2% 30.3%±2.4% 

1644 random 22.9%±0.1% 19.8%±0.3% 23.8%±1.2% 17.3%±0.8% 20.7%±1.8% 17.4%±0.9% 

1657 α-helical 21.6%±0.04% 23.6%±1.0% 23.1%±1.7% 27.1%±1.6% 21.9%±0.9% 23.6%±1.3% 

1670 β-turn 25.6%±0.1% 24.1%±0.8% 19.7%±1.3% 24.8%±1.4% 19.4%±0.7% 28.7%±2.0% 
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4.7.  Discussion on PVDF-SPI Interactions 

The results and analysis above clearly validate the diverse and complex PVDF-SPI 

interactions, as evidenced by distinctive microstructures of PVDF/SPI films. The most 

remarkable change in the PVDF/SPI films is the formation of distinctive porous structures. 

Although the poor compatibility between denatured SPIs and PVDF was observed in these 

porous structures, the uniqueness of these porous structures indicated that it was not sufficient to 

simply use compatibility to demonstrate such complicated interactions and resulting structures.  

Among five types of PVDF/SPI films in this study, SPI-60oC, SPI-Sonic and SPI-2ME films 

showed porous structures. The porosity generally came from two sources. The major source 

should be related to the phase inversion process in the fabrication of solid films via thermally 

drying casted solution films. DMSO is a good solvent for PVDF polymer, and the drying of 

PVDF/DMSO gave us a solid phase morphology (Fig.44d). PVDF-SPI interactions in these 

solutions, as well as the existence of 2-ME in DMSO would expect to cause different 

crystallization behaviors of PVDF from solutions, as well as the mass transfer of PVDF from 

liquid phase to solid phase, both thermodynamically and kinetically [167, 174, 245, 246]. The 

different crystallization behaviors of PVDF was partially proved by the modified crystal 

structures as discussed above. Another source for the porosity is the compatibility between 

PVDF and SPI. The poor compatibility, as evidenced by the large gaps between SPI aggregates 

and matrix, also contributed to the porosity. Such poor compatibility might imply a more 

repulsive nature of the interactions between PVDF and SPIs denatured by sonication and 2-ME, 

when drying the casted solution films, which caused the separation between PVDF phase and 

SPI phase. However, such poor compatibility is believed to relate to different interaction 

mechanisms, because of the dissimilar phase morphologies (Fig.44b and Fig.48d). Clearly, in 
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both SPI-Sonic and SPI-2ME films, the majority of SPI existed in SPI aggregates, and the 

portion of SPI “dissolved” in PVDF matrix (according to background fluorescence in Fig.50) 

was slight. On the contrary, SPIs denatured at 90°C and by SDS, respectively, seemed to favor 

more attractive PVDF-SPI interactions, with good compatibility and miscibility between them 

being observed, according to both SEM images and fluorescence images.  

Regardless of the types of interactions, PVDF-SPI interactions generally reduced the 

crystallinity of PVDF phase, with an exception in SPI-SDS film (compared with PVDF-SDS 

film). Particularly, in the SPI-2ME film, the crystallization of PVDF was greatly prohibited 

(Fig.49) during drying of casted solution film, suggesting that mass transfer from liquid phase to 

solid phase was faster than nucleation of PVDF crystals, because of interactions between PVDF 

and 2-ME denatured SPI. Obviously, it is the opposite case in SPI-SDS film (Table 10). While 

SDS disrupted the crystallization of PVDF, the interaction between PVDF and SDS-denatured 

SPI certainly favored crystallization of PVDF. Moreover, comparing two groups of PVDF/SPI 

films with porous and non-porous structures, SPI-90oC film and SPI-SDS film with non-porous 

structures possesses higher crystallinity than the porous films, implying that more attractive 

interactions between PVDF and SPI had less negative effects on crystallization of PVDF. 

4.8. Dielectric Polarization and Hysteresis Analysis 

As mentioned above, PVDF is a ferroelectric polymer, and have some dielectric energy 

storage application in battery and capacity devices. In order to verify the effects of SPI 

aggregations on the dielectric property changes of PVDF, we measured the ferroelectric 

polarization performances of PVDF/SPI films via high voltage monopolar hysteresis method.  
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Figure 51. A typical hysteresis monopolar loop 

 

Figure 52. Hysteresis monopolar loops of PVDF/SPI films 
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Figure 53. (a) Hysteresis polarization and (b) energy performance of PVDF/SPI films 

Fig.51 shows a typical hysteresis monopolar loop. The monopolar loop consists of two curves: 

the charging curve where the samples are charged by external electric field from 0 to maximum 

(180kV/cm in this study); and the discharging curve where the external electric field is reduced 

back to 0. The area A+B represents the whole dielectric energy stored by the material during 

charging process, while the area B represents the total released dielectric energy by the material 

during discharging process. The area A represents the dielectric energy loss in the charging-

discharging cycle. Besides, the hysteresis loop also reveals the polarization properties of the 

material, for instance Pmax is the polarization value of the films at max electric field, which 

indicated the potential of the film to store dielectric energy, and Pr is the remnant polarization 

when electric field reduces to 0 during discharging, representing total irreversible dipoles during 

charging-discharging process. Fig.52 presents the monopolar hysteresis loops of PVDF/SPI films 

under the maximum electric field of 180kV/cm. The detailed hysteresis polarization 

performances were compared accordingly, as shown in Fig.53. It can be seen from Fig.52 and 53 

that, the dielectric hysteresis performances were diversely tuned by different SPI aggregations. 

On one hand, SPI-2ME and SPI-Sonic had largely promoted Pmax, suggesting potentials to store 

(a) (b) 
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dielectric energy. Pr of the two films, on the other hand, were also increased, meaning larger 

portion of dipoles oriented by external electric field during charging process didn’t switch back, 

leading to dielectric energy consumption/wasting. Meanwhile, in the case of SPI-60°C and SPI-

SDS film, SPIs lowered both Pmax (by ~13%) and Pr (by ~67%) comparing with PVDF. Last but 

not least, 90°C denatured SPI could improve the Pmax without increasing Pr. Therefore, the SPI-

90°C showed the best overall hysteresis energy performances with relatively low Pr and the 

largest Pmax. The tuning functions of SPI aggregations can be explained with several reasons. 

Firstly, SPI aggregations altered the fraction of β crystal phase F(β) of PVDF, as analyzed by 

XRD and FTIR, so as to influence the dielectric properties. β phase of PVDF is a polar structure 

with high polarization. With the growth of F(β) by 90°C, 2-ME and sonication, Pmax of the three 

samples was consistently increasing; conversely, 60°C denatured SPI slightly decreased F(β), 

causing the decline of polarizations. Secondly, SEM and fluorescence images proved that 90°C 

denatured SPI had very good compatibility with PVDF matrices. Thus, the interfacial quality 

between SPI and PVDF was improved, and consequently, Pr and energy consumption of the film 

were reduced, and the overall dielectric performances were promoted. Sonication and 2-me 

denatured SPI showed the opposite case: with bad compatibility between PVDF and SPI, higher 

Pr was obtained. 

4.9.  Dielectric Relaxation Spectroscopy Analysis 

To further explore SPI-polymer interactions, the dielectric relaxation spectroscopy (DRS) was 

applied to analyze PVDF/SPI films. Dielectric relaxation phenomena of polymers/composites 

can provide a better point of view of the structure-property relationships at the microscopic level. 

In other words, in order to relate the macroscopic properties of polymers/composites with 

molecular structures/morphologies, it is useful for us to understand the molecular motions or 
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dynamics of these materials in response to various applied fields [221]. The magnitude and 

frequency location of different relaxation peaks reflect the dynamic relaxation motions of 

polymer/composite associated with various mechanisms depending critically on physical and 

chemical nature of the material [247]. Therefore, frequency-dependence dielectric relaxation 

spectroscopy is usually considered as an effective technique to investigate molecular dynamics 

of polymers and composites [248]. In this part, the dielectric relaxation behaviors of PVDF/SPI 

films as a function of frequency and temperature were studied.  

Typically, the dielectric permittivity (dielectric constant, ε’), dielectric loss (ε”) and loss 

factor tan







 of the materials can be measured via LCR meter, as shown in Fig.54. However, 

in general, in the systems with low conductivity, such as polymeric materials, the dielectric 

permittivity and loss will increase rapidly, when testing frequency reaches very low level, due to 

electrode polarization. The effect of electrode polarization often masks the low frequency 

material relaxation. Therefore, to overcome the electrode polarization effect and to reveal the 

real low frequency relaxation that are rooted from physical nature of the materials, electric 

modulus formalism was employed [168, 221]. The electric modulus is defined by the Equation 

(4): 

*
* 2 2 2 2

1
, ,M M M

 
    

 
   

    
                                 (4) 
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Figure 54. Dielectric constant and loss factor tan δ of PVDF/SPI films: (a, b) PVDF; (c, d) SPI-
60˚C, (e, f) SPI-90˚C, (g, h) SPI-Sonic, (i, j) SPI-SDS, (k, l) SPI-2ME 

 

(b) (a) 

(c) (d) 

(e) (f) 
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Figure 54 (continued) 
 

where, M   and M   are the real and the imaginary parts of electric modulus respectively,    

and    are the real and the imaginary parts of dielectric permittivity, respectively. The 

(g) (h) 

(i) (j) 

(k) (l) 
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interpretation of relaxation phenomena via the electric modulus formalism offers some 

advantages upon other methods. For instance, large variations in the dielectric permittivity and 

loss at low frequencies and high temperatures are minimized; dielectric relaxations related to the 

electrode nature, the electrode-specimen contact, and the injection of space charges and absorbed 

impurities can be neglected [249, 250]. 

Fig.55 showed the M” of PVDF/SPI films as a function of frequency and temperatures ranged 

from 20-180˚C. It can be seen that, dielectric relaxation behaviors of the PVDF/SPI films were 

sensitive to differently denatured SPIs, including the varied amplitude of M” among different 

PVDF/SPI films, and the various temperature dependence of relaxation frequencies. 

In general, some similar phenomena were observed. At low temperature region (< 100˚C), 

two relaxations were shown. The relaxation at >106 Hz (circled in red in Fig.55a) was related to 

the glass transition relaxation of PVDF and was denoted as αa relaxation, which was related to 

glass transition of PVDF polymer [251, 252]. The frequency and temperature limit of 

instruments constraints the full view of αa relaxation. Meanwhile, the relaxation at low frequency 

(< 1Hz) (circled in black in Fig.55a) was a combination of two different relaxation behaviors, i.e. 

αc relaxation and Maxwell–Wagner–Sillars (MWS) polarization, which was related to the 

crystalline structures and heterogeneity properties of the material, respectively. These 

mechanisms will be discussed in detail in this section. Furthermore, as temperature elevating, the 

αa relaxation peak completely shifted out (towards higher frequency direction) of the testing 

range of instruments, while the relaxation peak originally at low frequency (< 1Hz) shifted to 

high frequency (in blue arrow direction in Fig.55a). Especially, at around 120-140˚C (depending 

on different SPI denaturation conditions), a significant increase in the intensity of low frequency 

relaxation occurred in all films. When testing temperature reached 160˚C (onset melting 
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temperature of PVDF polymer [253]), the relaxation peak could be fully observed. However, 

according to the discussion in the following sections, it was found that such a shift was also 

contributed by conduction relaxation mechanism, related to high temperature.   

     

    

    
Figure 55. M” of PVDF/SPI films under temperatures from 20 to 180˚C: (a) PVDF, (b) SPI-60˚C, 

(c) SPI-90˚C, (d) SPI-Sonic, (e) SPI-SDS, (f) SPI-2ME 

(a) 
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(f) 
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In order to further understand the influences of temperature on the relaxation behaviors, M” 

as a function of temperature at 10, 100, 1k and 10 kHz, respectively, are presented in Fig.56. 

Two relaxation peaks were observed. The first one is located at around 100-120˚C. This result 

was consistent with the findings in Fig.55, that is, the intensity of M” value increased 

dramatically at this temperature range, especially in low frequency region. Especially, SPI-2ME 

film showed a relaxation peak at around 100-120˚C at 1k and 10 kHz (Fig.56(c, d)), but not at 10 

or 100Hz (Fig.56(a, b)); where in PVDF film, that peak was only shown in 10 and 100Hz. 

Another relaxation peak was seen at higher temperature (160-180˚C), which was mainly 

contributed by conductivity relaxation and MWS polarization. Relaxation mechanisms of each 

peak were investigated in the following part. In addition, the peak intensities of different films 

also varied significantly, depending on denaturation conditions of SPI, which suggested the 

various dipole mobilities in the films. In all frequency and temperature range, the curves of 

PVDF film had large intensities, indicating high dipole mobilities. On the contrary, SPI-60˚C 

tended to have relatively small peak intensity.  

The relaxation behaviors of PVDF and PVDF/SPI films as a function of frequency at 20, 140 

and 180˚C are compared in Fig.57, in which M”/M”max vs. Temperature curves are presented. 

When temperature elevated (up to around 140˚C, which was just lower than melting temperature 

of PVDF), the low frequency relaxation, that was previously laid lower than the testing 

frequency range (circled in black in Fig.55), started to shift into the testing range and became 

observable, except for SPI-60˚C and SPI-Sonic films. In the meantime, αa relaxation peak 

completely shifted out of testing range (towards higher frequency). As temperature kept 

increasing to 180˚C, the low frequency relaxation peaks seemed fully revealed. Compared with 

pure PVDF, relaxation peaks of SPI-60˚C and SPI-Sonic films located at lower frequency region 
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Figure 56. M” of PVDF/SPI films as a function of temperature at (a) 10, (b) 100, (c) 1k, and (d) 
10kHz 

 
with narrower peaks; whereas, SPI-90˚C and SPI-2ME films had much boarder peaks. SPI-SDS 

films laid in between above two situations. The peaks below 140˚C consisted of two relaxation 

behaviors, i.e. αc relaxation and MWS polarization [168, 254]. αc relaxation was related to the 

molecular movement of the polymer chains in the crystalline region due to orientation of the 

dipoles [255]. In a different study, αc relaxation was related to the molecular motion of various 

imperfections: chain loops at the lamellar surface, chain rotations and twisting within the interior 

of the crystals [256]. MWS polarization, also known as interfacial polarization, usually occurs at 

the interface between different material structures (heterogeneous materials), caused by 

separated charges accumulating at the internal phase boundaries [247, 257]. In this study, PVDF 

αc αc 

αc 

(c) 

(a) (b) 

αc 

(d) 
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is a semi-crystalline polymer, where the crystalline regions are dispersed in amorphous matrix 

and MWS relaxation occurs due to the differences in the conductivity and dielectric properties of 

the crystalline and amorphous phases [258]. PVDF/SPI films, as heterogeneous materials, also 

favor the forming of interfacial polarization, due to the properties differences between PVDF and 

SPI. At temperature higher than 140˚C, melting point of PVDF, since the crystalline structures 

no longer existed, αc relaxation was absent, too [259]. Instead, a new relaxation mechanism, that 

is, conductivity relaxation took place. The conductivity relaxation peak symbolizes the transition 

from the long range to short range mobility of charge carriers (catalyst, impurities, etc.) along 

conductivity paths [260]. To clearly illustrate the merged conductivity relaxation and MWS 

polarization, the normalized M” curves of PVDF/SPI films, i.e. M”/M”max vs. f/fmax are plotted in 

Fig.57d, where fmax is the frequency of the maximum M”. Notably, a shoulder-like relaxation 

peaks emerged in SPI-60˚C and SPI-Sonic films in the frequency region below fmax, as well as in 

SPI-90˚C film in the region above fmax, compared with PVDF film. This shoulder-like relaxation 

further proved the MWS polarization behavior. 

In order to separately study the two relaxations, Gauss peak-fitting techniques were applied, 

as shown in Fig.58, where relaxation curves below 140˚C were divided into three peaks: MWS, 

αc relaxation, and αa relaxation; and that above 140˚C were divided into two peaks: conductivity 

relaxation and MWS. Detailed information of fitted relaxation peaks at 20, 140 and 180˚C, 

including M” ratio between two different relaxation behaviors, and relaxation frequency of each 

relaxation mechanism, were compared in Fig.59, and 60, respectively. It can be seen that: (1) as 

shown in Fig.59 (a, c) and Fig.60a, at all testing temperatures, MWS relaxation located at lower 

frequency side than αc or conductivity relaxation in all sample, indicating MWS relaxation was 
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more difficult to be activated, and required more relaxation time (
1

f
  ); (2) at lower testing 

temperatures (≤140˚C), M” ratios were smaller than 1 (Fig.59(a, c)), proving MWS relaxation 

remained dominant relaxation mechanism in all films, with larger peak amplitude than other 

relaxation mechanisms; (3)  At 20˚C (Fig.59 (a, b)), with the addition of SPIs, the contributions 

of MWS peaks reduced, and αc relaxation became stronger, although it was still not as strong as 

MWS. Besides, both relaxations shifted slightly toward higher frequency region, which 

suggested that SPIs favored both relaxation motion processes, leading to the decrease of  

    

   

Figure 57. M”/M”max of PVDF/SPI films at (a) 20˚C, (b) 140˚C and (c) 180˚C; (d) normalized 
frequency dependence of M” for relaxation peak at 180˚C 

180˚C

(c) 

20˚C 

(b) (a) 

140˚C 

(d) 180˚C
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relaxation time ; (4) When the films were heated up to high temperature (before melting of 

PVDF, Fig.59 (c, d)), the αc relaxation in PVDF and SPI-90˚C films were significantly increased, 

with respect to MWS relaxation, where M” ratios were very high, suggesting the contributions of 

αc relaxation were close to MWS. On the contrary, in other four films, the MWS relaxation 

became even more dominating by adding SPIs, while αc relaxation seemed suppressed. This 

indicated that, SPI denatured via 60˚C heat treatment, sonication, and chemical agent, 

respectively, would promote the interfacial polarization and hindered αc relaxation. However, the 

relative frequency position remained the same, that is, αc relaxation was always faster than MWS 

relaxation. Especially, in SPI-2ME film, frequency of αc relaxation was much higher than the 

others; (5) At 180˚C  (higher than melting point of PVDF polymer Tm = ~171˚C (provided by 

sigma-aldrich)) (Fig.60), conductivity relaxation in PVDF, SPI-90˚C and SPI-2ME became the 

dominating relaxation mechanism, and it contributed more than the MWS relaxation to the total 

relaxation behavior. Moreover, both relaxation mechanism in SPI-60˚C, SPI-90 ˚C and SPI-

Sonic melts were slower than in PVDF, whereas, SPI-2ME film had faster relaxations, 

suggesting the distinctive roles of various PVDF-SPI interactions in dielectric relaxation.  

     

Figure 58. Peak-fitting examples of PVDF at (a) 20˚C, and (b) 180˚C 

20˚C 

(a) 
(b) 
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Figure 59. M” ratio of αc relaxation over MWS, and frequency of each relaxation peaks at (a, b) 
20˚C, and (c,d) 140˚C 

 

   

Figure 60. (a) M” ratio of conductivity relaxation over MWS, and (b) frequency of each 
relaxation peaks at 180˚C 

(a) (b) 

(c) (d) 

(a) (b) 
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4.10. Summary 

PVDF/SPI films were prepared via solution-casting method, with SPIs denatured under 

different conditions. The denatured SPIs played a critical role in defining microstructures of 

PVDF/SPI films, according to SEM, XRD, CLSM and FTIR analyses. The modifications of 

dielectric properties of PVDF by SPIs were verified by dielectric hysteresis results and dielectric 

relaxation behaviors. Largely different phase morphologies and crystal structures of PVDF/SPI 

films were direct proofs of the diverse and complex interactions between PVDF and denatured 

SPIs. SPI-SDS and SPI-90°C films exhibited solid nonporous structures with dissimilar 

morphologies of SPI phases, while SPIs denatured at 60˚C, by sonication and 2ME, respectively, 

led to distinctive porous structures and poor PVDF-SPI compatibility. Crystal structures of 

PVDF were also influenced by denatured SPIs. A remarkable reduction of crystallinity of PVDF 

was observed, depending on the PVDF-SPI interactions. SPIs can tune the dielectric hysteresis 

properties of PVDF to meet various requirements, such as promoting efficiency of the material, 

improving the released dielectric energy, or reducing dielectric energy loss. DRS was found to be 

an effective tool to further explore the mechanisms of PVDF-SPI interaction. Relaxation 

behaviors of PVDF/SPI films were analyzed, where, below melting temperature of PVDF 

(~140˚C), αa, αc, and MWS relaxation were observed, and beyond melting temperature, PVDF 

possessed conductivity and MWS relaxation. Differently denatured SPIs caused various 

relaxation behaviors, which were directly related to the interactions between PVDF and SPIs. 

Denaturation of proteins exposed more hydrophobic protein structures to the surface, which 

could bind with hydrophobic PVDF polymer. However, the analysis of phase morphologies and 

interphase compatibility in this study suggested that, in addition to the compatibility issue, more 

complicated polymer-protein interactions should be addressed as well in favor of development of 
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new functional polymer/protein blends. This section revealed the critical roles of diverse 

polymer-protein interactions in tuning microstructures of PVDF/SPI blends, and provided new 

insights of modification of polymer materials by utilizing green protein-based materials. To 

successfully advance functional polymer/proteins blends in electronic, environment and 

biomedical applications, etc., profound studies on the detailed interaction mechanisms are still 

needed. 
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CHAPTER 5 

MODIFICATION OF PVDF VIA 2S FRACTION OF SPI  

5.1. Background 

Blending soy protein with synthetic polymers is a short-term, but effective solution for 

reducing dependence on petrochemicals. Soy protein has potential to be used as a functional 

material in an effort to modify the properties of polymeric materials, due to its diverse structures, 

functional groups and inter-/intra-molecular interactions [3, 4]. Soy protein was reported to be 

used to modify commercial synthetic latex adhesives (SLAs) [45], and it was found that soy 

protein could largely enhance the shear adhesive strength of the SLAs; meanwhile, the viscosity 

of the SLAs was significantly decreased, which benefited their wettability and 100rocessability. 

Shengzhe Yang et al. [52] utilized soy protein isolate (SPI) to modify poly(lactic acid) (PLA) 

polymer to improve its biodegradation property. According to their results, biodegradation of 

PLA was accelerated by increasing the amount of SPI, which was good news for environment 

protection. Moreover, soy protein was widely used in wound dressing applications via 

fabrication of polymer/soy protein blends [47, 50, 261], because it has good affinity to human 

skin and contains specific amino acids that are necessary for wound healing and tissue 

regeneration. 

     Soy protein consists of several fractions, characterized by their sedimentation constants, 

including 2S, 7S, and 11S with a molecular mass of approximately 18, 189 and 300 kDa, 

respectively [262, 263], among which, 7S and 11S fractions account for approximately 80 % of 

total protein content [264]. The low molecular weight 2S fraction has been investigated on its 

structures and properties [262, 265]. 2S fraction of soy protein was found to exhibit high surface 

hydrophobicity and good chain flexibility of the low molecular weight chains, providing it better 
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foaming and emulsification properties than the other two molecular fractions [262]. 2S fraction 

was also reported as trypsin inhibitor, which was used in biomedical[266, 267], biological [268, 

269], and food industry [270]. The research on 2S, however, was not as much as that on the other 

two fractions (7S, 11S), probably due to the fact that the amount of 2S protein was the smallest 

among these three major fractions. Nevertheless, compared with the other two fractions, 2S 

possesses high surface hydrophobicity and good chain flexibility, which may make it as a good 

candidate in modification of hydrophobic polymers. As far as we know, no research has been 

reported to investigate the applications of 2S fraction of soy protein in material science and 

engineering field.   

In this section, the potential of 2S fraction of soy protein as a green functional material 

modifier was explored. The 2S fraction was used to modify the structures and properties of 

poly(vinylidene fluoride) (PVDF) polymer. PVDF is a very important engineering plastic with 

high hydrophobicity, with broad applications in functional membranes [174, 271], and 

electronics [272] etc.. There are several crystalline phases of PVDF, among which, α (TGTG’) 

and β (TTTT) phases are the most common ones, where α phase is a non-polar phase, and β 

phase is highly polar with the largest spontaneous polarization [169]. When poled by an external 

electric field, PVDF is a ferroelectric polymer, with high dielectric constant and relatively low 

dissipation factor, making it a good candidate in capacitor and sensor applications [168]. 

Influences of the 2S fraction on the morphologies of PVDF were investigated via scanning 

electron Microscope (SEM) and confocal laser scanning microscopy (CLSM). Crystal structures 

of PVDF were studied via X-ray Diffraction (XRD) and Fourier Transform Infrared 

spectroscopy (FTIR). Because of high sensitivity of dielectric properties to variations of 

materials structures and interactions, the effectiveness of the 2S fraction as a material modifier 
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was evaluated by dielectric studies. Dielectric properties of PVDF and PVDF/2S films were 

investigated by both electric field dependent ferroelectric hysteresis analysis and frequency 

dependent impedance analysis. It was found that the 2S fraction could alter the crystallinity of 

PVDF polymer and crystallinity of β-phase, without causing noticeable changes in crystal size 

and d-spacing. The resulting PVDF/2S films showed enhanced dielectric polarization, as the 

concentration of 2S fraction of soy protein in PVDF matrix increased. The modification 

mechanisms were discussed. 

5.2. Materials and Sample Preparation 

PVDF polymer with a weight average molecular weight (Mw) of 534,000 g/mol was 

purchased from Sigma-Aldrich. Soy Protein Isolate (SPI, PRO-FAM 891) with high protein 

content (>90%) was generously donated by Archer Daniels Midland (ADM). 

In order to separate 2S fraction from SPI, a two-step procedure was applied. To begin with, 

SPI was denatured in Dimethyl sulfoxide (DMSO) solvent at 60°C for 4 hours under magnetic 

stirring. 4 hours later, an opaque suspension of SPI in DMSO was obtained, containing both 

dissolved protein content and solid phases. And then, the suspension was filtered to remove all 

solid phases, and a clear solution was collected. The protein content in the clear solution was 

analyzed using the sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

method. The SDS-PAGE analysis showed that in the clear solution, the dominant component of 

the protein content is 2S fraction, as shown in Fig.61.  

It showed that the dominant composition in the clear protein solution was 2S fraction of soy 

protein (circled region). It is necessary to address here that the fractions marked in the circle did 

not belong to acidic/basic subunits of 11S fraction of soy protein, although they showed the 

similar SDS-PAGE profiles.  This is because, in 11S fraction of soy protein, these subunits are 
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linked via a covalent disulfide bond. To obtain similar SDS-PAGE profile, denaturation 

treatment that can break this covalent bond is needed. In this study, the simple and mild 

denaturation condition was not able to accomplish this, therefore, the independent acidic and 

basic subunits of 11S fraction were not expected in the collected clear protein solution. 

 

Figure 61. SDS-PAGE profiles of (1-5) pristine soy protein isolate; and (6-8) soy protein content 
in clear protein solution collected in this study. The numbers shown in the line are the molecular 

weights (kDa) 
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PVDF powder was added to the 2S solutions with measured weight ratios, as listed in Table 

13. After mixing at 60˚C for 2 hours, uniform PVDF/2S solutions were obtained. Followed by 

degassing the PVDF/2S solutions for 30 mins via bath sonication (Branson 2510), the PVDF/2S 

films were made via solution-casting method and dried at 100°C for 10 hours. The resulting 

PVDF and PVDF/2S films possessed a thickness of ~ 55μm. 

TABLE 13 

Sample Designation Based on the Content of 2S Protein in PVDF 

Sample Designation 2S content (wt%) 

PVDF 0 

2S-2 2 

2S-6 6 

2S-10 10 

 

5.3. Morphologies of PVDF/2S Films 

Fig.62a-c are the SEM images of the fracture surfaces of PVDF/2S films. It can be seen that, 

the fracture surfaces of the films did not show obvious differences as 2S fraction increased. In 

2S-6 and 2S-10 films, phase separation was easily observed: circled areas in Fig.62b-c were 

separated 2S phases with a smoother fracture surface in contrast to PVDF matrix. Despite the 

phase separation, the interfaces between 2S phase and PVDF matrix had decent quality, with no 

gaps observed, suggesting good compatibility between 2S phase and PVDF polymer. Native 

protein structures have a hydrophilic surface and hydrophobic core [273, 274]. In this section, 2S 

fraction of SPI was fully denatured in DMSO, leading to a clear solution and exposing all 

hydrophobic groups to hydrophobic PVDF polymer. According to the good compatibility in 

Fig.62b-c, the hydrophobic interactions between PVDF and 2S fraction of SPI were responsible 
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for the good interfacial compatibility, and this further proved a high surface hydrophobicity of 

2S protein [262]. 

     

            

Figure 62. SEM Images of PVDF/2S Films: (a) 2S-2, (b) 2S-6, (c) 2S-10; inserted figures are 
images with high magnification. (d) Fluorescence Image of 2S-6 Film; inserted figure is pure 

PVDF film 
 

Confocal laser scanning microscopy (CLSM) was applied to analyze the morphologies of 2S 

phase. Because proteins showed fluorescent properties at violet-UV light region [275], in the 

fluorescence images, the bright areas were dominated by fluorescent 2S fractions of soy protein, 

while the dark area was PVDF matrix, which only showed very weak fluorescence, as shown in 

the insert figure in Fig.62d. Fig.62d presents the fluorescence image of 2S-6 film. Based on the 

4μm 10μ

4μm 25μm 

2μm 2μm

2μm 

(a) (b) 

(c) (d) 
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fluorescence intensities 2S protein in PVDF, obviously, there were two types of 2S protein in the 

films: dispersed 2S phase and “dissolved” 2S protein in PVDF matrix. A large number of 

fluorescent 2S aggregates with broad size distribution were observed in Fig.62d. Moreover, the 

background area also showed clear fluorescence phenomenon (compared with pure PVDF). It is 

highly possible that the background fluorescence was from low molecular weight 2S molecules 

miscible with PVDF polymer. According to Fig.61, a portion of lower molecular weight protein 

fractions exited in the solution for the preparation of PVDF/2S films. The “dissolved” 2S protein 

further proved the good compatibility between 2S protein and PVDF. 

5.4. Crystal Structures of PVDF 

Fig.63 presents the XRD spectra of PVDF/2S films. Both α phase and β phase are observed 

on the spectra. The diffraction peaks at 2θ=18.5°, 20.3°, and 39.1° indicated α phase, while the 

peaks at 2θ=20.7° and 36.4° indicated β phase [276-278]. The crystallinity of PVDF in the films 

was listed in Table 14. The fraction of β phase (F(β)) was calculated accordingly, via self-

convolution peak-fitting of XRD spectra, and dividing the crystallinity of β phase by the total 

crystallinity of PVDF. It is evident that, in Fig.63 and Table 14, the crystallinity of PVDF was 

very sensitive to the concentration of the 2S fraction. Crystallinity of PVDF was reduced when 

introducing a small amount of 2S to PVDF (2S-2). However, by increasing the concentration of 

the 2S fraction, the crystallinity was significantly increased (as high as 44.6% crystallinity when 

adding 10wt% 2S protein to PVDF). The influences of 2S concentration on crystallinity of 

PVDF could be explained via synergetic effects of both PVDF-2S interactions and DMSO-2S 

interactions during film fabrication. On one hand, the interactions between 2S and PVDF 

hindered the crystallization of PVDF. As discussed above, 2S had good compatibility with 

PVDF polymer, and formed strong hydrophobic interaction with PVDF. Therefore, by mixing 
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Figure 63. XRD Spectra of PVDF and PVDF/2S Films 

2S protein with PVDF, this strong hydrophobic interaction could disturb the crystallization 

process of PVDF, inhibiting the formation of PVDF crystals. Similar results were reported 

previously [279-281]. On the other hand, the increase of 2S content in PVDF/2S films favored 

the crystallization of PVDF. This is because, when denaturing 2S in DMSO solvent, protein 

molecules formed interactions with DMSO solvent [282, 283]. With the increasing concentration 

of 2S protein in the solution, more DMSO molecules attractively interacted with 2S. During 

drying of the casted PVDF/2S solution films in the oven, the rate of evaporation of DMSO 

solvent slowed down by its interactions with 2S protein, which gave the PVDF polymer more 

time to crystallize [284]. Therefore, as a result of synergetic effects of above two mechanisms, 

the crystallinity of the films initially decreased, then increased as a function of 2S content.  
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TABLE 14 

Crystallinity and β Phase Fraction of PVDF 

 
Crystallinity (%) F(β) via XRD (%)

Crystallinity of β phase via 
XRD (%) 

F(β) via FTIR (%)

PVDF 34.1 48.7 16.6 66.2 
2S-2 20.5 45.0 9.2 62.8 
2S-6 37.3 40.2 15.0 61.1 
2S-10 44.6 47.3 21.1 63.5 

 
The fraction of the β phase F(β), and crystal structure parameters of the PVDF/2S films were 

listed in both Table 14 and 15, where d-spacing (d) presented the spacing between diffraction 

crystal planes, and full width at half maximum (FWHM) reflected the crystal size of the polymer 

[285]. It is shown that, the fraction of β phase only showed moderate changes; however, because 

of the variation of crystallinity of PVDF, the crystallinity of β phase was changing accordingly. 

Meanwhile, the crystal structure parameters of PVDF, that is, d-spacing and FWHM, remained 

almost identical, indicating that the presence of 2S protein in PVDF had limited effects on 

spacing between diffraction crystal planes, as well as crystal size of PVDF. 

TABLE 15 

 Crystal Structure Parameters of PVDF in the Films 

Crystal 
phase 

2θ 

(˚) 

PVDF 2S-2 2S-6 2S-10 

d FWHM d FWHM d FWHM d FWHM 

α-phase 

18.7 4.77 0.54 4.75 0.55 4.63 0.58 4.73 0.60 

20.3 4.40 0.73 4.41 0.72 4.42 0.83 4.39 0.84 

39.1 2.47 1.06 2.47 1.10 2.46 1.16 2.45 1.37 

β-phase 
20.7 4.32 1.26 4.33 1.32 4.34 1.38 4.25 1.27 

36.4 2.28 2.60 2.28 2.50 2.29 2.45 2.27 2.80 



109 
 

 

Figure 64. FTIR spectra of PVDF and PVDF/2S films 

FTIR spectra was also measure, as shown in Fig.64. FTIR results were applied to evaluate the 

fraction of β phase. The results are also listed in Table 14. Although the exact values of F(β) via 

FTIR were not the same with that via XRD, possibly due to different measurement mechanisms, 

both had similar trend that F(β) remains only moderately changed, as the concentration of 2S 

protein increased, confirming the effects of 2S protein on the phase transformation of PVDF 

crystals. 

5.5. Dielectric Polarization and Hysteresis Analysis 

Fig.65 illustrates the hysteresis performances of PVDF/2S films. It can be seen in Fig.65a, the 

hysteresis behaviors were very sensitive to the 2S fraction of soy protein. Both polarization and 

hysteresis loops were significantly altered, because of 2S protein. Dielectric polarizations were 
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Figure 65. (a) Monopolar hysteresis loops, (b) polarization properties, (c) energy storage 
performance and (d) I-V curves of PVDF and PVDF/2S films under 180kV/cm 

 
summarized in Fig.65b, where Pmax was the polarization at max electric field (180kV/cm in the 

study), and Pr was the remnant polarization when external electric field was reduced to 0. The 

resulting energy storage performances, i.e. stored and released energy density, were also 

calculated, by integrating charging and discharging curves along polarization axis, respectively 

(Fig.65c). It is found that, 2S fraction could highly promote Pmax and energy storage density 

during the charging process, which might be because of two reasons. First of all, the polarization 

behaviors were related with the crystal structures of the films. As discussed above, in the 

PVDF/2S films, the total crystallinity of PVDF and the crystallinity of polar β phase were 

increased with increasing 2S content. Such increase favored high polarizability and energy 

storages of the films (Fig.65b-c). Secondly, with the increase of 2S content, the interfacial 

(a) 

(c) (d) 

(b) 
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polarization between 2S phase and PVDF would be expected to play more important roles, 

because of the hydrophobic PVDF-2S interactions discussed above. This explained why, 

although the total crystallinity of 2S-2 film and the crystallinity of polar β phase in the film 

declined, compared with PVDF, the polarization and energy storage density of 2S-2 film were 

still enhanced. Such reasons should be also responsible for the enhanced remnant polarization Pr 

(Fig.65b), as the concentration of 2S protein increased. 

When it came to discharging process, however, adding 2S did not improve the released 

energy of the films as much as stored energy, and therefore, charging-discharging efficiency of 

the films was even reduced, except for that of 2S-2 film. This might be due to higher electrical 

conductivity of the films caused by 2S protein in the PVDF/2S films (Fig.65d). Fig.65d reveals 

the Current-Voltage (I-V) characteristics of PVDF/2S films. As shown in Fig.65d, 2S protein 

caused the increase of electrical conductivity of the films, leading to larger current leakage, 

especially for 2S-10 film, the current of which was roughly one order higher than that of PVDF 

at the same voltage. The presence of 2S protein also impaired the high-voltage endurance of the 

films. For instance, 2S-10 film was already shorted by the applied electric field at ~3000V. 

Moreover, this variation of charge-discharge efficiency should be also related to the highly polar 

β phase. In addition to high polarity, another characteristic of β phase in PVDF is its high 

hysteresis loss. Therefore, the 2S-2 film, with a much lower crystallinity of β phase, possessed a 

high efficiency, in contrast to other films.  

5.6. Frequency Dependent Dielectric Properties 

The frequency dependent dielectric properties of PVDF/2S films, i.e. dielectric constants and 

loss factor tan δ, as a function of the concentration of 2S protein were measured in the frequency 

range of 1KHz to 200KHz at room temperature, as shown in Fig.66. The dielectric constant of 
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PVDF/2S films were increased, compared with PVDF. However, with the increase of the 

concentration of 2S protein, the dielectric constant did not show noticeable changes. Meanwhile, 

the dielectric constant of both PVDF and PVDF/2S films did not show significant frequency 

dependence. The different composition dependence of dielectric polarizability in Fig.65 and 

dielectric constant in Fig.66 reflected different effects of electric field on polarization behaviors 

of PVDF/2S films. 

      

Figure 66. (a) Dielectric constant and (b) Loss Factor (tan δ) of  PVDF and PVDF/2S Films 

Considering the reduced crystallinity of polar β phase in 2S-2 films, it is highly likely that 

such an increase was related to the Maxwell-Wagner-Sillars (MWS) interfacial polarization 

mechanism [286, 287]. When adding 2wt% 2S protein to PVDF, large interfacial areas were 

generated between 2S and PVDF, causing higher dielectric constant. Due to the tendency of 

protein aggregation at higher protein concentration, the increase in interfacial areas between 

PVDF and 2S might not be significant enough to induce stronger interfacial polarization under 

the applied field. 

It is interesting to notice that the loss factor (tan δ) of PVDF/2S films significantly declined, 

compared with PVDF (Fig.66b). Meanwhile, the loss factor (tan δ), in contrast to dielectric 

(a) (b) 
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constant, exhibited distinctive frequency dependence. The increase of loss factor at high 

frequency (>10KHz) was associated with the αa relaxation (or β relaxation by some research) 

process [288, 289], which was originated from the segmental dynamics of the amorphous phase 

above the glass transition temperature, that is, the molecules of amorphous phase of PVDF 

acquiring sufficient mobility to rotate following the oscillation of external electric field. As the 

crystallinity (2S-6 and 2S-10) increased, because of PVDF-2S interactions, the amount of 

amorphous phase of PVDF was largely reduced, resulting in a different relaxation characteristic 

with less intensive αa relaxation and lower dielectric loss. In addition, the crystallinity of β phase 

is also critical to dielectric loss. Compared with non-polar α phase of PVDF, polar β phase 

typically showed higher dielectric loss. The remarkable reduction of crystallinity of β phase in 

2S-2 film should be the reason for the reduction of loss factor in 2S-2 film. However, due to its 

low total crystallinity, the dielectric relaxation of 2S-2 film was similar to that of pure PVDF 

film, showing apparent αa relaxation at high frequencies. In other words, the depression of the 

loss factor was resulted from different dependences of dielectric loss on the crystallinity of 

PVDF and crystallinity of β phases: high crystallinity of PVDF led to weakened αa relaxation 

and lowed dielectric loss; high crystallinity of β phase led to high dielectric loss. 

5.7. Summary 

In this section, the structures and dielectric properties of PVDF were successfully modified by 

the 2S fraction of soy protein, proving its great potential as a functional material modifier. The 

2S protein with high surface hydrophobicity formed good interactions with PVDF, accounting 

for a very good compatibility between PVDF and 2S in the PVDF/2S films. Crystallinity of the 

PVDF/2S films showed clear composition dependence, which was related to the synergetic 

effects of PVDF-2S interactions and DMSO-2S interactions during film fabrication, while the 
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crystallite size and d-spacing of PVDF seemed to be unaffected. Dielectric properties were found 

to be very sensitive to the concentration of 2S protein, affected by both PVDF-2S interactions 

and crystal structures (total crystallinity and crystallinity of β phase).  The presence of 2S protein 

in PVDF enhanced the dielectric polarization and electrical conduction of the films, which 

caused substantially modified energy storage performances. In general, the energy storage 

density was significantly enhanced by 2S protein. However, the increase of released energy 

density was not proportional to that of stored energy density, leading to reduced charging-

discharging efficiency of the films. Dielectric constant of PVDF film was also enhanced by 2S 

protein, accompanied by reduced loss factor. The variation of both total crystallinity and 

crystallinity of β phase contributed to this reduction, as a result of hydrophobic PVDF-2S 

interactions. Future studies will be needed to investigate the detailed interaction mechanisms 

between PVDF and 2S protein to achieve effectual applications of 2S fraction of soy protein in 

functional materials applications. 
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CHAPTER 6 

MODIFICATION OF PEO VIA SPI 

6.1. Background 

With increasing concerns of fossil fuel-based products, biomass, as an environmental-friendly 

alternative, has become an important research area. Plant proteins, such as soy protein, as one 

type of the least expensive and most widely available natural resources, have been widely 

studied. Soy proteins are mainly composed of 20 different amino acids covalently linked by 

peptide bond to form polypeptide chains [3]. Among them, approximately 58% are polar and 

reactive, containing numerous reactive functional groups, hydrogen bonds, ionic interactions, 

hydrophobic interactions, disulfide bonds, etc. [4], which offered great potential as functional 

materials. By utilizing these polar and reactive structures, soy protein-based plastics [5, 6, 8, 9], 

adhesives [7, 232], and coatings [233, 234] are studied for their practical applications in the 

industrial [222-225] and biomedical fields [228, 229]. 

Among these applications, blends between proteins and biocompatible and/or biodegradable 

polymers, particularly, electrospun polymer/protein fibers, have drawn great attention for broad 

applications [50, 290-294]. While all these studies addressed the importance of polymer-protein 

interactions to various performances, they mostly only focused on their compatibility. However, 

the complexity of protein structures implies more complicated interaction issues, compared with 

traditional polymer blends. Proteins are known for their complex four structure levels, because of 

a large number of amino acids and diverse inter-/intra-molecular interactions in proteins. Such a 

complexity leads to various aggregated protein structures, subjected to denaturation and 

modification processes, which is believed to substantially affect the polymer/protein interactions, 

and eventually alter materials structures and properties. The significance of protein aggregation 
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has been extensively researched in biological and food functions [295-299], while, in the 

opposite, the research on its role in materials applications is insufficient. The knowledge on 

polymer/protein interactions will certainly benefit the applications of this group of materials and 

extend the applications of protein-based functional materials. 

This study aims at demonstrating varied polymer-protein interactions and their remarkable 

effects on structures and functionalities of polymer/protein blends. Soy protein isolate (SPI), a 

high protein content (> 90%) soy product, was used to study its interactions with poly(ethylene 

oxide) (PEO), with which protein materials have been frequently compounded [50, 290, 291]. 

PEO, a semi-crystalline, polar and hydrophilic polymer, has been studied for broad applications 

in drug delivery [195, 196], wound healing [197, 198], polymer electrolytes [199, 200], and 

electronics [201].etc. SPIs, denatured via different processes, were compounded with PEO to 

fabricate PEO/SPI films. PEO-SPI interactions were found to depend not only on denaturation 

processes, but also on the film compositions. The microstructures of PEO phase and SPI, which 

were subjected to PEO-SPI interactions, were investigated by X-ray diffraction (XRD), Fourier 

transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and confocal laser 

scanning microscopy (CLSM). Since dielectric polarization of materials is highly sensitive to 

interphase interactions in polymer blends, ferroelectric hysteresis analysis was used to study the 

denaturation and composition dependent PEO-SPI interactions and their effects on energy 

storage performances.  

6.2. Materials and Sample Preparation 

PEO with a weight average molecular weight (Mw) of 1,000,000 g/mol was purchased from 

Sigma-Aldrich. Soy Protein Isolate (SPI, PRO-FAM 891) with high protein content (>90%) was 

generously donated by Archer Daniels Midland (ADM). 
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Denaturation of SPI was carried out in deionized water solution under different conditions. 

The denaturation conditions and designated names of film samples are listed in Table 16. After 

denaturation treatment, PEO powder was added to SPI solution to obtain PEO/SPI solutions. The 

ratio between PEO powder and deionized water was fixed at 0.5g/15ml. Different SPI 

concentrations were realized by controlling the amount of SPIs denatured in 15ml deionized 

water.  Four SPI concentrations were studied: 10, 30, 50, and 70wt%. The mixing continued at 

60˚C for another 10 hours to achieve uniform PEO/SPI aqueous solutions. After degassing the 

PEO/SPI solutions for 30 mins via bath sonication (Branson 2510), the PEO/SPI films were 

made via solution-casting method and dried at 45°C for 48 hours. The PEO/SPI solution was 

casted on a non-polar polyethylene surface in convenience for film separation. The collected 

PEO/SPI films had a thickness of ~ 50μm. 

TABLE 16 

SPI Denaturation Conditions and Designation of Film Samples 

Sample 
Designation 

Denaturation condition 

60°C-pH7 Heat-stirring @60°C in deionized water solution for 4 hours 

60°C-pH11 
Heat-stirring @60°C in pH11 solution (adjust pH value with NaOH) for 4 

hours 

60°C-Sonic Heat-stirring @60°C for 4 hours + 15min high-energy sonication 

90°C-pH7 Heat-stirring @90°C in deionized water solution for 4 hours 
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6.3. Microstructures of PEO/SPI films 

 

Figure 67. Surface morphologies of PEO/10wt%SPI films at different magnifications: (a and b): 
60oC-pH7; (c and d): 60oC-pH11; (e and f): 60oC-Sonic; (g and h) 90oC-pH7 
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Fig.67 presents surface morphologies of PEO/10wt%SPI films containing SPI denatured 

under different conditions. The very distinctive surface morphologies and roughness suggested 

the significance of denaturation of SPI to crystal structures of PEO phase in the blend films. In 

60oC-pH7 film with 10wt%SPI, PEO spherulites can be easily observed, with a very smooth 

surface. Oppositely, a rougher surface morphology was observed in PEO/SPI films with highly 

denatured SPI. In 60oC-pH11 and 90oC -pH7 films, the size of PEO spherulites was similar to 

those in 60oC-pH7 film, most of which was between 50 to 80 µm. It is interesting to notice that, 

instead of spherulites with smooth surface, explicit fibrillation was found in these spherulites in 

both films. Such a fibrillation phenomenon, which is believed to be related to the crystal lamella 

of PEO. Moreover, although both 60oC-pH11 and 90oC-pH7 films showed fibrillated PEO 

spherulites, only in 90oC-pH7 film, the SPI aggregates were noticeable on the film surface 

(encircled regions in Fig.67g). This might suggest that aggregation of SPI denatured at 90oC and 

pH 7 led to some SPI aggregates with more hydrophobic and/or less polar surfaces during film 

drying. At last, it seems that the most unique interaction between PEO and SPI existed in 60oC-

Sonic film, since neither the fibrillation nor the similar PEO spherulite was observed, instead, 

small globule-like structures were observed on the surface. The disappearance of the PEO 

spherulites was further supported by XRD analysis. These morphological differences clearly 

indicate different interaction mechanisms between PEO and SPI structures obtained via different 

denaturation processes, although the detailed interactions mechanisms are not clear for now. In 

addition to the porous structures, some very small SPI aggregates could be found, mostly in the 

nanoscale. 
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Figure 68. Surface morphologies of PEO/SPI films with 30wt% and 50wt% SPI, respectively 

As the SPI content increased to 30wt%, except that 60oC-Sonic film remained the similar 

morphologies, i.e. globular structures, which became more obvious, all other PEO/SPI films 

showed dramatic changes in surface morphologies. Firstly, PEO spherulites disappeared; 

secondly, the fibrillation was not recognizable anymore, as shown in Fig.68, although the 

morphological differences among the films are still clear. The SPI aggregates could still be easily 
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observed on the surface of 90oC-pH7 film. With further increase of SPI content to 50wt%, the 

differences among 60oC-pH7, 60oC-Sonic and 90oC-pH7 films became very small, and a rough 

surface morphology with increased porosity was found in these films, in contrast to that of 60oC-

pH7 film. Such porous morphologies can be more easily observed on the fracture surfaces 

(Fig.69). In addition to the porous structures, some very small SPI aggregates could be found, 

mostly in the nanoscale. 

 

Figure 69. Morphologies of fracture surfaces of PEO/50wt% SPI films: (a) 60oC-pH7; (b) 60oC-
pH11; (c) 60oC-Sonic; and (d) 90oC-pH7 
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Figure 70. Fluorescence images of PEO/SPI films at different SPI concentrations: (a, e and i): 60oC-pH7; 
(d, f and j): 60oC-pH11; (c, g and k): 60oC-Sonic; (d, h and l) 90oC-pH7 

 
According to Fig.70, remarkable differences were observed in the PEO/10wt% SPI films 

(Fig.70a-d). Such differences are clearly related to the denaturation conditions of SPIs, and 

consequently different PEO-SPI interactions. It is clear that, (1) the numbers and sizes of SPI 

aggregates were different; and (2) the background fluorescence (excluding large SPI particles) 

varied, suggesting different “solubility” of “dissolved” SPIs in PEO, with the lowest solubility 

expected to be in 10wt% 60oC-Sonic film (Fig.70c) (weakest background fluorescence and large 

SPI aggregates). The background fluorescence is expected to be contributed by both SPI 

molecules dissolved in PEO matrix, and some very small SPI phases, possibly in nanoscale. 
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Meanwhile, several very large SPI aggregates were found in 10wt% 60oC-pH7 film, which were 

likely to be the weakly denatured SPI particles. The weak denaturation under this condition was 

believed responsible for the non-porous microstructures, due to hydrophilic interactions between 

hydrophilic PEO and hydrophilic surface of pristine or weakly denatured SPI. Sonication seems 

to favor the formation large SPI aggregates, which were observed in 60oC-Sonic film (Fig.70c). 

The black lines observed in these images should be related to the grain boundaries of PEO 

spherulites and cracks in theses spherulites, as observe in Fig.67.   

As the SPI content increased to 30wt% and 50wt%, due to the high SPI concentration, the 

differences in background fluorescence were not significant anymore, however, the sizes of 

dispersed SPI phase seemed to be different from each other. Regardless of the composition, large 

SPI aggregates were found in all 60oC-Sonic films. At the same time, the number of black lines 

were substantially reduced, and were completely gone at 50wt%SPI content. Due to the weak 

contrast of fluorescence images of 70wt% PEO/SPI films, they are not shown here. The 

composition dependent microstructures were observed in both SEM images and Fluorescence 

images. A possible explanation for such a dependence is proposed here. Formation of SPI phase 

is resulted from re-aggregation of denatured SPI, which is subjected to both SPI-PEO and SPI-

SPI interactions, in addition to denaturation processes. The increase of SPI content will certainly 

increase the chances of SPI-SPI interactions, and affect the aggregation of denatured SPIs, 

leading to distinctive SPI phases and different “solubility” of SPI in PEO. Reversely, the PEO-

SPI interactions will be affected as well, leading to composition dependent PEO morphologies 

observed in Fig.67. This complex composition dependence was later found in the findings of 

crystal structures of PEO, secondary structures of SPI, as well as dielectric properties of 

PEO/SPI films.  
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6.4. XRD Study on Crystal Structures of PEO   

 

Figure 71. Crystallinity of PEO in PEO/SPI films obtained by X-ray diffraction 

PEO-SPI interactions had complicated and essential impacts on the crystallinity of PEO. 

Regardless of the denaturation methods, the addition of SPI had a common effect on the 

crystallinity of PEO in the films, that is, the reduction of crystallinity of PEO phases, compared 

with pure PEO, although the reduction was not always monoclinic depending on the denaturation 

methods. As shown in Fig.71 and 72, with 10wt% loading of SPI in PEO/SPI films, the most 

dramatic reduction of crystallinity was found in the 60oC-Sonic film, which seems consistent 

with the observation in SEM images (Fig.67e, f), in which, the spherulites of PEO disappeared. 

Similar reduction of PEO crystallinity has been reported in several studies on PEO/SPI blends 

[291, 293], suggesting the interrupted folding of PEO chains by PEO-SPI interactions. Obviously, 

the reduction of PEO crystal phase depended on the denaturation conditions, which further 

proved the distinctive PEO-SPI interactions after different denaturation treatment of SPI. 

0 10 20 30 40 502 (˚)
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Moreover, different concentration dependence of reduction of PEO crystallinity indicates that 

such PEO-SPI interactions were also affected by the concentrations of SPI in PEO matrix.  
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Figure 72. Crystallinity of PEO in PEO/SPI films as a function of SPI contents obtained by X-
ray diffraction 

6.5. FTIR Analysis of Secondary Structures of SPIs 

     In addition to the morphologies of SPI in PEO matrix, the structural changes of SPI were 

also analyzed by FTIR, with a focus on the secondary structures of protein chains in SPI. The 

FTIR spectra of PEO/SPI films were shown in Fig.73. The characteristic peaks of PEO mainly 

consist of two regions: the stretching of methylene group (-CH2-) in the range of 2700-3000 cm-1, 

and the combination of ether group (-C-O-C-) and -CH2- motion between 1500 cm-1 and 750 cm-

1 [300-302]. The peak at around 2883 cm-1 is assigned as -C-H- stretching vibration, while those 
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Figure 73. FTIR spectra of PEO/SPI films 

at around 1342cm-1, 1240cm-1, and 960 cm-1 are wagging, twisting, and rocking vibration of -

CH2-, respectively. In all these samples, these characteristic peaks of PEO did not show 

noticeable shift or changes in peak intensity, indicating that PEO-SPI interactions do not affect 

the FTIR absorption of PEO structures, which was different from the findings in electrospun 

PEO/SPI nanofibers [291]. In the same study [291], some characteristic PEO peaks disappeared, 

and the explanation given in this study was the diminished crystallinity of the electrospun 

nanofiber due to the strong interactions between PEO and SPI. Similar finding was also reported 

on electrospun PEO/Whey Protein Isolate (WPI) [292]. However, it seems that this is not the 
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case in this study. According to the XRD analysis in Fig.72, the reduction of crystallinity of PEO 

is clear, but it is hardly to observe any significant weakening of characteristic PEO peaks on 

FTIR spectra in Fig.73, not mention the disappearances of peaks. Even for the films with 

amorphous structures, such as 50wt% 60oC-pH11 and 70wt% 90oC-pH7 films, those peaks still 

showed very high intensity. The difference between this study and the reported electrospun 

nanofibers should be caused by PEO-SPI interactions via different processing and denaturation 

methods, and once again addresses the diverse and complicated PEO-SPI interactions. 

The two peaks at 1640 cm-1 and 1535 cm-1 correspond to the amide I and amide II band of 

protein, respectively [47, 303, 304]. The amide I band (the encircled region in Fig.73) mainly 

originated from the C=O stretching vibration of the polypeptide backbone [305]. It was sensitive 

to the hydrogen bonding and dipole transitions, and was usually used to monitor the geometrical 

arrangements of peptide groups and the conformational changes of proteins [306, 307]. In order 

to investigate the secondary structures of proteins denatured under three different conditions, the 

contents of secondary structures in PEO/SPI films were summarized in Fig.74 and Table 17. 

Fourier self-deconvolution technique was utilized on the amide I band by Gaussian curve fit 

technique (GCF), as shown in Fig.75. In all PEO/SPI films, β-sheet accounted for at least 30% of 

total secondary structures, which was higher than any of other secondary structures. The fraction 

of β-sheet increased with increasing content of SPI in PEO. Such composition dependence was 

strongly affected by the denaturation methods. The increase of β-sheet content was primarily 

from the conversion of β-turn structure, with the conversion of α-helix second to it, while the 

change in random secondary structures was neglectable, except for 10wt% 60oC-Sonic film.  

This suggests that the PEO-SPI interactions favored β-sheet secondary structure in SPI, 

regardless of the denaturation methods. 
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Figure 74. Fractions of secondary structures of SPI in PEO/SPI films obtained from FTIR spectra 

However, the extent of such variations was obviously affected by the denaturation methods. 

It is noted that 60oC-Sonic films exhibited very distinctive results at 30wt % SPI loading. The 

highest fraction of β-sheet structure was found in this film, compared with all other PEO/SPI 

films in this study. Meanwhile, instead of the conversion of β-turn structures, it seems that in this 

film, conversion of random secondary structures made largest contribution to the high fraction of 

β-sheet, as evidenced by the lowest fraction of random secondary structures.   
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Figure 75. Self-deconvolution curve-fitting spectra of amide I band (1600-1700 cm-1) of 
proteins in PEO/SPI films 

 
TABLE 17 

Content of Secondary Structure in Different PEO/SPI Films via Self-deconvolution 

60oC-pH7 

Wavelength 
(cm-1) 

Structure 10wt% 30wt% 50wt% 70wt% 

1620, 1631, 
1683 

β-sheet 31.83%±0.2% 34.40%±0.4% 42.90%±1.3% 44.58%±2.1% 

1644 random 23.40%±0.1% 23.64%±0.3% 21.50%±1.2% 22.17%±1.7% 
1657 α-helical 24.26%±0.8% 25.25%±1.2% 20.26%±0.8% 19.22%±1.2% 
1670 β-turn 20.51%±0.9% 16.71%±1.0% 15.33%±1.1% 14.03%±0.4% 
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TABLE 17 (continued) 

60oC-pH11 

Wavelength 
(cm-1) 

Structure 10wt% 30wt% 50wt% 70wt% 

1620, 1631, 
1683 

β-sheet 34.60%±1.0% 36.0%±0.8% 39.06%±0.7% 40.68%±0.6% 

1644 random 22.37%±1.2% 22.4%±0.8% 21.96%±2.1% 22.15%±1.2% 
1657 α-helical 23.75%±1.3% 23.5%±2.2% 22.46%±0.4% 21.48%±1.0% 
1670 β-turn 19.28%±0.2% 18.1%±1.0% 16.52%±3.8% 15.69%±1.3% 

60oC-Sonic 

Wavelength 
(cm-1) 

Structure 10wt% 30wt% 50wt% 70wt% 

1620, 1631, 
1683 

β-sheet 37.86%±2.2% 47.5%±4.8% 41.78%±2.8% 45.23%±2.3% 

1644 random 21.69%±2.3% 9.8%±0.4% 21.64%±1.4% 20.56%±2.0% 
1657 α-helical 23.15%±0.2% 19.8%±2.1% 20.78%±1.1% 19.96%±1.0% 
1670 β-turn 17.29%±0.7% 22.8%±1.7% 15.80%±1.9% 14.24%±0.4% 

90oC-pH7 

Wavelength 
(cm-1) 

Structure 10wt% 30wt% 50wt% 70wt% 

1620, 1631, 
1683 

β-sheet 37.09%±0.9% 37.2%±1.3% 40.46%±3.5% 41.67%±2.3% 

1644 random 21.78%±0.8% 22.6%±1.0% 22.19%±2.5% 21.90%±0.9% 
1657 α-helical 22.69%±2.1% 23.0%±1.7% 21.53%±0.4% 21.09%±1.1% 
1670 β-turn 18.44%±1.1% 17.2%±0.6% 15.82%±1.1% 15.34%±2.1% 

 
 

6.6. Dielectric Polarization and Hysteresis Analysis  

Monopolar hysteresis tests were applied to PEO/SPI films up to 80kV/cm electric field to 

evaluate the effects of the PEO-SPI interactions on the dielectric polarization behaviors of the 

films, because of the high sensitivity of dielectric properties to materials structures (Fig.76). 

Dong Xu, et al. [308] used molecular dynamic simulations to study the dipole moments induced 

in proteins by external electric field, and the results proved that proteins possess reasonable 
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hysteresis behavior under high field. The ferroelectric polarization property of protein was also 

used to investigate bone-density related diseases [309]. 

Regardless of denaturation methods and film compositions, the addition of SPI had one 

common impact on the hysteresis behaviors, that is, SPI could remarkably reduce the 

polarization and the area of hysteresis loops, compared with pure PEO films, as shown in Fig.76. 

For 60oC-pH7, 60oC-pH11, and 90oC-pH7 films, the decline of Pmax continued monotonically as 

SPI content increased to 70wt% (Fig.77). A different composition dependence of Pmax was found 

in 60oC-Sonic films, seemingly showing a parabolic relationship with the lowest Pmax found at 

both 10wt% and 70wt% SPI loadings. Such a composition dependence was believed to be related 

to the unique microstructures of 60oC-Sonic films, as discussed earlier, especially when the SPI 

content was lower than 50wt%. 

In addition to different composition dependences of Pmax, the effects of denaturation methods 

also led to different polarizability of the PEO/SPI films. The lowest overall polarization was 

found in 60oC-Sonic films, while 60oC-pH11 and 90oC-pH7 films showed higher dielectric 

polarizability than the other two.  However, the lowest polarization of 60oC-Sonic films did not 

necessarily equal to poor hysteresis performances. This was further proved by energy storage 

performances via charging-discharging analysis on the hysteresis loops. 

Pure PEO films exhibited a typical lossy hysteresis behavior caused by large current leakage. 

The electrical conductivity of pure PEO measured at 80kV/cm and 10Hz was 6.82±0.82E-6 S/m. 

This conduction level was not much higher than the electrical conductivities of PEO/SPI films, 

as shown in Fig.78 and Table 18. Therefore, instead of real electrical conductivity, the 
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Figure 76. Monopolar hysteresis loops (P-E loops) of PEO and PEO/SPI films up to 80 kV/cm 
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Figure 77. Maximum polarization ( m axP ) of PEO/SPI films at 80kV/cm 

 

Figure 78. Electrical conductivity of PEO/SPI films measured at 80kV/cm and 10Hz 
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TABLE 18 

Electrical Conductivity of PEO/SPI Films at 80kV/cm and10Hz Electric Field (in 10-6 S/m) 

 PEO 10wt% 30wt% 50wt% 70wt% 

60oC-pH7 6.82± 0.82 1.35 ± 0.53 0.91± 0.23 1.09 ± 0.41 0.11 ± 0.03 

60oC-pH11 1.95 ± 0.35 0.18 ± 0.05 0.091 ± 0.042 0.013 ± 0.003 0.006± 0.005 

60oC-Sonic 6.82± 0.82 0.036 ± 0.006 0.31 ± 0.09 0.59 ± 0.04 0.011 ± 0.001

90oC-pH7 6.82± 0.82 1.88± 0.64 0.37 ± 0.15 0.079 ± 0.005 0.032 ± 0.025

 

conduction mechanism should be the main factor for the current leakage. Certainly, the PEO-SPI 

interactions led to conduction mechanisms with reduced current leakage. In a previous study 

[310], the lossy hysteresis behavior has been reported in PEO films at different humid 

environment, including 0% relative humidity. It was proposed that the existence of quasi-free 

ions in the PEO films was responsible for this lossy behavior, which was associated with the 

moisture absorption. As the relative humidity went up, the hysteresis loss increased. PEO-SPI 

interactions might diminish the amount of these quasi-free ions.  

It is interesting to notice the resemblance of composition dependences of both electrical 

conductivity and Pmax of PEO/SPI films, particularly, 60oC-Sonic films, that is, under the same 

denaturation condition, the higher the electrical conductivity was, the higher Pmax was. This 

might be understood by the mobility of   in the PEO/SPI films. Better mobility of charges favors 

both high electrical conduction and alignment of dipole moments. This resemblance of 

compositions dependences should be more or less related to the crystallinity of PEO in the 

PEO/SPI films (Fig.72).  Strong PEO-SPI interactions, which caused low crystallinity [291], 

might contribute to the low electrical conductivity and low dielectric polarization (Pmax) of the 

PEO/SPI films. Obviously, the types and properties of charges responsible for electrical 
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conduction and dielectric polarization, strongly depended on the denaturation methods and 

distinctive PEO-SPI interactions, and eventually, the conduction and polarizations mechanisms 

would be altered. For example, while 90oC-pH7 films and 60oC-pH11films had comparable Pmax, 

the electrical conductivities of 60oC-pH11 films were obviously lower. Meanwhile, the low 

electrical conductivity of 60oC-pH11 films did not guarantee a low hysteresis loss, as discussed 

below.  

The composition dependent energy storage performances, including stored energy  density 

( sU ) and released energy density ( rU ), which were calculated by integrating charging and 

discharging curves of the monopolar polarization-electric field loops (P-E loops) of the PEO/SPI 

films, respectively, and the charging-discharging efficiency, i.e. the ratio of sU vs. rU , were 

plotted in Fig.79. The energy storage performances of the PEO/SPI films showed distinctive 

composition dependences, which were also subjected to different denaturation processes. More 

importantly, this analysis includes discussion on both polarization (during charging) and 

depolarization (during discharging) behaviors of the films, providing more understanding on the 

PEO-SPI interactions and their roles in energy storage performances. 

The variation of stored energy density (Fig.79a) was similar to that of Pmax in Fig.77, with the 

non-monotonic variation found in 60oC-Sonic films. The highest and lowest stored energy 

density were found in 60oC-Sonic and 60oC-pH11 films (except for 10wt% 60oC-pH11 film), 

respectively. However, the discharging of the PEO/SPI films behaved differently, leading to the 

lowest released energy density (Fig.79b) and charging-discharging efficiency in 60oC-pH11 

films (Fig.79c). Low released energy density indicates poor depolarization during discharging 

process, that is, the highly aligned dipole moment induced by electrical charging did not 

sufficiently recover to its original random state. Comparing 60oC-pH11 films and 90oC-pH7 
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films, although they had similar polarizability and similar stored energy densities, the large 

difference in their depolarization suggests different PEO-SPI interactions mechanisms.  

 

Figure 79. Energy storage performances including (a) stored energy density, (b) released energy 
density and (c) charging-discharging efficiency of PEO/SPI films 

 
Meanwhile, 60oC-Sonic films had moderate released energy density, in contrast to their 

lowest stored energy density. Such a contrast eventually accounted for a very high charging-

discharging efficiency. The best overall charging-discharging performances were found in 90oC-

pH7 films. In addition to high stored energy density, these films also achieved the highest 

released energy density, leading to very high efficiency. From the viewpoint of dielectric energy 



137 
 

storage applications, obviously, the 90oC-pH7 films are superior to all other PEO/SPI films in 

this study, while the 60oC-Sonic films are more desirable than 60oC-pH11 films, despite low 

dielectric polarization and low stored energy density in 60oC-Sonic films.  

 
6.7. Dielectric Hysteresis under Different Electric Fields 

  

  

Figure 80. Hysteresis loops of PEO/SPI films under different electric fields 

     Fig.80 and 81 shows the hysteresis loops and energy storage performances of PEO/50wt%SPI 

films under different electric field: 80, 120, 160 kV/cm. It can be seen that, adding different SPIs 

could vary the electric field dependence of the hysteresis properties of PEO films. 60˚C-pH11 

and 90˚C-pH7 films led to much larger hysteresis loop areas compared with the other films. 
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Detailed energy storage performances can be observed in Fig.81. Both Pmax and stored energy 

density of four films increased along with the increase of electric field; however, different 

electric field dependence of the hysteresis properties could be observed: although, at 80kV/cm, 

the Pmax and stored energy of four films were approximately the same, around 0.05 μC/cm2 and 

2.4 mJ/cm3 respectively, 60˚C-pH11 film (Fig.81a-b) grew more rapidly along with the increase 

of applied electric field, and as a result, both Pmax and stored energy of the film became much 

higher than those of other films at elevated electric field. As for 90˚C-pH7 film, its Pmax and 

stored energy density at 80 and 120kV/cm were similar with those of 60˚C-Sonic and 60˚C-pH7 

films; however, at 160kV/cm, 90˚C-pH7 film possessed a much larger Pmax and stored energy 

density. On the contrary, released energy densities of 60˚C-pH11 and 90˚C-pH7 films were 

comparatively smaller, especially under 160kV/cm field (Fig.81c); and their efficiencies were 

much lower, accordingly (Fig.81d), in accordance with the results of hysteresis loops in Fig.80, 

that energy density losses (loop areas) of the two films were much larger than the other two. It is 

worth mention that, released energy of 60˚C-pH11 had a non-monotonous curve, where released 

energy at 160kV/cm was even lower than that at 120kV/cm. 60˚C-pH7 and 60˚C-Sonic films 

showed similar energy storage performances under all electric field, where both films possessed 

good hysteresis properties under high electric field, including high released energy density and 

high efficiency. These results further indicated that different SPI aggregates subjected to various 

denaturation conditions could form distinctive interactions with PEO polymer, thus affected its 

electric field dependences of hysteresis properties. 
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Figure 81. Energy storage performances including (a) Pmax, (b) stored energy density, (c) 
released energy density and (d) charging-discharging efficiency of PEO/SPI films under different 

electric fields 
 

6.8. Summary 

In this section, the structures and properties of PEO/SPI dielectric films were successfully 

modulated via controlling the denaturation of SPI. Via different denaturation treatment, the 

resulting denatured SPIs exhibited distinctive interaction mechanisms with PEO, leading to 

distinguishable microstructures and morphologies of both PEO and SPI phases in the blend films. 

PEO-SPI interactions seem to favor low PEO crystallinity and high β-sheet content, and the 

manner and extent of such variations strongly depended on the denaturation of SPI. Particularly, 

(a) (b) 

(c) (d) 
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sonication treatment of SPI led to very unique parabolic composition dependence of structures 

and properties of 60oC-Sonic films, in contrast to nearly monotonic composition dependence of 

other PEO/SPI films. The denaturation and composition dependence of hysteresis analysis 

demonstrated the significant roles of PEO-SPI interactions in dielectric polarization and 

charging-discharging performances of PEO/SPI films. The comparative analysis of both 

microstructures and hysteresis behaviors revealed that there was no single or just one leading 

structural factor for the resulting performances of PEO/SPI films. Factors including crystal 

structures of PEO, solubility of “dissolved” SPI, number and size of dispersed SPI phase, as well 

as the aggregated protein structures, etc., were all substantially affected by PEO-SPI interactions, 

and made their contributions to the resulting structures and performances. Future studies are 

certainly needed to acquire more details on such complex interactions, to effectively design the 

structures and functionalities of the popular polymer/protein blends. 
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CONCLUSIONS AND FUTURE WORK 

7.1. Conclusions 

This study successfully demonstrated the significance of the aggregated structures of SPI, 

denatured under controlled conditions, in achieving diverse material structures and 

functionalities. The structures and properties of polymer/SPI films were successfully modulated 

via controlling the denaturation of SPI. Basic knowledge regarding the relationships between 

different structures of protein aggregates and morphologies/functionalities of polymer/SPI films 

was investigated. 

PVDF, a hydrophobic polymer, was modified by SPIs denatured under different conditions, 

and fabricated via solution-casting method. The denatured SPIs played a critical role in defining 

microstructures of PVDF/SPI films, according to SEM, XRD, CLSM and FTIR analyses. 

Largely different phase morphologies and crystal structures of PVDF/SPI films were direct 

proofs of the diverse and complex interactions between PVDF and denatured SPIs. SPI-SDS and 

SPI-90°C films exhibited solid nonporous structures, while SPIs denatured at 60oC, by 

sonication and 2ME, respectively, led to distinctive porous structures and poor PVDF-SPI 

compatibility. Crystal structures of PVDF were also influenced by denatured SPIs. A remarkable 

reduction of crystallinity of PVDF was observed, depending on the PVDF-SPI interactions. SPIs 

was found to be able to tune the dielectric hysteresis properties of PVDF and meet various 

requirements, such as promoting efficiency of the material (SPI-60°C, SPI-SDS), improving 

released dielectric energy (SPI-90°C), or reducing dielectric energy loss (SPI-60°C). DRS was 

investigated as an effective tool to further explore the interaction between PVDF and SPI. While 

the addition of SPI was found to enhance the intensity of interfacial polarization relaxation at 

high temperatures, different SPIs could cause the various shifting of the relaxation peak, 
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indicating the mobilities of PVDF molecules were influenced by the interactions between PVDF 

and SPIs. 

The structures and dielectric properties of PVDF were also modified by the 2S fraction of soy 

protein under different 2S concentrations, proving its great potential as a functional material 

modifier. The 2S protein with high surface hydrophobicity formed good interactions with PVDF, 

accounting for a very good compatibility between PVDF and 2S in the PVDF/2S films. 

Crystallinity of the PVDF/2S films showed clear 2S concentration dependence, which was 

related to the synergetic effects of PVDF-2S interactions and DMSO-2S interactions during film 

fabrication, while the crystallite size and d-spacing of PVDF seemed to be unaffected. Dielectric 

properties were found to be very sensitive to the concentration of 2S protein, affected by both 

PVDF-2S interactions and crystal structures (total crystallinity and crystallinity of β phase).  The 

presence of 2S protein in PVDF enhanced the dielectric polarization and electrical conduction of 

the films, which caused substantially modified energy storage performances. In general, the 

energy storage density was significantly enhanced by 2S protein. However, the increase of 

released energy density was not proportional to that of stored energy density, leading to reduced 

charging-discharging efficiency of the films. Dielectric constant of PVDF film was also 

enhanced by 2S protein, accompanied by reduced loss factor. The variation of both total 

crystallinity and fraction of β phase contributed to this reduction, as a result of hydrophobic 

PVDF-2S interactions.  

Hydrophilic polymer PEO was also studied in this work. The structures and properties of 

PEO/SPI dielectric films were successfully modulated via controlling the denaturation of SPI. 

Via different denaturation treatment, the resulting denatured SPIs exhibited distinctive 

interaction mechanisms with PEO, leading to distinguishable micro-structures and morphologies 
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of both PEO and SPI phases in the blend films. PEO-SPI interactions seemed to favor low PEO 

crystallinity and high β-sheet content, and the manner and extent of such variations strongly 

depended on the denaturation of SPI. Particularly, sonication treatment of SPI led to very unique 

parabolic composition dependence of structures and properties of 60oC-Sonic films, in contrast 

to nearly monotonic composition dependence of other PEO/SPI films. The denaturation and 

composition dependence of hysteresis analysis demonstrated the significant roles of PEO-SPI 

interactions in dielectric polarization and hysteresis performances of PEO/SPI films. The 

comparative analysis of both micro-structures and hysteresis behaviors revealed that there was 

neither single factor nor one dominating structural factor for the resulting performances of 

PEO/SPI films. Factors including crystal structures of PEO, solubility of “dissolved” SPI, 

number and size of dispersed SPI phase, as well as the aggregated protein structures, etc., were 

all substantially affected by PEO-SPI interactions, and made their contributions to the resulting 

structures and performances.  

On the basis of aforementioned conclusions, the potential of SPI-based green functional 

materials in engineering material applications, such as bio-degradable electronic and energy 

storage materials, etc., would be greatly explored via in-depth understanding of the diverse 

polymer-protein interactions. 

7.2. Future Work 

To successfully design the structures and functionalities of the popular polymer/protein blends 

and advance their applications in electronic, environmental and biomedical applications, it is 

necessary to continue investigating the mechanisms of SPI aggregation, polymer-SPI interactions, 

and structure-property relationships of the resulting polymer/SPI blends. 
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Dynamic rheology, and thermal analysis such as dynamic mechanical analysis (DMA) and 

differential scanning calorimetry (DSC), are powerful tools to study the structure-property 

relationships of polymer based composite materials. Rheology is a thermal test method that 

measures the melt viscosity, creep, and stress relaxation responses of polymers as functions of 

time, temperature, and force. Rheology analysis, although an indirect and non-unique 

measurement of structures of polymer, is very sensitive to small changes of the material’s 

polymer structure; thus, it is ideal for characterization of polymer composite. Thermal analysis 

on polymer composite also have many strong applications. For example, DMA is often used to 

study the viscoelastic behavior of polymers; DSC is a thermos-analytical technique used to 

detect possible phase transitions in which the difference in the amount of heat required to 

increase the temperature of a sample and reference is measured as a function of temperature. 

Therefore, on the basis of this study, rheology and thermal studies can be applied, in order to 

better explore the interactions between polymer and protein, as well as the modification 

mechanisms of protein on polymers.  

Small-angle X-ray scattering (SAXS) is a small-angle scattering technique by which 

nanoscale density differences in a sample can be quantified. It can determine nanoparticle size 

distributions, resolve the size and shape of (monodisperse) macromolecules, determine pore sizes, 

characteristic distances of partially ordered materials, and so on. SAXS can be also utilized to 

investigate the structures of SPI aggregates denatured under different conditions, as well as the 

phase structures of the polymer/SPI blends. 

What’s more, in this study, polymer/protein films were fabricated via solution-casting method, 

which may cause defects, such as voids, nonuniformity etc. Compression molding/Hot pressing 

is a high-pressure, low-strain-rate process suitable for molding polymer composite. The hot-
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pressing-fabricated polymer composites often acquire good quality and high performance, and 

less defects in them.  
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