
ABSTRACT 

ARBOLEDA FERNANDEZ, JULIO CESAR. Chemical and Physical Characteristics of Soy 
Proteins for New Industrial Applications. (Under the direction of Prof. Lucian A. and Prof. 
Orlando J. Rojas). 

Despite of being environmentally friendly, biocompatible, rich in chemical 

functionality and abundant as residual materials, soy proteins (SPs) are used for low added 

value applications. In this work, SPs were studied and used as potentially useful 

biomacromolecules for different industrial applications with high added value.   

Initially the effect of acid hydrolysis of soy proteins as a potential route for 

subsequent surface modification was studied, finding that SP hydrolysates tend to form less 

aggregates and to adsorb at faster rates compared with unmodified SP; nevertheless, it was 

also found that the amount of protein adsorbed and water contact angle of the treated surface 

does not change significantly. 

Secondly, the gel forming properties of SPs were used to produce aerogels with 

densities in the order of 0.1 g/cm3. To improve their mechanical properties, the reinforcement 

of these materials with cellulose nanofibers was studied, obtaining composite aerogels with 

SP loadings as high as ca. 70% that display a compression modulus of 4.4 MPa, very close to 

the value obtained from the pure nanofibers aerogels. The composite materials gain moisture 

(up to 5%) in equilibrium with 50% RH air. Futhermore, their physical integrity is unchanged 

upon immersion in polar and non-polar solvents, exhibiting sorption rates dependent on the 

aerogel composition, morphology and swelling abilities. 



Finally, different soy protein based products and derivatives were used to enhance the 

dry strength properties of wood fibers in paper production. Experiments using soy flour, soy 

protein isolate, soy protein isolate hydrolysates, cationized soy flour, and soy flour combined 

with cationic starch and chitosan were done, obtaining satisfactory results when soy protein 

flour was utilized in combination with conventional treatments involving cationic polymers.   

The current results confirm the opportunity to valorize residual soy products that are 

underutilized today as alternatives to oil derived chemicals used in chemical processes. 
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1.1. Fundamental concepts on protein chemistry 

Proteins are the most versatile macromolecules present in all living systems, from 

bacteria and viruses through unicellular and simple eukaryotes to vertebrates and higher 

mammals such as humans, making up over 50% of the dry weight of any living cell.1  Nature 

uses proteins in a wide diversity of applications; they can show biological functions ranging 

from DNA replication, formation of cytoskeletal structures, selective transportation, enzyme 

and catalytic function, contractile movements, electron transfer, storage of nutrients, cell 

reproduction, among others. The types of functional properties found in proteins are almost 

endless and more are discovered every day. 

Despite their vast range applications, all proteins are composed by the same group of 

20 amino acids assembled in a linear arrangement. Amino acids have a central α-carbon 

substituted by a hydrogen and amino, carboxylic and pending groups, as shown in Fig. 1.1 

The only difference among the 20 basic amino acids is the pending group attached to the 

central carbon that may contain different functionalities that include alcohols, thiols, 

thiethers, carboxylic acids, amides, and a variety of basic groups. When combined in various 

sequences, this array of functional pending groups accounts for the broad spectrum of protein 

functions.2 

Amino acids are bound together by the reaction of the α-amino group of one amino 

acid and the α-acid group of the adjacent one to form amides. In biochemistry, the amidic 

linkage is often called the peptidic bond and the bonded amino acids are called residues to 

distinguish them between their free form and that found in proteins. The amino acid sequence 
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in a protein is read by convention in order from the amino or N terminal of the polymer to the 

carboxyl or C terminal. 

 

  
General structure 

 
Glycine (Gly, G) 

 
Alanine (Ala, A) 

 
Serine (Ser,S) 

 
Threonine (Thr,T) 

 
Cysteine (Cys, C) 

 
Valine (Val, V) 

 
Leucine (Leu, L) 

 
Isoleucine (Ile,I) 

 
Methionine (Met, M) 

 
Proline (Pro, P) 

 
Phenylalanine (Phe, F) Tyrosine (Tyr, Y) 

 
Tryptophan (Trp, W) 

 
Aspartic Acid (Asp, D) 

 
Glutamic Acid (Glu, E) 

 
Asparagine (Asn, N) 

 
Glutamine (Gln, Q) 

 
Histidine (His, H) 

 
Lysine (Lys, K) Arginine (Arg, R) 

 
Figure 1.1. Structure of the 20 basic amino acids in protein chemistry. The abbreviations shown below the 

structure are used to describe amino acid sequences. 
 
 

The double bond present on the carbonyl group of the peptidic bond resonates, 

conferring positive character to the NH substituent and negative character to the CO one, to 

generate a permanent dipole in peptides and proteins. In this way, the peptide backbone of 
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each residue contains one potent hydrogen bond donor (-NH) and hydrogen bond acceptor (-

CO-), a critical factor for the 3-D architecture of proteins. 

 
Figure 1.2. Resonance of the peptidic bond and associated charges imparted by resonance leading to a betaine-

like structure. 
  
 

Most of the proteins in nature exist in aqueous media; in this environment, the protein 

molecules rearrange (fold) to pack the hydrophobic side chains in the interior of the structure, 

thus creating a hydrophobic core and a hydrophilic surface, adopting a particular 

conformation where it reaches a free energy minimum (Fig 1.3.). The driving force of this 

process is based on "solvophobic interactions," i.e., the tendency of hydrophobic groups to 

interact with each other rather to interact with water. 

The folded state of any protein, often called its native structure, is determined by the 

global energy minimum of the molecule, and it is just dictated by its amino acid sequence, 

according to the thermodynamic hypothesis known as the Anfisen’s dogma in which every 

protein is unique (any particular sequence has only one configuration with a comparable free 

energy), stable (small changes in the surrounding environment cannot give rise to changes in 

the minimum configuration) and is kinetically accessible (the path in surface free energy 

from the unfolded to folded state must be reasonable smooth).3  
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Most of protein functions are related to its configuration; therefore, it is essential for 

them to have the correct three-dimensional structures, and any failure to fold into native 

structures, usually produces inactive and even toxic proteins. Several neurodegenerative 

diseases, for example, are related to the accumulation of amyloid fibrils formed by mis-

folded proteins. 

 

 
 

Figure 1.3. Protein folding is displayed above. In the case illustrated, the unfolded protein adopt a globular 
structure in which the hydrophobic residues are buried in the core and the hydrophilic ones are in the exterior, 

exposed to aqueous media.4  
 
 

The ordered structure of proteins can be altered by modification of the protein 

environment by elevated temperature, extremes pH, or the addition of reagents. This 

alteration, conventionally called degradation, involves the disruption of specific interactions 

such as salt bridging, hydrogen bonding, disulfide bonding, and hydrophobic interactions that 

normally stabilize the protein structure. 

 

 
 

Polar side chains 
 

Nonpolar 
side chains 
 

 Unfolded polypeptide 
 

 
 

Hydrophobic 
core region 
containing non 
polar side chains 
 

Polar side chains 
on the outside of 
the molecule 
 

Folded polypeptide 
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Denaturants like sodium dodecyl sulfate (SDS), urea, and guanidine hydrochloride 

are very effective at disrupting the protein structure at low concentrations. 

 

1.2. Relation between function and structure in proteins 

Compared with other macromolecules, proteins have some peculiarities:1 

1. Depending on the residues located on the surface of their structure, proteins can 

interact selectively with specific molecules (specific interactions) or can interact with a wide 

variety of compounds (non-specific interactions). Due to the diversity of chemical groups 

that exist in the basic amino acids, proteins can interact with virtually any kind of molecule if 

the analogous functionality is located on its surface. 

2. The shape of protein arrangements can improve the selectivity of protein interactions 

to prevent interactions with compounds with similar composition, but different shape. 

3. The configuration (folding) of proteins may change upon interactions with other 

molecules, inducing configurational changes in them or transporting host molecules through 

barriers such as cellular membranes. 

4. Specific chemical reactions or formation of stable intermediates for chemical 

processes are induced by specific arrangements of residues; in this way, proteins catalyze a 

wide variety of chemical reactions. 

5. Proteins can interact with one another and with other biological macromolecules to 

form complex assemblies. The proteins within these assemblies can act synergistically to 

generate functions not afforded by the individual component proteins. These assemblies 
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include macro-molecular "machines" that carry out the accurate replication of DNA, the 

transmission of signals within cells, and many other processes. 

6. Some proteins are quite rigid, whereas others display limited flexibility. Rigid units 

can function as structural elements, while parts of proteins with limited flexibility may act as 

hinges, springs, or levers crucial to protein function. 

Because of the mentioned attributes, life takes advantage of protein chemistry for a 

wide spectrum of functions, usually related with selective processes, transport, and catalysis. 

 

1.3. Protein interactions 

The biological roles of most of the proteins in living systems are dependent on 

physical interactions with other molecules by the formation of complexes. The driving forces 

that determine protein interactions are the same effects that define protein folding: 

electrostatic and hydrophobic interactions, hydrogen bonding, charge neutralization, 

solvation of charges by multiple hydrogen bonds, and water molecules acting as 

intermediates. 

The affinity between proteins and ligands is determined by the change in free energy 

(ΔG) of the complex formation; its magnitude determines whether a particular interaction is 

relevant or not under a given set of conditions and it reflects if the ligand likes to naturally 

bind to the protein or not under certain ligand concentrations. Protein bindings are usually 

characterized by small free energy changes; indeed, to fulfill their natural role, the materials 

do not adhere permanently, but exist in association-dissociation equilibrium. 
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1.4. Hierarchical structure of proteins 

Amino acids linked together in a linear representation of the polypeptide chain do not 

adequately represent the three-dimensional structure that proteins can adopt.  The structures 

usually exhibit complicated patterns that ultimately lead to their characteristic functional 

properties. For this reason, protein structure is usually studied using four levels of 

organization, often called hierarchical structure.1 

 

1.4.1. Primary structure or sequence 

The primary structure is the linear order of amino acid residues along the polypeptide 

backbone. It arises from covalent linkage of individual amino acids via peptide bonds and 

describes their sequence from the N to C terminal. Every protein is defined by a unique 

sequence of residues and all subsequent levels of organization (secondary, tertiary and 

quaternary) rely on this primary level of structure. 

 

1.4.2. Secondary structure 

The secondary structure indicates the local conformation of the polypeptide chain or 

the spatial relationship of amino acid residues that are close together in the primary sequence. 

There are three basic units of secondary structure: the α helix, the β strands and turns. 
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1.4.2.1. The α helix 

The right-handed α helix, represented in Fig. 1.4., is the most common structural unit 

found in proteins. It consists on a helical arrangement with 3.6 residues per turn and a pitch 

of 0.54 nm per turn. This arrangement allows the formation of hydrogen bonds between the 

carbonyl oxygen (acceptor) of one residue with the amide hydrogen (donor) of a residue in 

the fourth position in front in the polypeptide chain. The combined polarization of the 

hydrogen bonds formed generates a pronounced dipole moment in the helices. 

 

1.4.2.2. β strands 

The β strand is a unit of secondary structure with an extended conformation when 

compared with the α helix. It is constituted by an extremely elongated helical arrangement 

within two residues per turn and a translation distance of 0.34 nm between similar atoms in 

neighboring residues. A single β strand is not stable; however, when two or more β strands 

form additional hydrogen bonding interactions, a stable sheet-like arrangement is created 

(Fig 1.4.).  

Adjacent strands can align in parallel or antiparallel arrangements with the orientation 

established by determining the direction of the polypeptide chain from the N to C terminal. 

On average, β sheets containing antiparallel strands are more common than sheets made up 

entirely of parallel strands. 
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Figure 1.4. Basic units of protein secondary structure: α helix (a) and β strand (b).4 

 
 

1.4.2.3. Turns 

Turns are mobile segments of proteins that usually serve as connection between α 

helixes and β strands. They are often composed by residues with small side chains such as 

glycine, asparagine, and serine. It has been found that their molecular dynamics have a 

significant effect on protein function and mechanisms of molecular recognition.5 

(a) 
 

(b) 
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1.4.3. Tertiary structure 

The tertiary structure represents the folded polypeptide chain. It is defined as the 

spatial arrangement of amino acid residues (atomic coordinates) and overall topology formed 

by the polypeptide. It arises from linking together secondary structures elements, forming a 

compact globular molecule.   

For protein larger than 150 residues the tertiary structure may be organized around 

more than one structural unit, referred to as a domain. 

 

1.4.4. Quaternary structure 

Many proteins contain more than one polypeptide chain. The arrangement of multiple 

folded proteins constitutes the quaternary structure of these complexes.  

Quaternary structure can be based on proteins with identical subunits or non-identical 

subunits. Although it might be thought that aggregates of subunits are an artefact resulting 

from crystal packing, it is abundantly clear that correct functional activity requires the 

formation of quaternary structure and the specific association of subunits. 

 

1.5. Classification of proteins 

Even though there are different ways to classify proteins, the most common 

classification is to divide them into globular, fibrous, and membrane proteins in order to 

properly describe their chemical and physical properties.  
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Globular proteins are spherical proteins that have limited solubility in water, where 

they can form colloidal suspensions. The spherical structure of these proteins is induced by 

protein folding, that exhibits hydrophilic amino acids outwards, allowing dipole-dipole 

interactions with the solvent, which explain the molecule’s solubility. 

Fibrous proteins were amongst the first to be studied because of their accumulation 

in bodies such as hair, nails, tendons, and ligaments. They were named because they were 

found to make up many of the fibers found in the body. Therefore fibrous proteins had a 

common role in conferring strength and rigidity to these structures as well as physically 

holding them together. A common feature of most fibrous proteins is their long, drawn-out, 

or filamentous structure. Essentially, these proteins tend to occur as a ‘rod like’ structure 

extended more in two of the three possible dimensions and therefore lacking the compactness 

of globular proteins. As a result, fibrous proteins tend to possess architectures based on 

regular secondary structure with little or no folding resulting from long-range interactions. 

Membrane proteins are located in the cellular cell wall that is formed by 

phospholipids bilayers with hydrophobic behavior in the middle part and hydrophilic 

behavior in the interior and exterior layer. In a similar way, membrane proteins tend to have 

hydrophobic and hydrophilic regions that allow them to be located assuming different 

configurations in the cell wall. 

1.6. Soybean proteins (SP) 

Soybean is a plant widely grown in the world for the production of soy oil, used 

massively by the food industry. This legume, native to East Asia has been used as the chief 
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source of protein and as a medicine for millions of people in the Orient since ancient times; 

nevertheless, its history in the Western World dates from the 20th century. Since 1960, soy 

protein products have been used as nutritional and functional food ingredients in the food 

market; nevertheless, the amount of soybeans growth for oil production is so massive, that 

just 5% of the defatted residual material is used for human feeding while the rest is sold for 

low added value applications such as animal feeding.6 

 

 
Figure 1.5. Stereoviews of the ribbon diagram of glycinine (left)8 and β-conglycinin (right)9. The two main 

components in soy proteins that compose the globular storage proteins. 
 
 

Soybeans are composed on average by 19% oil, 36% proteins, 28% carbohydrates, 

13% moisture, and 4% minerals. After soy oil extraction, the obtained by-product is a protein 

rich mixture that can be further purified into soy flour (~ 50% protein concentration), soy 

protein concentrate (~ 70% protein concentration) and soy protein isolate (~ 90% protein 

concentration).1, 6 In all cases, the protein fraction is composed for the most part by two 

characteristic macromolecules: β-conglycinin (7S) and glycinin (11S), two storage globular 
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proteins, illustrated in Fig. 1.5. that together account for 70% of the protein content and are 

responsible for most of its properties.7 

 

 
Glutamic acid (12.0%) 

 
Aspartic acid (7.2%) 

 
Leucine (4.9%) 

 
Arginine (4.6%) 

 
Lysine (3.9%) 

 
(Serine 3.4%) 

 
(Proline 3.3 %) 

 
Phenylalanine (3.3%) 

 
Valine (3.1%) 

 
Isoleucine (2.9%) 

 
Glycine (2.7%) 

 
Alanine (2.677%) 

 
Threonine (2.474%) 

 
Tyrosine (2.301%) 

 
Histidine (1.578%) 

 
Cystine (0.886%) 

 
Tryptophan (0.835%) Methionine (0.814%) 

 

Figure 1.6. Average amino acid composition of soy proteins. The amino acids are organized from largest to 
lowest content. 

 
 

To understand the SP behavior, it is important to analyze its amino acid composition.  

The average amino acid composition of soy proteins is shown in Fig. 1.6. It is significant to 

highlight that the two most abundant amino acids, accounting for 30.7% of protein mass are 
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glutamic and aspartic acid that may be in its acid or amidated form (glutamine, asparagine); 

the abundance of these residues, confers anionic character to the protein at a pH above 4.5. 

The hydrophobic amino acid residues together (leucine, proline, phenylalanine, valine, 

isoleucine, tyrosine, tryptophan, methionine) account for 34.3% of the amino acid 

composition; these residues are responsible for interactions with hydrophobic substrates. 

Aminic residues (arginine, lysine, and histidine) account for 16.5% of the total composition; 

these residues develop cationic charges at pH below 4.5. Alcohols (serine and threonine) 

account for 9.2% of the total composition and are responsible for the hydrogen bond 

interactions with water and other solvents. Thiols (cystine) account for 0.9% and are 

responsible for bisulfide bonds to stabilize the protein structure and small-flexible amino 

acids (glucyne, alanine) account for 8.4% of the protein and are responsible for the molecule 

flexibility and facilitate protein denaturation. 

 

1.7. Non storage proteins in soybeans 

Even though the storage proteins 7S and 11S account for 80 – 90% of the total protein 

composition of soybeans, there are other proteins present in this plant:10 

Enzymes: Soybeans possess monophosphatases (for hydrolysis of phosphate mono 

esters), phosphodiesterases (for hydrolysis of phosphate diesters), calmodulin (for calcium 

binding), α-galactosidase (for hydrolysis of galactooligosaccharides, stachyose and 

raffinose), lactate dehydrogenase (to overcome temporary oxygen insufficiency during 

muscle exercise or seed germination), lipoxigenase (to catalyze the hydroperoxidation of 
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unsaturated fatty acids), β-amylase (for β-amylose decomposition), β-glucosides (for  β-

linked glucose derivatives hydrolysis), and urease (for urea decomposition). 

Anti-nutritional factors: Soy proteins contain protease inhibitors as minor 

components that act as anti-nutritional factors by the inhibition of the capacity of the trypsin 

enzyme to break peptide bonds. The most important protease inhibitors in soybeans are 

Kunitz (Mw: 21 kD) and Browman Birk (Mw: 8 kD). They can be removed by germination 

or thermal denaturation during protein processing. In addition to proteases inhibitors, 

soybeans also possess lectins, (Mw: 120 kD) anti-nutritional factor that inhibit glycoprotein 

receptors. 

Other proteins: Soy proteins also contain polygalactouronase-inhibiting proteins for 

protection against fungal pathogens of the seed, preventing enzymatic depolymerization; 

metallothionein, a cysteine rich protein that may be involved in heavy metal ion transfer and 

detoxification, and cytochrome, a membrane protein capable of engaging in oxidation and 

reduction reactions. 

 

1.8. Commercial SP based products 

In industrial processing, soybeans are screened to remove damaged beans and foreign 

materials, to later remove soy oil by solvent (hexane) extraction. The residual material, with 

approximately 50% of protein content, is the starting point for most commercial protein 

ingredients and it can be processed to obtain products with protein concentrations from 40 to 
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over 90%. Soy protein products fall into three major groups, based on their protein content: 

(1) soy flours and grits, (2) soy protein concentrates, and (3) soy protein isolates.6  

Soy flours and grits are made by grinding and screening soybean flakes having 

different oil contents to obtain a product with a protein concentration in the range of 40 to 

54%. These products are the least refined forms of soy protein products for human 

consumption and may vary in fat content, particle size, degree of water dispersibility, and 

enzyme activity: properties that can be tailored for certain functionality in particular 

applications. 

Soy protein concentrates are produced from dehulled and defatted soybeans by 

removing most of the water-soluble, non-protein constituents. They contain at least 65% 

protein on a moisture free basis and they can be produced by three basic processes: (1) acid 

leaching (at pH 4.5) (2) extracting with aqueous alcohol, and (3) denaturing the protein with 

moist heat before extraction with water.  

Soy protein isolates are defatted soy flour from which most of the non-protein 

components have been removed. They are the most highly refined soy protein products 

commercially available, representing the major protein fraction of the soybean, and 

containing over 90% of proteins on a moisture-free basis. 

 

1.9. Soy proteins in non-food applications 

Considered by-products of the production of soy oil, soy four and proteins have been 

studied and possess several properties that may be advantageous for industrial applications: 
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Surface activity: Because soy proteins are composed of hydrophobic and hydrophilic 

residues, they display surface activity. They can migrate to the surface of water reducing its 

surface tension, thus displaying a degree of surfactancy. The performance is improved by 

hydrolysis,11, 12 but their performance is still not comparable with conventional surfactants 

used in industry. 

Emulsion formation:  Related to the surface activity of these products, soy proteins 

have the ability to form emulsions and avoid the coalescence of oil droplets. The emulsion 

formation is possible due to the high electrical charge of the molecule as well as the presence 

of hydrophilic and hydrophobic groups that permit the protein adsorption at the oil-water 

interface. Proteins thus form a film around the oil droplets that acts as a barrier.12-15 

Foaming: Soy proteins have the ability to form and stabilize foam, stable air bubbles 

surrounded by a liquid phase.  SP can also be adsorbed at the air-liquid interface, forming a 

double layer with water in the middle and retarding the water drainage between the double 

layer that constitute the bubble walls by the formation of a viscoelastic film that protects 

them from breaking and ripping.12, 13, 16-18 

Gel formation: When soy proteins are denatured at high protein concentration 

(higher than 8%), a gel is formed. Depending on the external conditions (such as pH and 

electrolyte content), gels of different rheological properties and stability can be prepared 

from different SP products. During the initial denaturation, the protein opens its native 

globular structure to adopt a more extended configuration; at this stage, the so-called 
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“progel” is formed. With time, the denatured molecules associate to form a matrix gel 

capable of retaining water, lipids, sugars, flavors, and other substances. 19, 20 

Film and fiber formation: SPs can be molded to form films and fibers that have 

been studied as an environmental alternative against petroleum-based polymers. 

Nevertheless, SP-based fibers and films are brittle; for these reasons diverse plastification 

systems and reinforcement with other materials have been used, as well as bulk and surface 

modification.21 

Surface modification: Soy proteins have important amounts of both hydrophobic 

and hydrophilic residues; for this reason, after denaturation, they can be adsorbed on 

hydrophobic substrates to reduce their hydrophobicity or on hydrophilic substrates to reduce 

their hydrophilicity.22, 23 

Formulation of adhesives: Taking advantages of the natural ability of soy proteins to 

interact with materials with different chemical composition, they have been used as 

adhesives after diverse chemical treatments in the formulation of adhesives that are 

considered more environmentally friendly compared to conventional products.24-26 
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The final objective of this work is to develop new high value industrial applications 

for soy proteins. In this approach different chemical and physical characteristics are studied 

to develop specific applications that correspond to the main parts of this work: 

1. Surface modification by soy protein hydrolysates: In this part it is studied how SPs 

interact with hydrophobic and cationic substrates by adsorption, and how the properties of 

the adsorbed products change. As an attempt to optimize the surface modification, protein 

hydrolysis was performed, to evaluate how the properties of hydrolysates (lower molecular 

weight and higher anionic charge) affect the adsorption process and properties of the 

adsorbed products. 

2. Formation of aerogels: In this part a procedure to produce SP based aerogels was 

developed, and the reinforcement effect of nano-fibrillar cellulose in these structures were 

studied, since it could be anticipated that aerogels made from SP alone were going to be 

weak for practical uses. The procedure obtained to produce SP aerogels was intentionally 

easy to scale up to industrial production, avoiding the use of supercritical drying and liquid 

nitrogen. 

3. Paper-making additives: The goal of this part was to analyze the use of SP and SP 

derivatives (hydrolyzed and cationized SP) as dry strength additives for paper making. The 

synergistic effect or using it combined with cationic products such as cationic starch, 

chitosan and poly-aluminum chloride was studied to improve the performance of the 

products.   
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3. Acid-generated soy protein hydrolysates and their 

interfacial behavior on model surfaces 
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3.1. Abstract 

The current work attempts to provide sufficient data to warrant the consideration of 

soy proteins (SPs) as potentially useful biomolecules for different chemical and engineering 

surface applications. Despite their sundry properties, SPs industrial applications have been 

limited by their high molecular weight and low solubility. In response to the latter 

limitations, the current work has analyzed the effect of acid hydrolysis of soy proteins as a 

potential route for subsequent surface modification. Techniques typical in protein analysis 

(SDS-PAGE) as well as in colloid characterization (charge demand and electrophoretic 

mobility) were used to follow the chemical and conformational changes that occur upon 

hydrolysis.  Adsorption experiments on hydrophobic (polypropylene) and cationic 

(aluminum oxide) surfaces were carried out to further study the soy hydrolysate surface 

modification. It was found that the hydrolysates tend to form less aggregates and to adsorb at 

faster rates compared with unmodified SP; nevertheless, it was also found that the amount of 

protein adsorbed and water contact angle of the treated surface does not change significantly. 

 

3.2. Introduction 

Proteins are among the most chemically versatile molecules found in nature; they are 

used by living organisms for a myriad of functions that include, inter alia, the replication of 

DNA, formation of cytoskeletal structures, oxygen transport, nutrient storage, and catalysis.1 

Despite the fact that numerous commercial enterprises exploit proteins in a variety of fields, 
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by following nature’s cues opportunities still exist for development of new products that take 

advantage of protein’s environmentally friendliness and its specific and nonspecific 

interactions with materials. 

Soy proteins (SPs), a byproduct of the production of soy oil, constitute an interesting 

group of biomacromolecules that tend to have a competitive market price and are useful for 

large scale industrial applications as currently found in adhesives,2-4 films, 5-8 gels,9, 10 foams11-

14 and emulsions.12, 15-17  In an attempt to further optimize their utility and overall 

performance, several chemical modifications of their structure have been proposed;11, 12, 15, 18-20 

as a result, a variety of functionalized SPs are being produced and commercialized. 

Hydrolysis is one of simplest and most industrially relevant method used to reduce the 

molecular weight of soy proteins, increase their solubility in water, facilitate diffusion, and 

control surface hydrophobicity. 

Their future industrial utilization ultimately depends on their chemical compositional 

characteristics and ease of modification.  Soy beans are composed on mass-percentage 

average of 19% oil, 36% proteins, 28% carbohydrates, 13% moisture and 4% minerals. After 

soy oil extraction (defatting), the obtained by-product is a protein-rich mixture that can be 

further purified into soy flour (~ 50% protein concentration), soy protein concentrate (~ 70% 

protein concentration) and soy protein isolate (~ 90% protein concentration).21 In all cases, 

the protein fraction is composed mostly of two characteristic proteinaceous compounds: β-

conglycinin (7S) and glycinin (11S), two globular proteins that account for 70% of the 

protein content and are responsible for most of its properties.22 
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Figure 3.1. Common acid forming reactions in protein chemistry: deamidation of glutamine residues (a), 

deamidation of asparagine (b), and hydrolysis of peptide bonds (c). 
 
 

As previously indicated, hydrolysis is one of the chief methods for making SP more 

industrially relevant.  During protein hydrolysis, three main chemical reactions occur: (1) 

hydrolysis of the molecule whereby the protein backbone is fragmented and the molecular 

mass is reduced, (2) deamidation of the glutamine and asparagine residues (amide residues 

react to glutamic and aspartic acid, a relevant reaction for proteins with high concentration of 

asparagine and glutamine) and, (3) degradation of some amino acids. Reactions (1) and (2) 

are shown in Figure 3.1, both of which lead to an increased number of ionizable carbonyl 

groups in the molecule and thus affect pH-induced conformational changes of the protein, its 

electrostatic interactions, and its swelling and gelling properties. As consequence of 

hydrolytic reactions, the natural conformation of SP changes, a phenomenon that is 

manifested by the exposition of hydrophobic groups that were initially buried in the core of 

the globular structure of the protein; as a result, the surface of the pH (in general) displays an 

increased surface hydrophobicity.19 

a. 

c. 

b. 
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Therefore, it becomes possible to enhance soy proteins compatibility with 

hydrophobic materials; for example, they have been successfully used for surface 

modification, i.e., to increase the surface energy by interacting their exposed hydrophobic 

core with n-octadecyltrichlorosilane and polypropylene, increasing their biocompatibility, 

wettability and adhesive properties.23, 24 In fact, the hydrophobic residues in SPs encourage 

adsorption onto hydrophobic substrates, especially after they have been thermally denatured. 

Because hydrolysis of soy proteins reduces their molecular mass, increases their anionicity 

and surface hydrophobicity, it is expected that surface modification with SP hydrolysates can 

broaden its spectrum of applications. This research provides a platform of the relevance of 

the different parameters that affect adsorption of SP hydrolysates. 

 

3.3. Material and methods 

Pro Fam 955, a commercial soy protein isolate (SPI) with 90% protein concentration, 

kindly supplied by ADM (Decatur, IL), was the soy protein used in all of the studies. This 

material is typically produced by grinding and screening soybean flakes after defatting 

followed by extraction (aqueous solution, pH 8-9) and adjustment to pH 4.5, where most of 

the protein precipitates as a curd, that is washed and spray-dried. As a result, one third of the 

starting flake weight is recovered in the form of a soy protein isolate (SPI). 
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3.3.1. Hydrolysis  

Pro-Fam 955 was subject to acid hydrolysis at 70°C using 5 and 10% of SP 

concentration in 0.1 N HCl. Samples were removed from the hydrolysis reaction at different 

times to obtain a SP with different degrees of hydrolysis. The samples obtained were cooled 

to room temperature and neutralized to pH 7 using 1N NaOH and subsequently freeze-dried 

to preserve the protein hydrolysates in a dry state for further analysis.  

 

3.3.2. SDS-Page 

The molecular weight reduction during hydrolysis was followed by SDS-PAGE 

(sodium dodecyl sulfate polyacrylamide gel electrophoresis) using the NuPAGE® system 

from Life Technologies (Grand Island, NY). Briefly, 1 g of 0.5% protein hydrolysates 

solutions were mixed with 1.25 ml NuPAGE® LDS Sample Buffer, 45 μl of β-

mercaptoethanol and diluted to 5 ml using deionized water. 10 μl of these solutions were 

loaded into precasted Novex® Bis-Tris Mini Gels and electrophoresis was conducted using a 

constant voltage of 200 V for 50 minutes. The gels were stained using Colloidal Coomassie; 

they were dried using the DryEase® system from Life Technologies and scanned. The 

obtained images were analyzed using Totallab, a commercial imaging software from Life 

Science Analysis Essentials (Newcastle upon Tyne, UK).  
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3.3.3. Charge Demand 

 The amount of negative charges in SP hydrolysates was determined by direct and 

reverse titration using a streaming current method. In direct titrations, approximately 15 ml 

of a 0.05% dispersion of SP hydrolysates was pH adjusted to 10.5 (1N NaOH), placed in a 

Mütek PCD 03 pH particle charge detector (BTG, Egham, UK), and titrated with a 0.005N 

Poly DADMAC solution. The voltage signal was recorded when it became stable; the 

volume of titrant required to neutralize the system (0 v) was interpolated by linear regression 

using the experimental values. The volume of titrant was used to calculate the amount of 

negative charges in the protein. In reverse titration experiments, 100 g of a 0.05% aqueous 

dispersion of SP hydrolysates was pH adjusted to 10.5 and mixed under stirring with excess 

poly-DADMAC solution (15 g of 0.005N). After mixing for 5 minutes, the solution was 

centrifuged for 15 minutes at 2000 rpm. 15 g of the supernatant were titrated with PVSK 

0.0025N; the volume of titrant required to obtain a zero voltage was obtained, indicating the 

excess of poly-DADMAC in solution, and thus the amount of negative charges in the initial 

protein dispersion. 

 

3.3.4. Polypropylene (PP) surface preparation 

To perform adsorption experiments on polypropylene (PP), thin films were prepared 

using spin coating on gold slides and gold QCM sensors that were previously cleaned with 

Piranha solution (70% H2SO4 (95-98%) + 30% H2O2 (30%)) for 1 h and then subjected to 

UVO radiation (28 mW/cm2 at 254 nm) for 10 min. 20 mg of PP and 10 ml of xylene were 
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placed in a flask with a condenser and the mixture was heated to boiling point and stirred for 

2 h to dissolve the polymer. The gold slides or QCM sensors were placed on the rotor head of 

the spin coater (Model WS-400A-6NPP/LITE, Laurell Technologies Corporation, North 

Wales, PA) while an infrared lamp (250 W) was used to keep the surface temperature above 

85°C (as measured by an infrared thermometer gun). 50 μl of hot PP solution ware spin 

coated onto the substrates at 3000 rpm for 20 s. The coated substrate was then removed from 

the coater and transferred to an oven pre-heated at 80°C for 2 h and later stored in a 

desiccator until used.25 

 

3.3.5. Contact angle characterization 

Aqueous dispersions of 0.1 mg/ml protein hydrolysates in 0.1 M phosphate buffer at 

different pH (1, 4.5 and 7) and 0.2% of sodium azide were prepared and mixed with a 

magnetic stirrer for 6 h. After this time, the solutions were heated to 85°C to induce thermal 

denaturation of the protein and the PP-coated gold slides were submerged in the solutions for 

15 min either at 85°C or at ambient temperature. In some experiments the protein solutions 

were filtered with a Syringe Nylon filter with a pore size of 0.45 μm (General Electric, USA) 

to remove any solid particles present. The PP films with protein coating were dried with 

compressed nitrogen and stored in a desiccator to later measure the static water contact 

angles using a contact angle goniometer SEO Phoenix 300 (Korea) via the sessile drop 

method at a drop volume of 20 μl. 
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3.3.6. QCM  

Aqueous dispersion of 0.1 mg/ml protein hydrolysates in 0.1 M phosphate buffer at 

pH 7 with 0.2% of sodium azide were prepared and mixed with a magnetic stirrer for 4 h. 

The solutions were filtered with a syringe nylon filter with a pore size of 0.45μm (General 

Electric, USA) to remove solid particles and analyzed in a QCM E4 model (Q-Sense AB, 

Göteborg, Sweden) using PP and Al2O3 coated sensors (Biolin Scientific, Stockholm, 

Sweden). Before mounting the sensors, they were submerged in buffer for at least 1 h and 

thoroughly dried with a nitrogen jet. Right before starting the measurement, the buffer used 

to dilute the protein hydrolysates was introduced into the measuring chamber at a flow rate of 

0.1 mL/min until a stable frequency of vibration was obtained. Thereafter, protein solutions 

of soy protein hydrolysates were introduced at the same rate, and the frequency shift was 

monitored until stable conditions were reached and then rinsed with 0.1 M phosphate buffer. 

All measurements were recorded at 5 MHz, and the third overtone was used for data 

processing. The temperature was set to 25°C in all experiments. 

 

3.4. Results and discussion 

 

3.4.1. Hydrolysis  

Commercial SPIs are powders that are dispersible in water after gentle stirring at 

concentrations lower than ca. 20%. In aqueous dispersions some protein fractions are 



 
 

33 
 

solubilized, while others remain in an aggregated form. When SPIs are dispersed in 0.1N 

HCl, it is expected that the amine residues of the molecule (approximately 16.5% are 

represented in the amino acid form) develop cationic charges; despite the electrostatic 

repulsion between the cationic residues, some of the SPI fractions remain aggregated and 

show no major changes that may otherwise indicate denaturation. Upon heating, the protein 

denatures to form a pseudo gel, i.e., a viscous dispersion with no particle aggregates. The gel 

formation of soy proteins has been studied and is explained by the partial denaturation of the 

proteins; some degree of reversibility to the native form, after pH adjustment, has been 

noted.26 

In previous studies, soy protein hydrolysis has been carried out at a protein 

concentration between 1 and 3% in most of the cases.11, 12, 15, 19, 27-33 Low concentration 

processes generally are not adequate for industrial applications, especially when low cost 

products like SPs are used. For this reason, in our experiments, SPI acid hydrolysis was 

carried out at relatively high solids content, viz., 5 and 10%. At 5%, the dispersion is 

homogeneous and has low viscosity; however, when the concentration is increased to 10%, 

the viscosity increases probably due to the contributions of hydrophobic residues, as has been 

reported elsewhere.34 

When the hydrolyzed samples are taken out from the reaction system (after 1.5; 3; 

4.5; 6 and 9 h reaction time), the protein remains denatured even after conditioning to room 

temperature; however, it forms insoluble aggregates once pH is increased to 4 or more. 
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3.4.2. SDS-Page.  

Figure 3.2 includes results of SDS-PAGE experiments for the products of acid 

hydrolysis of SP at 5 and 10% solid contents. It can be observed that the high molecular mass 

fractions disappear rapidly with hydrolysis time (note the 120 kDa band, for example). 

Higher staining intensity is developed at the bottom of the gel, corresponding to an 

augmentation in the amount of lower molecular mass species. If the hydrolysis products are 

compared to the two major components of soy proteins, proteins 7S and 11S, it can be 

concluded that different susceptibility to hydrolysis exist for these majority fractions. For 

example, the high MW fraction (~63 and 66 kDa) of 7S degrades more rapidly than the high 

(~20 and 39 kDa) fraction of 11 S, suggesting larger susceptibility to acid hydrolysis of 7S 

compared to 11S. 

 

Figure 3.2. SDS-PAGE analysis of SPI and SPI hydrolysates obtained at different reaction times for SPI 
concentration of 5 (right) and 10% (middle). Reference, pure 7S and 11 S fractions are shown, respectively, at 

the left for comparison. 
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A faster reaction rate can be expected at high protein concentration, likely due to 

trivial second order kinetic concentration effects arising during the hydrolysis reaction. 

However, when they are denatured, vegetable proteins tend to rearrange, forming 

hydrophobic domains that decrease the availability of peptide bonds to the aqueous solution. 

The presence of these domains has been documented for whey proteins, and cited as the main 

reason for the increased viscosity of the aqueous dispersions.34 

The obtained SDS-PAGE bands were analyzed using image analysis, to determine the 

average molecular mass of the hydrolysates and by comparison against the non-hydrolyzed 

product, and thus, the relative degree of hydrolysis of the products was obtained (shown in 

Figure 3.3). SDS-PAGE indicates the molecular weight of the fractions obtained after the 

disulfide bonds of the molecule are broken, not that corresponding to the initial molecule, 

and as such, this technique does not obtain absolute values for molecular weight, but its 

results can be used for comparison. 

 

Figure 3.3. Relative Degree of hydrolysis (DH) obtained by SDS-PAGE bands image analysis for reactions 
carried out at 10% (red circles) and 5% (black squares) protein concentrations. 
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3.4.3. Charge Demand 

Conventional charge demand titration methods need to be modified to use them to 

characterize vegetable proteins and their derivatives. The natural ability of proteins to change 

their configuration in response to external conditions can be observed when the charge of the 

surrounding media changes while the titration is performed; for example, the slow 

rearrangement of the molecule when a cationic titrant is added generates long response times 

in the instrument to obtain stable readings (up to 30 minutes). 

To avoid slow signal stabilization that are often observed during charge titration 

measurements, a reverse titration method was applied. A linear cationic polymer with high 

solubility such as poly-DADMAC was added in excess to the protein, in such a way that the 

anionic protein associates with the cationic linear polymer forming a complex that 

precipitates easily by centrifugation, to obtain a supernatant where the excess of cationic 

linear polymer is solubilized and can be titrated using a standard anionic polymer. Using this 

procedure, the polymer that is titrated is no longer the complex protein, but a linear soluble 

polymer that can be neutralized stoichiometrically with a similar molecule, but with opposite 

charge. Direct and reverse titration curves for non-hydrolyzed SPI are shown in Figure 3.4a. 

The Figure represent a single titration by both methods, but it was performed in triplicate for 

each SP hydrolysate. 

A charge demand of 1.04 +/-0.06 and 1.06 +/-0.02 mEq of anionic groups per gram of 

dry protein was obtained following the direct and reverse titration methods, respectively. The 
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lower variation of the final value and lower time for the procedure suggest that that reverse 

titration is more efficient than the direct titration to analyze soy proteins and their derivatives. 

 

       

Figure 3.4. Direct and reverse titration of Pro Fam 955 by streaming current titration (a) and charge demand of 
acid hydrolysis products obtained at different reaction times of a 5% (red) and 10% (blue) protein concentration 

in 0.1N HCl by reverse titration using streaming current (b). 
 

 

According to the technical data sheet of Pro-Fam 955, SPIs are composed of 11.5% of 

aspartic acid/asparagine and 19.2% of glutamic acid/glutamine. Based on this composition, 

and considering that the anionic groups of the molecule are mainly deamidated residues, the 

maximum charge demand of the molecule is 2.49 mEq/g (if 100% degree of deamidation of 

the residues is assumed). Thus, the charge demand from reverse titration suggests that 

approximately 43% of the amide/acid residues are in their acidic form while 57% are in the 

amide form.  

For the validity of reverse charge demand characterization, it assumed that when the 

protein-poly-DADMAC complex is formed and precipitates, the amount of positive charges 

in the poly-DADMAC is equal to the amount of negative charges in the protein and there is 
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not an excess of any of these charges in the precipitate.35 The agreement of the results 

obtained by direct and reverse titration suggests that this assumption is indeed valid. 

The described reverse titration was also used to characterize the hydrolysis products 

of Pro-Fam 955 hydrolysed in HCl.  As could be expected, the charge demand of the 

products increase as the hydrolysis and deamidation reaction occur (Figure 3.4b) 

Fractions with low degree of hydrolysis (inferior to 3h), sedimentate easily upon Poly 

DADMAC addition even before centrifugation when reverse titration is performed. As the 

hydrolysis time increases, the sedimentation of protein-poly-DADMAC complexes is more 

challenging as a consequence of the increased solubility of the obtained hydrolysates, in 

these cases; centrifugation is required to separate the excess of poly-DADMAC in solution. 

It is important to highlight that the charge demand analyses were performed at high 

pH (10.5) to ionize and characterize all the carboxylic groups generated during the hydrolysis 

process. Charge demand titration is not a conventional technique for protein analysis; in fact, 

only a few reports are found in the literature.36  However, this technique is rapid, it uses 

inexpensive equipment, and it gives very useful general information about the major 

reactions that occur during acid hydrolysis (deamidation and hydrolysis), suggesting that it is 

an adequate technique for process control, but has not found industrial use. 

The degree of hydrolysis is usually monitored by a spectrophotometric analysis of a 

chromophore formed by the reaction of α-amino groups with o-phtaldialdehyde (OPA)13 or 

trinitrobenzene sulfonic acid (TNBS).19 To monitor the deamidation, the amount of ammonia 

released during the reaction is measured. However, the volatility of ammonia makes 
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separation and processing at high temperature difficult and therefore associated methods are 

limited to systems where close observation of the volatile fraction is possible. Here, it is 

proposed that charge analysis is a simple approach to characterize the progress of soy 

protein hydrolysis as it affects primary functional groups (such as carboxylic acid- or amine-

based) in the protein following simultaneous hydrolysis and deamidation.  

 

3.4.4. SP hydrolysates adsorption in PP 

PP is a promising material for a wide spectrum of potential applications, possessing 

desirable properties such as good mechanical strength, chemical resistance, thermal stability, 

and low cost. Unfortunately, the major drawback of PP is its low surface energy, which is 

manifested as an inherent hydrophobicity and poor biocompatibility. Numerous attempts to 

increase PP surface energy have been reported, including the use of unmodified SP.23, 24 

Because hydrolysis modifies some attributes related to adsorption such as diffusivity, surface 

hydrophobicity, and molecular size, it was determined relevant to study the effect of SP 

hydrolysis on PP surface modification. 

To adequately perform adsorption experiments, protein solutions at different pH 

values were heated to 85°C to thermally denature the protein. The adsorption experiments on 

polypropylene were performed at the denaturation conditions (85°C) as well as 25°C, after 

cooling the protein solution. The proteins formed aggregates upon adsorption on the surface 

of the polypropylene films. Such aggregation decreased notably in samples that were 
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subjected to extensive hydrolysis, as it is shown in Figure 3.5, which is a consequence of the 

decreased size and consequent increased solubility of the hydrolysates. 

 

 

Figure 3.5. Aggregate formation on top of polypropylene films after SPI hydrolysate adsorption with proteins 
at different degrees of hydrolysis. The hydrolysis time and water contact angles obtained are shown under each 

picture; pH: 4.5, adsorption temperature, 85°C. 
 

 
               
3.4.5. Contact angle 

The adsorption of SP hydrolysates on polypropylene was followed by different 

methods. To adequately assess the changes in wettability upon proteins adsorption, contact 

angle goniometry was used.  Initially the protein was denatured by thermal treatment (85°C) 

of the protein solutions at different pH values. Then adsorption experiments on 

polypropylene were performed at the denaturation conditions (85°C) as well as 25°C, after 

cooling the protein solution.  The measured initial water contact angles are shown in Figure 

3.6, which indicate a large reduction in WCA upon SP adsorption. However, no major 

differences in the WCA were observed after application of the different protein hydrolysate 

fractions or after comparing adsorption at low and high temperature.  An exception to this 

observation is the case of non-hydrolyzed protein (0 h hydrolysis time) applied at its 
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isoelectric point of 4.5, where the adsorption performed at room temperature exhibits a 

higher water contact angle compared with the experiments performed at denaturation 

temperature, probably because proteins tend to be more difficult to denature at their 

isoelectric point, where there are less electrostatic charges to stabilize its denatured structure; 

in fact, SP may partially return to their native globular structure after cooling at this condition 

(no hydrolysis, isoelectric point). 

In general, the results for water contact angle indicate similar results for the 

hydrolyzed and unhydrolyzed proteins, i.e., hydrolysis does not improve wetting after 

adsorption. 

 

 

Figure 3.6. Static water contact angle of PP films with SPI hydrolysates adsorbed at 85°C (yellow) and 25°C 
(gray) in adsorption experiments carried out at pH 2 (left), 4.5 (middle and 7 (right). 

 
 

Some experiments were performed by filtering the protein suspension before 

adsorption and similar water contact angles were obtained in all cases. Figure 3.7 illustrates 

the results of adsorption at room temperature and pH 2 of non-hydrolyzed soy protein with 

and without filtration. 
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Figure 3.7. Adsorption of non-hydrolyzed soy protein on PP at room temperature, pH 2 with (right, WCA: 64 
+/- 3) and without filtration (left; WCA: 62 +/- 1). 

 
 
 
3.4.6. QCM 

The dynamics of SPI hydrolysates adsorption on PP-coated sensors is illustrated in 

Figure 3.8. The measured shift in QCM frequency upon adsorption, –ΔF, is directly related to 

the amount of protein at the interface. It can be observed that after some time, an equilibrium 

where the amount of SP adsorbed does not increase anymore is reached; at this point, the 

amount of adsorbed protein is similar for different hydrolysates. However, the dynamics of 

adsorption process is quite different and it is observed that the slope of the adsorption curve 

increases with hydrolysis showing a faster adsorption as more highly hydrolyzed samples are 

tested. Hydrolyzed proteins have lower molecular weight, they tend to form less aggregates, 

and therefore their diffusion to PP surfaces is enhanced; they also have more surface charge 

that favor the formation of more extended structures, facilitating the adsorption on flat 

surfaces because the protein fragments require less rearrangement to adsorb to the surface. 
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Figure 3.8. Frequency shifts (-ΔF) in QCM adsorption experiments of SPI hydrolysates (0, 1.5, 4.5 and 9h) in 

PP (left) and Al2O3 coated sensors (right). pH: 7, T: 25°C. 
 
 

Adsorption at pH 7 was also studied on Al2O3 surfaces which are cationic below pH 9 

and can interact with the anionic groups in hydrolyzed proteins (as shown in charge demand 

experiments). It can be observed that the adsorption rate is increased by hydrolysis, as a 

consequence of larger amounts of anionic groups in the protein and lower molecular weights. 

Compared with hydrophobic substrates, the effect of hydrolysis is more pronounced for 

Al2O3, the adsorption is slower, but allows for greater adsorption of protein, probably 

because of the contribution of electrostatic interactions.  

It is important to note that the protein adsorption was followed by a rinsing step, 

where the buffer used for dilution of the hydrolysates was flowing through the QCM 

chamber. During this step, a minor reduction of –ΔF was observed in both substrates (PP and 

Al2O3), suggesting the presence of strong interactions between the adsorbed proteins and the 

substrate that otherwise would be removed during rinsing. For practical applications of 
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protein modified substrates crosslinking is recommended;24 nevertheless, the natural 

resistance of the attached material may facilitate its processing. 

The experiments were carried out at pH 7, above the isoelectric point of soy proteins, 

and below the isoelectric point of Al2O3, because this is a common operational pH, 

compatible with biomedical applications; nevertheless, some interactions can be optimized 

working at higher pH where SP is completely denatured and it develops higher anionic 

charge. The protein concentration used in the experiments was 0.1 mg/ml because it has 

proven to be an adequate concentration for adsorption of un-modified SP; nevertheless, it 

could be optimized for targeted applications, especially in the case of hydrolysates where the 

protein tend to adsorb more efficiently as was shown by the formation of fewer aggregates. 

 

3.5. Conclusions 

Charge demand measurements can be used to monitor the quantity of carboxylic 

groups in proteins that are generated upon hydrolysis that allows monitoring of deamidation 

and hydrolysis reactions. 

Acid hydrolysis reactions of SP at higher protein concentration (10%) tend to have 

slow reaction rate compared with lower protein concentration (5%). For larger scale 

processes, it will be necessary to optimize soy protein concentration and reaction conditions 

to balance between the constraints of low reaction rates with the energetics of drying a more 

diluted product. 



 
 

45 
 

In surface modification, SPI hydrolysates compared with unmodified SPI tend to 

form less aggregates and show higher adsorption rates in adsorption of hydrophobic and 

cationic surfaces. For polypropylene adsorption, however, hydrolysis does not increase the 

amount of soy protein adsorbed or affect the final water contact angle. For some practical 

applications of SP hydrolysates in surface modification, these differences can be helpful to 

obtain more uniform adsorbed layers on both hydrophobic and cationic substrates. 
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4. SP Based Aerogels 
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4.1. Abstract 

Organic aerogels based on two important and widely abundant renewable resources, 

soy proteins (SP) and nanofibrillar cellulose (NFC), are developed from precursor aqueous 

dispersions and a facile method conducive of channel- and defect-free systems after cooling 

and freeze-drying cycles that yielded apparent densities on the order of 0.1 g/cm3. NFC 

loading drives the internal morphology of the composite aerogels to transition from network 

to fibrillar-like, with high density of interconnected cells. Composite aerogels with SP 

loadings as high as ca. 70 % display a compression modulus of 4.4 MPa, which is very close 

to that obtained from reference, pure NFC aerogels. Thus, the high compression modulus of 

the composite system is not compromised as long as a relatively low amount of reinforcing 

NFC is present. The composite materials gain moisture (up to 5 %) in equilibrium with 50 

%RH air, independent of SP content. Furthermore, their physical integrity is unchanged upon 

immersion in polar and non-polar solvents. Fast liquid sorption rates are observed in the case 

of composite aerogels in contact with hexane. In contrast, water sorption is modulated by the 

chemical composition of the aerogel, with an important contribution from swelling. The 

potential functionalities of the newly developed SP–NFC composite green materials can 

benefit from the reduced material cost and the chemical features brought about the amino 

acids present in SPs. 
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4.2. General concepts and definitions 

In in the late 1920s Samuel Stephens Kistler, an undergraduate teacher at the College 

of the Pacific in Stockton, California, was able to remove the solvent from different wet gels  

without damaging the continuous solid network of the dispersed phase.1    Doing that, Kistler 

obtained solid materials with extremely low density, high specific surface area, low thermal 

conductivity and high porosity that in later years found use as high performance thermal 

isolator for aerospace applications, for insulation of launch vehicles or for planetary entry, 

descent, and landing systems contributing to the success of the Pathfinder to gather 

information on the surface of Mars, since July of 1997. These materials were called aerogels, 

and have been subject of diverse studies since they are promising for different uses. 

Until now, the most studied aerogels have been made from silica, produced by 

supercritical drying, an aerogel however can be manufactured with any gel forming polymer, 

using any drying system if the material is strong enough and the drying process is gentle 

enough to avoid the collapse of the polymeric network when the solvent is removed. During 

his early work, Kistler himself produced aerogels from alumina, tungsten oxide, ferric oxide, 

tin oxide, nickel tartrate, cellulose, cellulose nitrate, gelatin, agar, egg albumen and rubber.  

Authors from different disciplines have studied porous materials for diverse applications, for 

this reason there is no consensus in the literature about the adequate nomenclature, and 

similar materials often are called by different names, such as solid foams (when air bubbles 

are introduced in the production of the gel), frozen smoke (common name for silica 

aerogels), cryogels (aerogels produced by freeze casting), porous nano papers (porous thin 
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materials obtained after drying cellulose nano fiber gels) and xerogels (obtained from air 

drying). 

 

4.2.1. Preparation of aerogels 

Aerogel processing starts with the formation of a gel, usually in aqueous solution; the 

gel formation can be induced by chemical (reaction) or physical (pH, temperature) 

crosslinking. After the gel is formed, it is often required to replace the water present in the 

gel structure by another solvent, which is usually an alcohol to obtain a gel usually called 

alcogel. The final step to produce an aerogel is to extract the solvent from the gel; traditional 

drying procedures, like air drying don’t allow to preserve the gel structure, because in these 

processes capillary forces that collapse the structure are generated. 

Supercritical drying is the most common used drying method to produce aerogels, to 

perform this procedure the gel is placed in a pressurized vessel that is filled with liquid 

carbon dioxide CO2, which is essentially another solvent that can displace the liquid in the 

pores of the gel. The gel is soaked in this solvent over the course of several days, flushing 

new CO2 periodically to replace the solvent in the pores. After that, the system is heated to 

exceed the CO2 critical temperature and pressure. The vessel is then isothermally 

depressurized in such a way that CO2 becomes a vapor without any phase transition (because 

it is on supercritical conditions), making it possible to remove it from the structure of the gel 

by avoiding the capillary forces of conventional drying systems.2  
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Supercritical drying has been used to produce high performance aerogels, but it is too 

expensive to be used in many applications. In an attempt to expand the use of the aerogel 

technology in a broader range of uses, freeze casting techniques have also been applied. To 

perform freeze casting, the gel solvent is frozen and sublimed using high vacuum. Following 

this procedure, the crystalized solvent is replaced by air to obtain pores with a morphology 

that is highly dependent on the morphology of the solvent solid crystals and likewise on the 

freezing method used. When the gel solvent is water, for example, fast freezing usually allow 

to obtain small ice crystals and high surface area aerogels, while slow freezing generate 

bigger ice crystals and lower surface area in the obtained materials.3    

Unlike other solvents, water expands when ice crystals are formed, tending to 

crystallize preferentially on the surface of an already formed ice crystal. These particularities 

promote the formation of ice channels that grow in the same direction as the temperature 

gradients in the material. After the water is sublimed, aerogels with lamellar structures can be 

obtained controlling the temperature gradients in the material during solidification. This 

phenomenon hinders the production of thick aerogels in which temperature gradients are 

considerable, but at the same time has allowed the production of materials with organized 

architecture by freeze casting with minerals4 and cellulose micro fibrils. 5 
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4.2.2. Aerogels based on biomaterials 

Biodegradability, biocompatibility, availability, renewability and capacity for 

chemical modification have raised the interest in bio-based aerogels to study systems based 

on different natural carbohydrates and proteins. 

 

4.2.2.1. From cellulosic fibers 

It is well known that nano-fibrillar cellulose (NFC) and microfibrillar cellulose 

(MFC) can form gels constituted by strong percolative networks at concentrations around 2% 

w/w, allowing to produce aerogels with fibrillar structure.  

CNF aerogels can be produced by freeze casting, using freeze drying after fast 

freezing methods with liquid nitrogen or propane,6 slow freezing using regular freezers,7 

solvent exchange by tert-butanol followed by freeze casting or it is even possible to produce 

porous materials without freezing the sample before applying vacuum to sublimate the water 

in the system and reduce the temperature at the same time (vacuum drying).8   As it could be 

anticipated, different drying procedures produce aerogels with different morphologies, 

vacuum drying for example forms sheet-like structures with microscale porosity, obtaining 

materials with densities around 0.02 g/cm3 and porosities around 98%. In all cases, the final 

density of the aerogel is related with the NFC concentration in the precursor gel. 

The possible use of NFC-based aerogels have been illustrated using different 

approaches: coating the aerogels with polyaniline–dodecyl benzene sulfonic acid, a 
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conductive polymer, allows to obtain a flexible, low density conducting material;6   

precipitation of ferrite crystals on aerogels from bacterial cellulose have made it possible to 

obtain magnetic materials that that can sustain large deformation;9   hydrophobic coating 

with titanium dioxide has been used to obtain oil absorbing reusable materials capable of 

floating on water10   and materials with photoswitchable wetting properties (hydrophobic at 

regular conditions that become super absorbents after exposure to UV radiation);11 coating 

with fluorinated silanes produces superhydrophobic materials with extremely high surface 

area that can be used as cargo carriers on both water and oil;12, 13 coating with different oxide 

materials using  atomic layer deposition followed by calcination produces inorganic hollow 

nanotubes aerogels;14 TEMPO-oxidized cellulose nano-fibers have been used to produce 

aerogels after ion exchange of Na for Cu species, giving rise to a porous material with 

excellent catalytic efficiency for the azide-alkyne Huisgen cycloadition reaction, suggesting 

that fibrillar aerogels are good supports for high dispersion and exposition of catalyzers.15          

NFC-based aerogels have also been used as environmentally friendly alternatives to 

replace superabsorbent polymers (SAP). They absorb water at high rates; nevertheless their 

water loading capacity is about the half of the capacity of a conventional SAP. Trying to 

solve this problem, two approaches have been used: (1) The use of macroscopic fibers (pulp) 

to reinforce the mechanical stability of the aerogel16 and (2) Crosslinking, to obtain aerogels 

that exhibit fast shape recovery after water sorption.17            

In the literature some NFC-derived aerogels are also called porous nano-paper, since 

NFC is able to form sheet-like structures in similar way as regular fibers form paper. Flexible 
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porous nano-papers have been produced by supercritical drying, liquid CO2 evaporation and 

tert-butanol freeze drying, allowing the production of  porous membranes with potential use 

in fuel cells, catalysis, liquid purification and filtering, tissue engineering, protein 

immobilization, protein separation, protective clothing among others.18   

Cellulose nano-crystals (CNC), nanometric structures with shorter aspect ratio 

compared to NFC, can also form gels at high concentration by hydrogen bonding. They have 

been used to produce aerogels using solvent exchange with ethanol followed by supercritical 

CO2 drying.19   Compared with nano-fiber derived aerogels, the obtained materials have 

higher densities, since higher solid contents are required for the gel formation. 

 

4.2.2.2. From carbohydrate solutions 

Most carbohydrates can form gels after they are dissolved and further dried to 

produce aerogels. The gel formation and its three-dimensional structure is mainly governed 

by the degree of crosslinking of the polysaccharide.In some cases (physical hydrogels) the 

polymer is further cross-linked, taking advantage of weak forces and interactions (such as 

hydrogen bonding or ionic interactions) using polyvalent salts. In other cases (chemical 

hydrogels) the crosslinking is induced by covalent bond formation assisted by coupling 

agents or cross-linker promoters.20  Following this route, aerogels from starch, pectin, 

alginate, chitin, chitosan, carrageenan, agar and cellulose have been produced and evaluated 

for cosmetic and pharmaceutical applications, mainly in drug release systems. 
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4.2.2.3. Protein Based Aerogels 

Proteins can also form gels in different conditions, making it possible to design 

aerogels from different sources. Collagen-TiO2 aerogels have been designed and tested for 

fibroblast and osteoblast cell culture, exhibiting biostimulator effect on the cell metabolism. 

21   

Globular proteins can also form gels after denaturation; following this principle has 

allowed  for the preparation of aerogels using cheap proteins derived from  plants such as 

wheat. 22 

 

4.3. SP based Aerogels 

In this study, SPs were investigated for the development of aerogels based upon a 

process of controlled solvent removal from respective precursor aqueous dispersions. 

Practical uses of SPs in the development of solid materials is nevertheless very challenging 

because the products tend to be brittle and possess limited mechanical strength. Therefore, 

nanofibrillar cellulose (NFC) was used as reinforcing phase to enhance the mechanical 

properties of the material. In this way, this work provides the first documented study of not 

only SP-based aerogels, but the introduction of reinforcing NFC as an emerging new 

material. NFCs are a biodegradable fibrous material with superior strength that have shown 

promise for a gamut of purposes 23 and can interact strongly with SP, as demonstrated in our 

previous work. 24  
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Despite the ostensible benefits of NFC when used alone or as the main component in 

an aerogel, this research also suggests that the resultant properties of SP-based aerogels can 

achieve commensurate materials properties of NFC-based aerogels when a relatively low 

amount of NFC is introduced in the context of a composite system. Not only can SPs allow 

for a reduced material cost, but they can endow the resultant structures with new chemical 

functionalities and different morphologies. Overall, SP–NFC composite porous materials are 

fully based on widely available and sustainable resources, can be developed via green 

processes, and compete favorably in conventional applications dominated by petroleum-

based materials.  

The inherently potential attractive properties of the proposed composite aerogels are 

their morphology and properties such as specific surface area, liquid sorption, mechanical 

strength, etc., all of which are highly dependent on the production method used. In this 

regard, several techniques have been applied.25  The most common and generic methods 

involve homogeneous dispersions or solutions in a solvent that is subsequently removed by 

drying. However, a limitation is that conventional drying via heating involves large capillary 

forces that dominate during meniscus formation, which induces the collapse of the porous 

structure. As a result, supercritical and freeze drying are preferred methods for solvent 

removal because they involve lower mechanical stresses. Evidently, the formation of 

homogeneous porous structures demands precursor systems capable of withstanding stresses 

that develop upon solvent removal at a given solids content. 
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Freeze drying, which is the method used in this work, uses a dispersion, an aqueous 

gel, or a solution which is frozen. The solvent is removed by sublimation under high vacuum; 

by using this technique, the spaces vacated by the solvent crystals become pores. The 

morphology of the crystals depends on the freezing conditions or the specific cooling 

protocol used (cooling rate and pressure, mainly), which thus impacts the structure of the 

final porous aerogel. For example, fast freezing by using liquid nitrogen or liquid propane, 

has been used to produce aerogels.6, 26 In such cases water (or the given solvent) solidifies 

very quickly and triggers a very extensive crystal nucleation in which the actual crystal 

growth is limited; hence, porous structures with pore diameters in the range of 1–60 nm can 

be produced.  

The present manufacturing method involved freeze-drying aqueous systems at slow 

cooling rates, which overcame the following hurdles that are otherwise typical: (1) presence 

of stresses from fast expansion upon crystallization, which result in cracks; (2) the use of 

liquid nitrogen or propane that make scale up difficult, and (3) temperature gradients within 

the sample that induce heterogeneities and limit the dimensions of the material that is 

processed. 

 

4.3.1. Materials and methods 

Soy protein (SP) gels were prepared from ProFam 955, a commercial soy protein 

isolate with 90 % protein concentration and kindly supplied by ADM (Decatur, IL). This 

material is typically produced by grinding and screening soybean flakes after removal of oil 
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followed by extraction (aqueous solution, pH 8–9) and adjustment of pH to 4.5, where most 

of the protein precipitates as a curd, which is finally washed and spray-dried. As a result, 

one-third of the starting flake weight is recovered in the form of a soy protein isolate.  

NFCs were prepared from bleached elemental chlorine free kraft wood fibers 

produced from birch (Betula pendula) and provided as a never dried pulp with a solids 

content of approximately 20 % (w/w). NFC was produced by grinding the pulp with an ultra-

fine friction grinder Masuko Super Masscolloider MKZA 10-15 J (Masuko Sangyo Co. Ltd., 

Japan) equipped with SiC grinding stones (MKE 10-46). The grinding stone gap was 100 lm, 

and the pulp solids content was 1.3 % (w/w). The pulp was passed five times through the 

grinding chamber, using a total net specific energy consumption of 20 MWh t-1. The 

resultant NFC gel was concentrated into a dispersion with 9 % solids content upon 

centrifugation at 12,000 rpm for 1 h four times (Beckman Coulter Optima L-90K 

Ultracentrifuge with a 70 Ti rotating head). 

 

4.3.1.1. Preparation of aerogels 

A 10 % SP gel was prepared by diluting SP isolate in 0.1 N HCl followed by heating 

to 70 C under stirring for 1 h; use of this procedure resulted in a viscous protein gel. The 

protein gel was easily mixed using a spatula with NFC (9 %) suspension, 1 N HCl, and water 

to obtain hydrogels with 8 % final total solid content, 0.09 N HCl concentration, and NFC:SP 

ratios ranging from 0:100 to 100:0. These mixtures were cast in plastic molds (10 X 10 X 40 

mm dimension). The samples were then cooled in a refrigerator to 13 C and after 1 h they 
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were placed in a freezer set at-10 C. Finally, the frozen samples were dried in an Edwards 

micro Modulyo Freeze dryer (Crawley, West Sussex, UK). The specimens developed some 

protrusions at the ends of the molds caused by material expansion upon water crystallization. 

Therefore, any excess material protruding from the walls of the mold was removed with a 

cutter to obtain specimens with known, precise dimensions. The aerogels were finally stored 

in a desiccator with silica gel until use. 

 

4.3.1.2. Physical characterization 

The apparent density was obtained from the dry mass and volume of the given 

aerogel sample. Tomography analysis was performed by using a 1072 SkyScan X-ray 

microtomograph (Skyscan, Belgium). Surface BET area was obtained by using a 

Micromeritics Gemini VII surface area analyzer (Micromeritics, USA) using glass beads to 

reduce the free space. The dry aerogel samples were conditioned in a room with constant 

temperature (23 °C) and relative humidity (50 %) and weighted after 48 h to determine their 

equilibrium moisture content. 

 

4.3.1.3. Mechanical properties 

The mechanical properties of the conditioned samples were evaluated by compression 

tests using a MTS 400M Test machine operated with a 200 N load cell (at a compression rate 
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of 1 mm/min). The samples were placed horizontally and the compressive force applied to 

one of the long sides of the aerogel sample. 

 

4.3.1.4. Water sorption 

Samples of the aerogels were suspended vertically in a KSV Instruments Tensiometer 

(model Sigma 70m Helsinki, Finland). In a typical experiment, a container filled with water 

or hexane was placed underneath the sample, which was advanced towards the liquid surface 

until contact. As a consequence, the fluid rose through the porous material (via wicking) and 

the weight gain recorded as a function of time while keeping the immersion depth constant 

(so that buoyancy effects were accounted for). The square of the adsorbed mass was then 

correlated to contact time according to the simple form of the Washburn equation for wetting 

of porous solids.27 

 

4.3.2. Results and discussion 

By using the method introduced in the Experimental section, homogenous aerogels 

were obtained from pure SP and NFC and also from their mixtures (Fig. 4.1). The SP 

aerogels presented an off-white color, while those obtained from pure NFC were brighter. 

The SP materials were brittle and produced dust upon cutting; in contrast, the NFC aerogels 

were rigid. The brittle-ness of SP-based aerogels disappeared or was extensively reduced by 

addition of NFC loading, i.e., in composite aerogels. 
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Figure. 4.1. Upper section SP–NFC composite aerogels of a few selected compositions: 100 % NFC, 50:50 SP–
NFC and 100 % SP. Lower section tomography images (X 30) of cubic sections of the respective aerogel 

 
 

The native globular structure of SPs prevents the formation of continuous structures 

such as films, gels, or porous materials. Therefore, to better process SPs, they have to be 

denatured to open up their globular structure and facilitate the formation of polymer 

networks. Thus, SPs were first thermally denatured in acidic conditions to form a reversible 

gel.28  

The prepared samples shrank upon drying, which was more evident at the ends of the 

specimen where the expansion by freezing was less restricted by the rigid walls of the open-

ended rectangular mold. The original short-side dimension of 10 mm was reduced by about 1 



 
 

65 
 

mm after drying (to 8.99 ± 0.14 mm, equivalent to a 27 % volume shrinkage). The shrinkage 

facilitated the removal of the aerogel sample from the mold. This was especially helpful in 

the case of aerogels from pure SPs that were brittle and more prone to damage during their 

removal. 

 

4.3.2.1. Aerogel morphology 

Images from tomographic scans for three selected aerogels, obtained from pure SP, 

pure NFC, and a SP–NFC 50:50 composite, are shown in the lower section of Fig. 4.1. 

Tomographic images of SP and NFC aerogels confirm the presence of extensive void spaces; 

however, in the case of SP the pores seem to be more interconnected and have loosely-

defined cell edges. However, the differences in structure are difficult to determine with 

precision given the low resolution of the micro tomographic images. Nevertheless, the 

resultant mechanical properties of the material change considerably, as will be discussed 

later. High resolution SEM imagines of the NFC aerogels exhibit a fibrillar structure, while 

SP aerogels display leaf-like features (see Figure 4.2.). The composite aerogel systems 

(50:50 SP–NFC) exhibit intermediate morphological features when compared to aerogels 

with neat NFC or SP; fibrous as well as small leaf-like structures are observed.  
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Figure 4.2. SEM images of 100% SP aerogels. Leaf-like structures and high pore interconnection can be 
observed on the solid protein surfaces. The different images correspond to different magnifications, as indicated 

by the dimension bars. 
 
 

The BET surface area of NFC aerogels is 1.90 ± 0.07 m2/g noting that such values 

have proven to be highly dependent on the method used in aerogel synthesis; for example, 

there are reports of NFC aerogels with surface areas of 20 and 70 m2/g produced by vacuum 

drying or fast freezing6  and values between 153 and 249 m2/g when solvent exchange is 

followed by fast freezing.29 The comparably low surface obtained in the present study results 

from the rate of solvent crystallization. The slow cooling and freezing rates used in this work 

allowed large, defect-free materials which are characterized from the larger ice crystals 

formed from water, leading to larger pores and lower surface areas. The surface area 

decreases even more when the SP loading increases (Fig. 4.3.). This effect can be explained 

by (1) the lower hydrophilicity of SP compared with NFC, which leads to solute exclusion 
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when ice crystals are formed during freezing and, by (2) the affinity between cellulose 

nanofibrils and the protein that produce a more dense structure and reduce the resultant 

material porosity. In addition, the inherently porous nature of NFC is in contrast to that of 

SPs that are less amenable to the formation of higher order structures. We note that if 

materials with high surface areas are required for any given application, fast freezing 

techniques or supercritical drying may be required; a balance needs to be found since these 

procedures may offset the advantage of the low cost involved by the use of inexpensive SPs.  

 

 

Figure. 4.3. BET surface area of SP–NFC aerogels relative to that for neat NFC aerogels (100 %). The 
sensitivity of the equipment used is compromised at low surface areas and therefore only data for up to ca. 83 % 

SP (17 % NFC) content is presented. 
 
 
 
4.3.2.2. Density and porosity 

The density of the SP–NFC based aerogels was in the range of 0.111–0.115 g/cm3; 

these values are directly related to the solids content of the precursor aqueous gel before 

freezing. Because the initial solids content of the gels was 8 % in all cases, a minimum 
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density of 0.08 g cm–3 was expected. Thus, the larger experimental density of the aerogels 

obtained can be explained by the contraction of the solid upon drying. In passing, we note 

that the initial solids content (8 %) was selected based upon the minimum SP concentration 

that generated hydrogels after acid treatment and were viscous enough to withstand the 

drying stresses. As a reference, it is noteworthy that the density of commercial porous 

materials such as Styrofoam is approximately 0.1 g cm-3, similar to that of the obtained 

aerogels. Composite SP–NFC aerogels of lower density can be produced by employing lower 

initial solids contents in the precursor hydrogels. However, the present discussion is limited 

to systems produced from gels from a total initial solids content fixed at 8 %.  

The pore volume of the aerogels was calculated from the measured apparent density 

and that of solid NFC and SP, using theoretical values for the densities of SP isolate (1.39 g 

cm-3) and NFC (1.55 g cm-3). Porosities of 92.7 and 92.0 % were calculated for aerogels 

from neat NFC and neat SP, respectively. It can be expected that different pore types in the 

aerogels can be produced: those from dispersed air bubbles with entrained air introduced 

before drying and those generated after sublimation of ice crystals upon freeze drying. 

Blomfeldt et al.22 fabricated porous materials from alkaline wheat protein dough by using a 

chopper mixer and studied the reinforcement effect of bacterial cellulose while introducing 

plasticization by the use of glycerin. In contrast to the procedure used by these authors of 

introducing air bubbles before water removal (20–40 % in volume), the current systems 

involved minimal effects of dispersed air, mainly because of the very low shear used (manual 

mixing). This was an intended consequence because air bubble incorporation was minimized 

in order to account for the contribution of solvent removal. The final porosity is highly 
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dependent on the mixing procedure and equipment used; thus, changes in density can be 

obtained by the judicious selection of the mixing protocol.  

The use of SP implies some restrictions in the procedure used to obtain the aerogels, 

due the inherent rheological behavior of the precursor hydrogels: they can flow when 

vacuum or fast freezing is applied (fast expansion of the material generates flow while it is 

being frozen), which produce major defects in the structure of the aerogel. The use of 

vacuum drying and fast freezing refrigerants (liquid nitrogen, liquid propane, or dry 

ice/acetone) can be considered in the synthesis of pure NFC aerogels,6  but adjustment of the 

rheology of SP gels is required if these techniques are to be used in the production of defect-

free, porous materials with high mechanical integrity. 

Ice crystals tend to solidify preferentially on the surface of already formed ice; 

consequently, when heterogeneous aqueous systems are frozen, water tends to crystalize, 

forming channels that follow the temperature gradients inside the material.3 Therefore, this 

mechanism can be used to obtain organized structures. With careful control of temperature 

gradients, the production of porous structures with superior strength can be facilitated, as has 

been reported in the case of ceramic materials.30 However, related channel-like structures 

make the material weak and heterogeneous.  

For the reasons discussed above, slow freezing was used whereupon temperature 

gradients and channel formation were minimized. Typically, the exterior walls of the molds 

are colder than the contained SP and/or NFC, and therefore a thin ice film can be formed on 

the surfaces, where the initial freezing occurs. This phenomenon helps to keep the protein or 
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NFC out of direct contact with the interior walls of the mold, facilitating aerogel extraction. 

However, it was noted that the final shape of the porous material may not resemble that of 

the mold used, especially if low solids gels are employed. In such a case it was found that 

this issue can be overcome by increasing the ionic strength of the system before freezing. All 

in all, the procedure described here for the fabrication of SP-based aerogels, especially the 

use of slow freezing before drying, was found to be very convenient to resolve most of the 

difficulties observed and to minimize defects that are otherwise encountered if alternative 

fabrication methods are used. 

 

4.3.2.3. Equilibrium moisture 

The aerogels absorb water from humid air, the extent of which depends on the 

composition, as can be observed in Fig. 4.4. The sorption phenomenon is somewhat similar 

for all aerogel compositions (around 4–5 % with respect to the dry material); however, a 

small but clear increase in moisture sorption capacity was observed in aerogels as the SP 

loading was increased. Water uptake from the air can be explained by the inherent affinity of 

both SP and cellulose for water. It can be argued that sorption from SP-rich aerogels could be 

limited due to the presence of about 18 % hydrophobic residues in the biomacromolecules.31 

However, the contribution from hydrophilic residues tends to dominate. Furthermore, the 

observed limited changes in moisture absorption may suggest that morphological effects may 

compensate for any hydrophilicity loss when SP is used, as can be derived from the change 

in the porous or capillary structure of the system. 
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Figure 4.4. Water sorption capacity from conditioned air (23 °C, 50 % relative humidity) after 48 h equilibrium 
 
 
 
4.3.2.4. Mechanical properties 

The results from the mechanical tests conducted with the aerogels in compression 

mode are summarized in Fig. 4.5. Figure 4.5. a shows the compressive stress–strain curves 

for aerogels ranging from 100 % SP to 100 % NFC. The aerogels consisting of 100 % SP 

displayed the characteristic compressive stress–strain behavior of a cellular material; an 

initial, small, elastic region is followed by an extensive plateau region, where the stress rises 

only slightly with increasing deformation, probably due to the collapse of the structure. This 

plateau region is followed by sudden increase in stress occurring at approximately 50 % 

strain, indicating complete collapse of the structure and the initiation of densification. In 

contrast, NFC-based and composite aerogels with SP concentration up to 68 % exhibited 

remarkably similar mechanical properties, as judged by the compression stress–strain curves 

that revealed an average tensile modulus of 4.4 MPa.  
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Figure 4.5. Compression stress–strain curve for aerogels with different composition (a). Shown also is the 
measured stress at 18 % strain as a function of SP content (b, square symbols) and the deformation (strain) 

measured at 0.5 MPa compression (b, circle symbols). The standard deviations were obtained from 
measurements performed on at least three samples at the given condition 

 
 

The stiffness of the NFC and composite aerogels is clearly much greater than that of 

the 100 % SP aerogel, as may be observed from the significantly larger slope of the initial 

portion of the stress–strain curves. This is not unexpected given the high stiffness of NFC 

and differences between the two microstructures. Aerogels with 83.3 % SP compared with 

100 % SP content, exhibit intermediate behavior with a larger elastic region and a less 

distinctive plateau that accompanies the collapse of the pores followed by a final 

compression zone that is characteristic of a collapsed, compacted material. From these results 

it can be concluded that NFC works as a reinforcement agent even when applied at low 

concentrations (for SP contents as high as ca. 70 %). 

To put these results in a different light, it is possible to replace the more expensive 

fibrillar cellulose materials with SPs, thus endowing the system with interesting chemical 
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features while maintaining a high compression modulus at approximately the same levels of 

the cellulose, but with high SP loading.  

Because the compression behaviors of the NFC-rich aerogels are very similar and the 

profiles are difficult to differentiate, Fig. 4.5.b shows the stress required to produce 18 % 

compressive strain in aerogels containing various ratios of NFC to SP. Similarly, Fig. 4.5.b 

shows the strain obtained at 0.5 MPa stress in aerogels containing various ratios of NFC to 

SP. It can be observed that aerogels with SP concentrations up to ca. 70 % (30 % NFC) have 

a mechanical performance similar to that of aerogels produced from pure (100 %) NFC, 

which is a remarkable finding given the actual proportions of materials in the composite. 

Because NFC can form very strong aerogels possessing very high inherent mechanical 

properties (elastic modulus around 140 GPa and tensile strength between 2 and 6 GPa),32 it 

can be concluded that the reduction in mechanical performance, related to SP addition can be 

ascribed to its distinctive effect on the morphology of the system, as illustrated in Fig.4.1. 

From the tomographic images, it can be concluded that even though both NFC and SP tend to 

form open-cell porous materials, the cells formed by SP tend to be more interconnected and 

the edges of the pores tend to be less pronounced. The lower strength of SP-based aerogels, 

thus, is not only explained by the lower inherent strength of SP relative to NFC, but also by 

the lower energy dissipation capacity of the material caused by its morphology. The 

morphological effect is more evident when aerogels with SP composition between 0 and 67.7 

% SP (NFC content of 33.3–100 %) are compared: these materials have similar performance 

even though their components have different strengths, highlighting the contribution of the 

morphology to mechanical strength. 
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4.3.2.5. Liquid sorption 

The aerogels adsorb water by a wicking mechanism upon contact with the fluid (Fig. 

4.6). Aerogels of pure NFC absorbed water very rapidly. The sorption rate decreased as NFC 

was replaced by SP. This behavior can be explained, in part, by the differences in chemical 

composition: NFC contain a high density of hydroxyl groups with affinity for water, while 

SP is composed of approximately 18 % of hydrophobic residues.31 BET experiments 

generated values of the constant ‘‘C’’ for the affinity (heat of adsorption) between the solid 

and the adsorbate (N2 molecules); C was observed to reduce monotonically as the SP content 

increased; however, it is difficult to correlate such trend with the hydrophobic–hydrophilic 

interaction at the solid–liquid interface. Finally, it is noted that capillary ascension in porous 

solids is largely dependent on the pore’s geometry and in particular on the pore diameters, 

which should be hence considered for a more complete understanding of the data. 

Immersion experiments in water were also performed (Fig. 4.6); swelling and 

consequently higher loading capacity was observed in SP-rich aerogels. Both swelling and 

loading capacity were reduced with NFC content as a result of a more rigid material in the 

wet state as consequence of more inter-fibrillar interactions of NFC. The pH of the solution 

after immersion in water was lowered as a consequence of HCl release (future work should 

consider the stability of cellulose over time and may require the use of volatile acids that can 

be easily removed during freeze drying). 
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Figure 4.6. Wicking of aerogels as measured by water (a) and hexane (b) uptake as a function of contact time. 
The amount of fluid uptake is represented as the square of weight gained by the aerogel according to the Lucas–
Washburn equation. The inset in a correspond to short wicking times where the differences of aerogel sorption 
with NFC loading from 83.3 to 100 % can be better observed. The % values indicated in the figures correspond 

to the NFC% in the aerogel based on total dry mass. 
 
 

Wicking and immersion experiments were also performed with nonpolar hexane. For 

all aerogel compositions, fluid sorption was faster compared to that measured for water. This 

is in part because of the low viscosity of hexane (294 μPa s). In addition some further 

differences in the adsorption rate can be highlighted: fluid sorption rate increases with SP 

content, then decreases when SP composition reaches 67 % concentration. This behavior is 

explained by the increasing amount of hydrophobic residues that may interact with the 

nonpolar hexane; a further reduction of fluid sorption rate can be caused by morphological 

differences in the materials. During the wicking test (Fig. 4.6.), the hexane advanced through 

the capillary structure of the aerogel until reaching a maximum height, when gravitational 

forces were dominant and prevented further ascension; from visual inspection it was 

observed that this maximum advancing height decreased with SP loading, as a consequence 

of the morphology induced in the sample.  
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The results of hexane sorption by immersion dependent on the NFC content are 

shown in Fig. 4.6. Unlike water, hexane did not cause any swelling in any of the aerogel 

samples, and as a consequence, negligible variations in nonpolar fluid capacity load were 

observed.  

In closing, it is demonstrated that SP aerogels can be produced by taking advantage of 

the reinforcing effect of NFC and offer possibilities for deployment in given applications. 

Optimization of the manufacture procedures can be considered in order to obtain aerogels 

that tailor given applications, for example, those requiring high surface area. Their low 

density and good mechanical properties make them interesting candidates for potential 

applications which may include packaging, thermal and acoustic insulation, transport media, 

etc. Their stability after water and hexane sorption suggests that it is also possible to use 

them in different media. Finally, their overall amino acid-based composition allows chemical 

modification for a multiplicity of specific functions to be performed. 

 

4.3.3. Conclusions 

It has been shown that it is possible to obtain porous materials by freeze-drying 

denatured SPs in acidic media, while their mechanical properties can be improved by 

utilizing NFC. To avoid channel formation caused by directional freezing, the temperature 

gradients through the material need to be minimized. The developed aerogels can absorb 

water and other solvents while maintaining their integrity; their solvent loading capacity is 

affected by swelling, which decreases when NFC is used. High soy protein content decreases 
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the water sorption rate but increases the maximum loading capacity. Finally, it has been 

shown that these materials can display mechanical properties on par with those of NFC-based 

gels with a relatively minor contribution of NFC to the SP matrix. 
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5. Soy Protein-Based Polyelectrolyte Complexes as Bio-Based 

Wood Fiber Dry Strength Agents 
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5.1. Abstract 

Soy protein flour, isolate, and their derivatives were investigated to enhance the dry 

strength properties of wood fiber networks.  The soy systems were applied in aqueous 

suspensions consisting of wood fibers having given residual lignin contents in order to 

investigate their adsorptive and interactions effects.  Experiments using soy flour, soy protein 

isolate, soy protein isolate hydrolysates, cationized soy flour, and soy flour combined with 

cationic starch and chitosan were done.  

Satisfactory results were obtained when soy protein flour was utilized in combination 

with conventional treatments involving cationic polymers.  For example, improvements in 

ultimate tensile strength and compressive strength of lignin-free fiber paper of 23 and 10% 

were measured when dual systems consisting of soy flour and cationic starch were applied, 

relative to the fibers with no additive.  In the case of lignin-containing, recycled fibers 

improvements of 52 and 56%, respectively, were obtained for soy flour –chitosan dual 

system (compared to fibers without additive).  The current results confirm the opportunity to 

valorize residual soy products that in general tend to be low cost, environmentally friendly, 

and offer an alternative, sustainable option for performance enhancements versus 

conventional dry strength additives. 

 

5.2. Introduction 

A wide range of chemical additives is applied to papermaking furnishes to facilitate 

the formation of wet webs and potentially enhance the mechanical strength of the final dry 
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fiber network. Although on average only 10% of the total cost of papermaking can be 

attributed to such additives, they achieve significant enhancements in both chemical and 

physical properties that are otherwise not attainable if fibers only were used.1  Among the 

conventional chemicals in papermaking, dry strength agents maximize the mechanical 

robustness of the final products while preserving other properties such as opacity, bulk, and 

printability; they have attracted wide consideration in view of the increased use of recycled 

fibers, which display compromised mechanical properties when compared with virgin fibers.  

In addition, their application continues to be attractive because they allow for a reduction in 

the weight per unit volume (basis weight) for a given dry strength target (lower weight 

material that retains the same mechanical performance) and thus lower operational and 

production costs. 

The most conventional papermaking dry strength additives on the market are based 

on starches (unmodified, cationic, and anionic derivatives), polyacrylamides, guar gums, 

carboxymethyl cellulose, and methyl cellulose.2, 3  Even though these widely used polymers 

generally exhibit good performance, other macromolecules have been considered for 

economic and performance reasons, including soy proteins (SPs), residuals from soy oil 

production when used alone or in combination with other polymers.4, 5 

Soy derived products constitute low cost, sustainable, and environmentally friendly 

options that find high value applications in the formulation of adhesives,6-8 films, 9-12 gels,13, 

14 foams,15-18 emulsions19-21 and aerogels.22  On average, soy beans contain proteins (36%), 

carbohydrates (28%), oil (19%), moisture (13%), and minerals (4%).  After soy oil extraction 
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(defatting), the main by-product is a protein-rich mixture that can be further purified into soy 

flour (ca., 50% protein), soy protein concentrate (ca., 70% protein), and soy protein isolate 

(ca., 90% protein).23  Obtaining high purity protein products requires extensive purification 

methods, and as a consequence soy flour is often the most interesting product for deployment 

in industry due in part to its relatively low manufacturing and processing cost.  

In the formulation of dry strength agents, two soy grades have been used so far: (1) 

denatured soy protein isolates (SPIs), which can increase up to 26% the dry strength of paper 

produced from sugar-cane bagasse fibers4 and (2) soy flour (SF) and SPI soluble fractions 

(after centrifugation, yielding ca. 10% of the total product mass) that have shown 

improvements in dry strength of up to 15% and exhibit a synergistic effect when combined 

with cationic starch (dry strength gains of up to 26%).5 

It is already known that even though SPs can interact with both hydrophobic and 

hydrophilic materials, it adsorbs to a higher extent onto lignin compared to cellulose;24 

therefore different performances are expected if fibers with different amounts of lignin are 

used. For this reason, in our experiments, the evaluations of the dry strength additives were 

done in bleached and lignin-containing recycled fibers, to evaluate if the presence of lignin 

affects the performance of SP-based dry strength additives. 

The use of polyelectrolyte complexes (PECs), obtained by a mixture of cationic and 

anionic polymers, have been shown to improve the mechanical properties of paper.25-29  The 

synergistic effect observed from SP and cationic starch suggest the formation of 
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polyelectrolyte structures and motivated the current study of systems where SPs are 

combined with cationic macromolecules. 

The current contribution is therefore concerned with developing an economically 

viable alternative for the utilization of SPs as a dry strength agent.  Thus, SF without further 

purification, was used alone or in combination with cationic polymers and other SPs 

derivatives, for the formulation of a new generation of dry strength agents for papermaking. 

 

5.3. Materials and methods 

Two different wood fiber sources were used, namely, lignin-free virgin bleached 

softwood and recycled liner with 8% residual lignin (kappa number of 53).  Commercial soy 

flour, SF (7B defatted, > 53% protein and 32% carbohydrates) and soy protein isolate, SPI 

(Pro Fam 955, > 90% protein) were generously supplied by ADM (Decatur, IL).  SF is 

typically produced by milling dehulled and defatted soy beans or soy meal, while SPI is 

produced by alkaline extraction followed by precipitation at acid pH of dehulled and defatted 

soybean flakes. 

A 60% solution of (3-chloro-2-hydroxypropyl) trimethylammonium chloride (CTA) 

in water from Aldrich was used for SF cationization.  Cationic starch “Charge +310”, 

generously supplied by Cargill (Minneapolis, MN ), was used after cooking at 4% solid 

concentration (95°C, 15 minutes).  Polyaluminum chloride (PAC) Eka ATC 8210 with 

10.2% active content (Al2O3) was kindly supplied by Akzo-Nobel (Arnhem, Netherlands).  

Low molecular weight chitosan with a degree of acetylation between 75 and 85% (Sigma-
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Aldrich) was used after dissolution in 1% acetic acid solution (8 h mixing at room 

temperature) at 1% solid concentration. 

A 20% solution of poly(diallyldimethylammonium chloride) (poly-DADMAC) with 

an Mw between 100 and 200 kDa (charge density on dry basis: 6.19 meq/g) from Sigma 

Aldrich was used to prepare 0.001 N solutions and later to perform charge demand titrations 

as a polycationic titrant.  0.0025 N poly (vinyl sulfate) potassium salt (PVSK) with Mw of ca. 

200 kDa (charge density on dry basis: 6.16 meq/g) was obtained from Nalco and used as an 

anionic titrant for charge demand titrations. 

 

5.3.1. Protein quaternization 

 200 g of SF dispersion (15%) was loaded in a close glass reactor equipped with a 

mechanical stirrer and temperature control to which was added 67.6 g of CTA solution (60%) 

and was stirred as 24.25 g NaOH solution (50%) was then added.  The temperature was 

raised to 60°C for 30 h to obtain a homogeneous, yellow turbid solution. 

 

5.3.2. Hydrolysis  

The SPI aqueous dispersion (5% solids) was subject to acid hydrolysis with 0.1 N 

HCl at 70°C.  Samples were removed from the hydrolysis reaction at different times to obtain 

SP hydrolysates at different degrees of hydrolysis.  The samples obtained were cooled to 
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room temperature, neutralized to pH 7 using 1N NaOH, and subsequently freeze-dried for 

further use.  

 

5.3.3. Recycled fiber furnish preparation 

Linerboard clippings were soaked in water for 30 min and disintegrated in a standard 

TAPPI disintegrator (Testing Machines Inc., New Castle, USA) for 15,000 cycles at 3,000 

rpm at 2% solids content according to TAPPI standard T-205.  A furnish with a final 

Canadian Standard Freeness (CSF) of 550 ml was obtained.  2% calcium carbonate based on 

dry fiber was added, and the conductivity was adjusted to 1000 μS using sodium sulphate.  

The pH was then adjusted to 8. 

 

5.3.4. Bleached pulp furnish preparation 

A valley beater (Valley Iron Works, Wisconsin, USA) was used to beat the pulp at 

2% solids content following the TAPPI-200 standard method.  The  CSF of the furnish was 

monitored during the process, according to TAPPI-227 standard method until a final CSF of 

ca. 550 ml. Calcium carbonate (2% based on dry fiber) was added to the furnish and the 

conductivity was adjusted to 1000 μS using sodium sulphate.  The pH was adjusted to 8. 
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5.3.5. Handsheet making.  

At least 5 handsheets were prepared for each condition using both bleached and 

recycled fibers, following TAPPI standard method T205 sp-95 (cylinder mold Robert 

Mitchell Inc., Quebec, Canada).  Approximately 450 g of a suspension of fibers at 2% solids 

were diluted to 0.3% with water and the additives were added and stirred for 15 minutes, 

after which the pH was adjusted to 8-8.5. The resultant suspension was titrated for 

polyelectrolyte concentration and poured into a forming cylinder half filled with water.  The 

resultant handsheets of 60 g/m2 dry basis weight were pressed (Herman Manufacturing Co. 

press, Ohio, USA) for 5 minutes first and then for 2 minutes at 50 psig.  After pressing, the 

handsheets were dried using a Formax 12 inch drum dryer from Adirondack Machine Corp. 

(New York, USA), operating at 105°C at a residence time of 1 minute 45 seconds.  The 

handsheets were conditioned under controlled conditions (50 ± 1% relative humidity and of 

23 ± 2°C) overnight before testing.  At least 5 handsheets were prepared using recycled and 

bleached fibers without any additives (controls) and using different SP-derived products 

alone and in combination with other additives. 

 

5.3.6. Charge Demand  

The negative charge density on the surface of the fibers in the given furnish was 

determined by reverse titration using streaming current to determine the end neutralization 

point.  100 g of the fiber suspension were used to prepare the handsheets (after additive 
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addition) and mixed with approximately 25 ml of a 0.001N poly-DADMAC solution; after 

mixing for 5 minutes, the solution was centrifuged (30 min, 10000 rpm).  Finally, 10 g of the 

supernatant was titrated revealing the excess of poly-DADMAC in solution, and thus the 

density of negative charges on the original fibers. 

 

5.3.7. Mechanical properties  

The tensile properties of the handsheets were determined using the TAPPI-494 

standard method.  To evaluate the tensile strength, an Alwetron TH1, manufactured by 

Lorentzen & Wettre (Kista, Sweeden) was used.  Probes (105 x 15 mm) were placed between 

the clamps with an initial gap of 100 mm and pulled until failure.  The force was recorded as 

a function of elongation and the ultimate tensile strength determined.  In order to evaluate the 

short span compression strength (STFI), a compression strength tester (App: 52, Type: 3-2) 

manufactured by Lorentzen & Wettre (Kista, Sweeden) was used.  Samples of 70 x 15 mm 

were placed between two clamps at a 0.7 mm gap and operated under compression mode 

until failure caused by disruption of the internal structure of the sheet.  For each condition, at 

least 1 sample from the 5 different handsheets was tested. 

 

5.4. Results and discussion 

Soy flour (SF) and soy protein isolate (SPI) are not completely water-soluble because 

they exist in aggregated forms.  In earlier work, it was observed that when SF and SPI were 
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added to a furnish with no control of the aggregation behavior, lower mechanical properties 

of the handsheets were measured compared to the control sample (fiber furnish with no 

additive added).  Such a finding arises from poor interactions between the agglomerated soy 

derivatives and the cellulosic fibers3 and ensuing poor sheet formation.  It was incumbent, 

therefore, at the onset of the research, to centrifuge SP dispersions to remove the aggregated 

components before any application of the soy as a dry strength additive.5  These 

centrifugations, however, resulted in approximately 90% of the soy product being discarded.  

The solution to avoid wasting SPs in purification processes was discovered through a 

careful analysis of the soy composition.  The high intrinsic levels of aspartic and glutamic 

acid in the soy amino acid composition (ca. 31 % of the total soy protein mass) are able to 

dramatically reorganize the protein macromolecular structure upon increasing pH, a finding 

that indeed resulted in increased SP solubility.  Thus, to minimize SP aggregation, they were 

dissolved in alkali (pH 12, 2% concentration), giving rise to a translucent dispersion that was 

adequate for addition to fiber furnishes and avoid agglomeration and poor sheet formation.  

However, addition of the translucent dispersion to the already basic (pH = 8 – 8.5) initial 

fiber slurry caused an unacceptable leap in pH; thus, HCl (0.5 N) was added to maintain the 

pH of the initial fiber slurry.  

A series of physical testing methods are available to ascertain various product-

specific properties that include burst, folding endurance, tear strength, bending stiffness, and 

breaking length, among others.  The two principal physical methods used to evaluate the 

effect of the additives were tensile strength index, a quotient of the maximum stress a 
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material can sustain prior to ultimate failure divided by its basis weight (vide supra) and 

short span compression strength (STFI), an important physical property for packaging, that is 

useful to predict the delamination of corrugated boxes when they are stacked. 

The tensile indices and STFI values of handsheets that were consequently obtained 

are presented in Figures 5.1 (a), (b), (d) and (e). In the case of lignin-free fibers (Figure 5.1 

(a)), only SPI addition appears to improve the tensile strength, while a modest improvement 

in the tensile indices of paper from recycled fibers was observed in Figure 5.1 (d).  

Interestingly, the STFI of handsheets from lignin-free fibers was reduced after using both soy 

derivatives.  SF application also resulted in a reduced STFI value in the case of recycled 

fibers, while SPI improved the STFI for same fiber system.  The results are in agreement 

with earlier work that indicated that SPs interact strongly with lignin24 and consequently 

interfere with maximum fiber-fiber bonding.  The change in anionic charge of the furnish 

was characterized after the addition of SF and SPI; as expected, the addition of anionic SP 

derivatives increased the anionic charge density of the fiber suspension (Fig. 5.1 (c) and (f)). 

The concept of introducing two opposing charged polyelectrolytes to improve fiber 

bonding is a useful approach to achieving maximum benefits for sheet formation. 26, 27, 30 

Therefore, the opportunity to improve fiber affinity with the anionic additives, polyaluminum 

chloride (PAC), a polycationic flocculant, was added to both fiber systems before protein 

addition.  The strong flocculating effect of PAC induced poor paper formation and, as a 

result, no major improvement in the mechanical properties of the handsheets was obtained 

(Fig. 5.1). 
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SPI hydrolysis is a technique that has been shown to improve the protein water 

solubility and their rate of sorption.31  SPI hydrolysates (SPIH) were therefore produced after 

4.5 and 9 h of acid hydrolysis and added to examine if such an approach could be beneficial 

for the current systems.   It appears in all cases (Fig. 5.1) that the 9 h SPIH were more 

beneficial than the 4.5 h hydrolysates, demonstrating a higher surface activity.17  Indeed, as a 

general rule of thumb, the 9 h SPIH provided the best mechanical properties for all of the 

hydrolysates tested. 

 

 
 

Figure 5.1. Effect on the mechanical properties of handsheets from the addition of soy flour (SF); SF + 
polyaluminium chloride (PAC); Soy Protein Isolate (SPI); SPI hydrolysates (SPIH) obtained at two different 
hydrolysis times and, cationic soy flour (CSF) used in conjunction with SF. For lignin-free fibers, different 

mechanical tensile indices (a) and STFIs (b) are presented. The electrostatic charge obtained by polyelectrolyte 
titration is shown in (c). Results corresponding to handsheets produced from recycled fiber are included for 

tensile index (d), and STFI (e) as well as the charge of the system (f). The “control” represents a handsheet in 
the absence of any of the additives. 
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5.4.1. Cationic soy flour 

SF was cationized by allowing the epoxide form (see right structure Fig. 5.2 (a)) of 3-

Chloro-2-hydroxypropyl Trimethyl Ammonium chloride (CTA) to react with the hydroxyl 

(Fig. 5.2 (b)), and amine groups (Fig. 5.2 (c)) in proteins.  The charge demand for the various 

products that resulted from the epoxide ring opening reaction was determined by 

polyelectrolyte titrations which yielded 0.078 and 0.085 meq/g at pH 10.5 and 8.2, 

respectively.  The pH dependence of SP surface charge is explained by the presence of 

reactive carboxylic and amino groups in SP whose state of protonation (and hence, charge) is 

pH-dependent.  Compared with starch cationization, commonly used for papermaking, SF 

cationization displays several fundamental differences: (1) SF exhibits anionic behavior 

before being modified, therefore the derivatization has to generate enough positive charges to 

neutralize the initial negative charges before the material exhibits cationic behavior; (2) not 

all residues in SF have cationizable groups, while starch is abundant in reactive hydroxyl 

groups; for these reasons, a high degree of cationization is more difficult to obtain in SPs 

compared to carbohydrates.  The charge of the CS used was 0.347 meq/g.  

The mechanical properties of the handsheets prepared using CSF are shown in Figure 

5.1.  It is easily observed that CSF gave rise to improved handsheet dry strength for the 

recycled fibers, but not for lignin-free fibers, a result highlighting the importance of non-

ionic interactions when SP derivatives are used in agreement with the results obtained when 

SF and SPI were used in recycled fibers. 
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Figure 5.2. Protein cationization using CTA. CTA (a, left) is activated to form an epoxide ring in alkaline 
conditions (a, right) the resulting epoxide can react with amino acids with hydroxyl (b) and amine (c) groups. 

 
 
 
5.4.2. Complexes of Cationic Starch and SPs  

In previous reports, SF and SPI soluble fractions were obtained by centrifugation and 

later used as dry strength additives, showing synergistic effects with cationic starch (CS).5  

Mixtures of SF and cationic starch were prepared and evaluated as dry strength additives to 

evaluate if non-purified SF exhibits the same behavior.  After preparation of the mixtures, it 

was found that SF can be easily dispersed in cooked CS suspensions, likely because of 

formation of polyelectrolyte complexes (PECs) and protein rearrangement induced in the 

anionic SF by the cationic media.28  

The properties of the handsheets obtained using CS and SF at various ratios is 

observed in Figure 5.3.  A synergy was observed from using SF and CS in the handsheets of 

lignin-free fibers (a 23% increase in tensile index was observed), whereas in recycled fibers 
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no appreciable effect was observed, although the addition of SF is not detrimental; i.e., up to 

25% of CS can be replaced with SF, which lowers the cost of the wet end additive. 

Compared with other additives, the use of CS reduced the surface anionic charge of 

the fiber considerably (Figure 5.3c).  The addition of SF tends to increase the surface anionic 

charge because in the formation of CS-SF complexes, the cationic groups of CS are partially 

neutralized.  It is interesting to note that the best results for mechanical properties do not 

coincide with the minimum surface charge, like often happens when PECs are used in 

papermaking, as opposed to conventional dry strength additives.30  

 

 
 

Figure 5.3. Effect of the addition of cationic starch (CS) used in conjunction with soy flour (SF) and chitosan 
(Ch) alone or combined with SF. For bleached pulps, the effect on the tensile index is illustrated in (a), the 

effect on STFI is illustrated in (b) and the charge of the system is illustrated in (c); for recycled pulp, the effect 
on the tensile index is illustrated in (d), the effect on STFI is illustrated in (e) and the charge of the system is 

illustrated in (f). 
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PECs have been intensively studied since they were discovered in the 1930s;32 these 

structures, resulting from the mixture of polyanions and polycations possess intriguing 

physical, chemical, and electrical properties, between those of ionic crystalline solids and 

amorphous organic polymers, which can be put to use in a host of practical applications like 

drug delivery, filtration membranes, and dry strength additives in papermaking.  Specifically, 

they act as a bonding agent when the paper is dried forming non-uniform distributions of 

charged segments with maximum effectiveness when one of the charges is in excess, 

generating attractive collisions between PEC and the fibers.30  The synergistic effect 

observed when CS and SF are used in combination can be explained by the formation of 

PECs, that are especially operative in bleached fibers that exhibit the highest obtained 

improvement. 

 

5.4.3. Complexes of Chitosan and SPs 

Chitosan is a bio-derived molecule that has drawn significant attention as of late 

because of its antibacterial effects, hemostatic properties, composites, hydrogels, etc.33 In 

principle, it fulfils several of the primary requirements of a paper dry strength additive 

because it is composed of linear molecules, has a high molecular mass, can form films, is 

polycationic, and is capable of forming hydrogen bonds with cellulosic fibers; moreover, it 

possesses low toxicity, it is biodegradable and biocompatible, and it acts as an antimicrobial 

and antifungal agent.34  
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Chitosan is characterized as a β-(1-4)-linked D-glucosamine as well as an N-acetyl-

D-glucosamine; the amine group in the D-glucosamine becomes cationic at low pH, thus 

water soluble, and it has a good affinity for anionic cellulosic pulp to show good performance 

as dry strength agent; nevertheless, its performance is not optimal when it is applied in 

alkaline conditions typical in industrial papermaking.34, 35 An acidic solution of 1% of 

chitosan in 1% acetic acid was added to the fiber furnish and later the pH was adjusted with 

1N NaOH to 8-8.5 to prepare the handsheets.  2% of chitosan based on the dry weight of 

fiber was used; the obtained handsheets were very adhesive and were damaged when they 

were removed from the screen used in paper formation and metallic plates used in pressing.  

Compared to the case of recycle fibers, this behavior was more pronounced when lignin-free 

fibers were used.  It is well known that chitosan has adhesive properties;36 nevertheless, 

stickiness in papermaking has not been reported in the past; at an industrial scale, this 

behavior may potentially lead to sheet break, downtime, and consequently, inefficient 

operation.  When the chitosan dosage was reduced, the stickiness of the paper was also 

reduced, such that experiments using 1% chitosan as a dry strength additive could be carried 

out without considerable sheet damage; the obtained results can be observed in Fig. 5.3.  

Complexes of chitosan-SF were also used after adding SF and chitosan solutions to the fiber 

suspension at 0.75 and 0.25%, respectively.  In the case of the Chitosan-SF complexes, the 

results for handsheets from lignin-free and recycled fibers were very different, but both 

demonstrated important improvements in the mechanical strength of the handsheets.  The 

addition of SF reduced the adhesiveness of the handsheets on the papermaking screens and 

press plates.  This effect was notorious especially when lignin-free fibers were used.  Such 
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reduction in stickiness prevented damage of the sheet during formation and therefore the 

mechanical properties of the paper obtained using the mixed additives were improved.  In the 

case of lignin-containing recycled fibers in which the stickiness problem was less 

pronounced, the addition of chitosan improved the mechanical properties (improvement of 50 

and 57% TI and STFI, respectively). When SF was added as a complex with chitosan, further 

improvements were observed in the mechanical properties. 

  The charge of SF and chitosan in the fiber suspension should be highly dependent on 

the pH of the media and in turn, the formation and behavior of formed PECs will be 

determined by the charge of the individual molecules.  At pH 8, chitosan is not charged and 

thus loses its water solubility; therefore, it is expected that chitosan precipitated on the 

surface of the fibers, even though the adsorption of chitosan in these conditions is not 

necessarily driven by electrostatic interactions.  The chemical similarity between cellulose 

and chitosan and its gel forming abilities can coagulate fibers improving interactions among 

them to thus increase mechanical properties.  Unfortunately, the swollen state of chitosan on 

the fiber surfaces also promotes their adhesion to other surfaces.  It is expected that when 

chitosan and SF are in contact with the furnish, before pH adjustment, PECs can be formed, 

forming less swollen compact structures that adsorb easily on the fibers to avoid adhesion 

onto other materials.  This effect is particularly pronounced in lignin-containing recycle 

fibers that have high affinity towards SF, and obtain improvements in tensile index up to 

57%, the highest improvement obtained. 
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5.5. Conclusions 

SP derivatives constitute an effective dry strength additive alternative that exhibits 

good performance, especially when combined with cationic systems such as chitosan or 

starch, and demonstrate better performance compared with cationic starch or chitosan alone.  

It is not necessary to have a highly purified product for this application; nevertheless some 

fiber qualities such as the lignin content highly affects the additive performance.  The 

obtained results highlight the promising performance that can be attained when SP-based 

PECs are used as dry strength agents.  Even though evaluations of other parameters such as 

retention and drainage need to be analyzed and scaled up, specific formulations according to 

the fiber that is used can optimize the mechanical performance of the material. 
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6. Closing Remarks 
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In the present work, different potential new industrial applications of soy proteins 

were studied, ranging to fundamental studies, driven by molecular interactions that propitiate 

absorption of their hydrolysates on hydrophobic and hydrophilic substrates (Chapter 3); 

followed by the production of advanced porous materials that take advantage of their gel 

forming abilities (Chapter 4); and finalizing with more tangible applications in the 

formulation  of dry strength additive systems to be used in papermaking (Chapter 5). 

The obtained results highlight the potential of soy proteins, considered nowadays a 

residual material used for low value applications. It was shown that they can exhibit good 

performance in a wide variety of uses. 

In this point there is still a lot of room for innovation, diverse derivatizations can still 

be explored to obtain high performance materials; in this work hydrolysis and cationization 

were used; nevertheless the diversity of chemical functionality of soy proteins can be 

exploited for more purposes yet.  

In Chapter 3, surface modification of hydrophobic materials (polypropylene) was 

performed using soy protein hydrolysates, in the future, modification of substrates may 

facilitate the use of synthetic materials for bio-medical applications or for textile use, where 

the water compatibility plays an important role in moisture control and comfort sensation. 

In Chapter 4, aerogels were produced using cellulose nano-fibers as reinforcing agent, 

and materials with superior strength were obtained, in the future reinforcement with protein 

fibers should be explored (collagen in particular) to evaluate in this way the use of already 
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commercial sources that based on chemical similarity can exhibit better interactions and good 

performance to build this kind of structures. 

In Chapter 5 synergistic effects were observed when soy proteins were used with 

polycations; exploring the use of diverse polycations can allow to formulate high 

performance dry strength additive systems that could be tailored to specific applications or 

the use of particular raw materials. The optimization of cationization reactions is also 

relevant; obtaining a material with more positive charges opens important future perpectives 

for the utilization of the SP in systems with negatively charged materials like cellulosic 

fibers. 

The future demands the use of more environmentally friendly resources like soy 

proteins, most of the traditional chemical industry has been based on petroleum derivatives 

that are being replaced by bio-derived materials. Soy proteins can be a powerful tool to 

replace old chemistries and develop advanced applications.  
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Appendix A. Numerical values of mechanical properties 

obtained in papermaking experiments 
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In this appendix the numerical values obtained in the experiments presented in figures 

in Chapter 5 are presented. The abbreviations employed are the same used in the 

corresponding chapter. 

 
Table A.1. Numerical values obtained in handsheet characterization with bleached fibers 

 

 

Tensile 
Index 

(N m2 g-1) 

Δ Tensile 
Index 

(N m2 g-1) 

STFI 

(N m g-1) 

Δ STFI 

(N m g-1) 

Charge 

(meq/g) 

Δ Charge 
(meq/g) 

Bleached control 0.8052 0.0422 21.0006 1.2905 0.0362 0.0003 

2% SF 0.7911 0.0149 18.3266 2.6744 0.0513 0.0002 

2% SF + 1% PAC 0.7954 0.0513 19.4929 1.5088 0.0520 0.0004 

2% SPI 0.8440 0.0519 19.9042 1.3550 0.0585 0.0003 

2% SPIH 4.5h 0.8065 0.0578 21.4040 2.0776 0.0537 0.0002 

2% SPIH 9h 0.8749 0.0650 22.9847 1.1294 0.0618 0.0001 

2% CSF 0.7669 0.0383 20.4207 2.4227 0.0397 0.0001 

1.8% CSF + 0.2% SF 0.7679 0.0143 20.2790 1.1006 0.0394 0.0001 

1.5% CSF + 0.5% SF 0.7752 0.0469 20.0671 1.5290 0.0424 0.0001 

1.2% CSF + 0.8% SF 0.8142 0.0339 20.1989 0.9408 0.0419 0.0003 

2% CS 0.8835 0.0745 21.2612 1.0346 0.0282 0.0004 

1.8% CS + 0.2% SF 0.9891 0.0700 21.9676 1.7768 0.0313 0.0006 

1.5% CS + 0.5% SF 0.9657 0.0528 22.5450 2.2455 0.0379 0.0005 

1.2% CS + 0.8% SF 0.9682 0.0220 23.2579 1.7648 0.0387 0.0001 

1% Ch 0.8198 0.0250 23.1784 2.4094 0.0451 0.0001 

0.75% Ch + 0.25% SF 0.8911 0.0737 22.8879 2.8986 0.0422 0.0003 

 



 
 

109 
 

 
 
 

Table A.2. Numerical values obtained in handsheet characterization with lignin containing recycled fibers 
 
 

 

Tensile 
Index 

(N m2 g-1) 

Δ Tensile 
Index 

(N m2 g-1) 

STFI 

(N m g-1) 

Δ STFI 

(N m g-1) 

Charge 

(meq/g) 

Δ Charge 
(meq/g) 

Recycled control 0.3028 0.0203 11.0024 0.5218 0.0450 0.0007 

2% SF 0.3199 0.0121 10.2352 0.6896 0.0645 0.0001 

2% SF + 1% PAC 0.3164 0.0061 11.3286 0.7918 0.0584 0.0001 

2% SPI 0.3161 0.0288 11.6107 0.7619 0.0657 0.0001 

2% SPIH 4.5h 0.3136 0.0201 12.8358 0.8748 0.0700 0.0037 

2% SPIH 9h 0.3229 0.0225 11.9637 0.8042 0.0642 0.0016 

2% CSF 0.3265 0.0184 12.0519 0.1818 0.0488 0.0003 

1.8% CSF + 0.2% SF 0.3369 0.0076 11.9102 0.8872 0.0483 0.0005 

1.5% CSF + 0.5% SF 0.3394 0.0068 11.4547 1.1403 0.0542 0.0002 

1.2% CSF + 0.8% SF 0.3141 0.0065 11.2813 1.1071 0.0518 0.0003 

2% CS 0.4205 0.0195 14.8463 1.0571 0.0316 0.0001 

1.8% CS + 0.2% SF 0.4145 0.0272 14.0911 0.7168 0.0382 0.0005 

1.5% CS + 0.5% SF 0.4189 0.0310 15.0649 1.3842 0.0390 0.0009 

1.2% CS + 0.8% SF 0.4018 0.0251 14.8993 1.2672 0.0431 0.0003 

1% Ch 0.4533 0.0104 16.3867 1.1057 0.0405 0.0002 

0.75% Ch + 0.25% SF 0.4596 0.0247 17.2242 0.6819 0.0450 0.0005 

 

 


