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Abstract 
 

A more wide application of soy proteins is currently a worldwide concern and for that solubility is a 

key property. In a previous project, aiming to obtain a SPI, it was observed a significant decrease in 

solubility with drying. The goal of this project was then to study the effect of spray-drying on the functional 

properties of soy protein, more specifically to optimize solubility by control of the drying conditions and the 

use of additives.  

Two different raw materials were studied, a commercial soy protein concentrate (SPC) and 

defatted soy flour (DSF), which required initially a protein isolation step. These protein solutions were 

analyzed through SDS-PAGE and DSC and it was observed that the proteins from the SPC are more 

aggregated and denatured, which was an indication for a consequent lower solubility after drying. The 

solubility of the powders obtained by spray-drying confirmed that, since the protein in the powders from 

SPC had a significantly lower solubility, around 40%, in contrast with the DSF that kept 80% of solubility 

after drying. This means that in order to obtain a highly soluble protein isolate a less process material 

(DSF) should be used and applied a relatively mild extraction.  

The influence of pH and concentration of the solutions and of the settings in the dryer was studied 

and the solubility results had no major variation, which led to the conclusion that the system is robust. The 

yield of protein recovery was also a concern and after analyzing the particle size of the powders, the loss 

was attributed to stickiness of the product to the walls of the dryer. Additives were then included and 

unfortunately no improvement in solubility was observed. Freeze-dry was used as a comparative drying 

technique and similar results were obtained. Finally, the influence of storage of the powders in solubility 

was also analyzed and it was observed a significant decrease over time, attenuated when there was 

higher protein concentration in the solutions before drying. 

 

 

Keywords: soy proteins, spray-drying, solubility, additives, storage. 
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Resumo 
 

 

 A aplicação mais vasta de proteína de soja é uma preocupação mundial e para tal, a solubilidade 

é uma propriedade chave. Num projecto anterior, onde se pretendia obter um isolado de proteína de 

soja, verificou-se uma redução significativa de solubilidade após secagem. Desta forma, o objectivo 

deste projecto prendeu-se com o estudo da secagem por aspersão na funcionalidade das proteínas, 

particularmente na optimização da solubilidade através do controlo das condições de secagem e do uso 

de aditivos. 

 Foram usados dois tipos de matéria prima, concentrado de proteína de soja (SPC) e farinha de 

soja desengordurada (DSF), em que ambos requerem um passo de isolamento da proteína. As soluções 

foram analisadas através de SDS-PAGE e DSC, tendo sido observado maior agregação e desnaturação 

para proteínas provenientes de SPC, o que pressupõe uma solubilidade consequentemente menor após 

secagem. A solubilidade dos pós obtidos após secagem confirmou que proteína de SPC tem uma 

solubilidade significativamente inferior, cerca de 40%, ao contrário de proteína de DSF que mantém 80% 

da solubilidade após secagem. Isto significa que para obter um isolado de proteína de soja com uma 

solubilidade alta é necessário usar uma matéria menos processada (DSF) e aplicar uma extração 

relativamente suave. 

 A influência do pH e concentração das soluções e os parâmetros do secador foi estudada e os 

resultados de solubilidade não apresentaram grandes variações, o que levou à conclusão de que o 

sistema usado é robusto. O rendimento de recuperação de proteína foi também analisado e a 

distribuição de tamanho de partícula após secagem indicou que as perdas ocorrem por aderência do 

produto às paredes do secador. Foram também introduzidos aditivos na solução, sem no entanto ter sido 

observado melhoramento na solubilidade. A liofilização foi usada como técnica de secagem comparativa 

e obtiveram-se resultados semelhantes. Finalmente, a influência do armazenamento do produto na 

solubilidade foi analisada e observou-se uma diminuição significativa ao longo do tempo, atenuada 

quando usada uma concentração de proteína superior nas soluções antes de secagem. 

 

 

Palavras-chave: proteínas de soja, secagem por aspersão, solubilidade, aditivos, armazenamento. 
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1 Introduction 
 

1.1 NIZO Food Research 
 

NIZO Food Research is a supplier of scientific knowledge and technologies that can enable food, 

feed, and pharmaceutical companies to accelerate development and optimization of products and 

processes. Confidential contract research is carried out for innovation in the fields of texture, flavor, health 

and for production chain improvements in the fields of quality & safety and processing, based on a 

profound understanding of life sciences, food physics and process technology. 

 

 

Figure 1.1. Core expertise areas of NIZO Food Research, and their relation to functional benefits for industry (Juriaanse 
2004). 

 

In 1948, NIZO was established by the joint Dutch dairy industry. First as a quality and food safety 

control institute NIZO soon also worked on innovations. This resulted for example in the development of 

famous cheeses such as Leerdammer, Proosdij, Kernhemmer and Parrano. Developed by NIZO, they 

were made famous brands by their customers. In 1974 a new Pilot Plant was built underlining the 

importance for NIZO to translate laboratory results to industrial level. The food grade plant (largest in 

Europe) is now also used for test productions and tolling of high value ingredients. Changing its name to 

NIZO food research in the early 1990s – emphasizing the widening of scope - NIZO since then developed 

and applied technologies for improvements in a wide range of food products. In 2003 NIZO food research 

became a BV (private company), and since then NIZO not only works on confidential research projects 

for the international food, beverage and ingredient industries but also for the international dairy industries. 

In 2009 the management team acquired total ownership of NIZO food research B.V. underlining the 

independent status of NIZO. 
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1.2 Project 
 

Soy proteins are the major source of non dairy proteins all over the world. However, vegetable 

proteins, and more specifically soy proteins, are known to have a very low solubility/dispersibility. In 

general, when a soy protein isolate is displaying a high solubility, it resulted from a hydrolysis (either 

chemically or enzymatically). Soluble proteins are easier to incorporate as food ingredients and other 

properties, like gelation and emulsification, are in principle enhanced. In a previous project (Vilalva 2008), 

also performed at NIZO, it was observed a significant loss of solubility after drying, attributed to the 

formation of protein lumps during that step. In fact, it is considered that the loss of functionality during the 

production of a SPI is a result from too harsh conditions during extraction and drying. Also in that project, 

it was developed a mild protein extraction process that resulted in a better soluble soy protein and 

consequently in this project it was intended to improve the drying stage, understand how it influences the 

properties of the soy proteins, specially solubility, and analyze how the properties of the solutions before 

drying, the drying conditions and the use of additives can change the outcome, aiming to obtain a SPI as 

soluble as possible. 

The organization of the project in terms of practical work is summarized in Table 1.1. It was used 

two sources of soy protein, SPC and DSF, that can be considered two intermediate products in the 

production of SPI, being the first a more processed material, with a higher protein content. Therefore the 

first step in the project was to separate non-soluble components, keeping the soluble proteins, which was 

made with different methods for each starting material, being the mild extraction from DSF optimized in 

the previous project. After this initial step, there was a preparation step with the purpose to alter the 

properties of the solutions, namely pH and concentration, being the last performed in a rotary evaporator. 

Further ahead in the project there were also included additives, specifically proteins and a sugar, to serve 

as stabilizers during drying and possibly retain the soy proteins functionality. These solutions before 

drying were analyzed through SDS-PAGE and DSC to determine respectively, the protein profile and 

aggregation and the denaturation level. The particle size distribution was used as a control technique for 

each sample. The last step, and the focus of this project, was to perform drying experiments to obtain a 

SPI powder, which was mainly done in a lab scale spray-dryer. Freeze-drying was also performed but just 

as a comparative technique, since it is in theory less harmful. The products obtained were analyzed for 

solubility, water content and particle size. The solubility of the powders was studied in more detail, namely 

evaluating its progression with the storage time. 

Next, it will be given a description of soy protein characteristics and an overview of the drying 

process, focused on the methods used. In the second chapter it is described the materials and methods 

applied, followed by the presentation and discussion of the results obtained, in the third chapter, and an 

overall conclusion and recommendations for further work, in the fourth and fifth chapters.   
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Table 1.1. Process scheme of the features involved in the project: 

Starting Material 1. Protein isolation 2. Preparation 3. Drying 

SPC Solubilization a) pH 

b) Concentration 

c) Additives 

a) Spray-dryer 

b) Freeze-dryer 

DSF Extraction 

Analysis 
Protein content 

SDS-PAGE 

Particle size 
DSC 

SDS-PAGE 

Solubility 
Water content 
Particle size 
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1.3 Soy protein 
 

 

The role of vegetable proteins in food industry is continuously increasing over dairy proteins, due 

to smaller production costs, higher availability and no danger of animal related diseases. For that, soy 

protein has been having the strongest impact, mainly because soybean has the highest protein content 

among cereals and other legume species and has good availability, which means that it’s able to produce 

more edible protein per acre of land than any other known crop. On average, dry soybean contains 

roughly 40% protein, 20% oil, 35% carbohydrate and 5% ash. This makes soy an excellent ingredient in 

feed formulations, and soybean accounts for 70-80% of all protein rich meals fed to livestock in the USA 

(Fischer 2006). Soybean is indeed the most commonly grown of all oil crops throughout the world and at 

the moment, the USA has become the world leader in soybean production, with 35% of the world market 

in 2010. Other countries with high soybean production are Brazil (27%) and Argentina (19%) (Figure 1.2). 

 

 

Figure 1.2. World soybean production in 2010 (American Soybean Association 2011). 

 

 

For the growing interest in soy protein it was also important the fact that, in 1999, the U.S. Food 

and Drug Administration authorized the use of health claims about the role of soy protein in reducing the 

risk of coronary heart disease when labeling foods containing soy protein, and also proposed the 

consumption of 25g of soy protein daily for adults. Consequently, consumer demands for soy foods and 

soy protein food ingredients have been increasing in the past years (Friedman and Brandon 2001). 

Approximately 10% of the world’s soybeans are directly used for human food (production of 

products such as tofu, soymilk and tempeh) while the rest is processed into soybean meal (mainly used 

for animal feed) and vegetable oil. The process commonly used for preparation of oil and soybean meal is 

schematically shown in Figure 1.3. First the beans are cleaned, cracked and dehulled. After a 

conditioning step at about 70ºC, the beans are flaked to improve the subsequent oil extraction by hexane. 
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The remaining hexane is removed in a desolventising toaster (DT) or in a flash desolventiser system 

(FDS). The heat treatment in a DT is quite harsh and results in darker meals, due to Maillard reactions, 

with a low solubility in water as indicated by a low Protein Dispersability Index (PDI). Heat treatment in 

FDS systems is milder and easier to control and results in whiter meals with high PDI values. The latter 

meals are preferred for food and fermentation applications (Renkema 2001). In Table 1.2 is presented the 

average composition of soybean meal that on a dry weight basis is composed of 30-40% carbohydrates, 

45-55% protein, less than 1% fat and 6% ash. 

 

 

 

Figure 1.3. Extraction of soy oil and production of defatted soy meal (Renkema 2001). 

 

Table 1.2. Approximate composition of soybean meal (Fischer 2006): 

Constituent % on dry weight basis 

Carbohydrates 30 - 40 

Saccharose 6 - 9 

Raffinose 1 - 1.5 

Stachyose 5 - 8 

Starch 0 - 5 

Non-starch polysaccharides 16 - 22 

Protein 45 – 55 

Glycinin + β-conglycinin ~80 

Antinutricional factors ~5 

Other proteins ~15 

Fat < 1 

Ash 6 
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Soy protein products are mostly made from the defatted soy meal. They are not consumed 

directly as food but instead find wide application as a versatile ingredient in virtually every type of food 

system, including bakery, dairy, meat, breakfast cereal, beverages, infant formula, and dairy and meat 

analogs. In these food systems, they not only boost protein content but also provide many functional 

properties, including gelling, emulsifying, water-holding and fat-absorbing properties (Liu 2004). There are 

four major types of soy protein products: flour, concentrates, isolates and textured soy protein. 

 Soy flour has the lowest cost among soy protein products because it is the least processed. It is 

available in several types, including full-fat, low-fat and defatted; there are enzyme-active, toasted and 

textured varieties of each of these. Soy flour retains most nutrients from the original beans and is an 

excellent low-fat source of protein, isoflavones, other nutrients and phytochemicals. Defatted soy flour 

has been the most common type. It is produced by grinding defatted soy flakes and has a protein content 

of about 50%. It is mainly used as an ingredient in the bakery industry.  

 Soy protein concentrate is traditionally made by aqueous alcohol extraction of defatted soy flakes. 

The resulting product has about 70% protein, with the remaining portion being mainly insoluble 

carbohydrates. The product may be further processed by thermal processing and homogenization for 

better functionality. Alternatively, soy concentrate can be made by an acid-leach method to retain 

isoflavones and other benefitial phytochemicals and to prevent protein denaturation. SPC is widely used 

in the meat industry to bind water and emulsify fat, and as a key ingredient of many meat alternatives. It is 

also used for protein fortification of various types of food. 

 Soy protein isolate is produced by alkaline extraction followed by precipitation at acid pH. As a 

result, both soluble and insoluble carbohydrates are removed. The resulting product has a protein content 

of 90% and is light in color and bland in flavor. Soy isolate is the most refined soy protein product, 

possessing many functional properties, including gelation and emulsification. As a result, it may be used 

in a wide range of food applications, including processed meat, meat analogs, soup and sauce bases, 

nutritional beverages, infant formulas and dairy replacements. Table 1.3 outlines the relative composition 

of the three major soy protein products. 

 

Table 1.3. Composition of soy protein products (Liu 2004). 

 % (as-is basis) 

Component Flour Concentrate Isolate 

Protein (N x 6.25) 52-54 62-69 86-87 

Fat  0.5-1.0 0.5-1.0 0.5-1.0 

Soluble fiber 2 2.5 <0.2 

Insoluble fiber 16 13-18 <0.2 

Ash 5.0-6.0 3.8-6.2 3.8-4.8 

Carbohydrates 30-32 19-21 3-4 
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 In addition to high protein and oil content in comparison with other vegetables, soybean proteins 

have desirable texture and good nutritional properties despite the lack of sulfur rich amino acids (Murphy 

and Resurreccion 1984). Moreover, soy proteins form gels with a good water holding capacity upon 

heating, have the capacity of stabilizing emulsion droplets and gas bubbles. 

Based on their biological functions in plants, seed proteins can be classified into two groups: 

metabolic proteins and storage proteins. The metabolic proteins are active in the normal cellular activities, 

including the synthesis of the storage proteins. The storage proteins provide a source of nitrogen and 

carbon for the development of the seedling during germination (Kuipers 2007). 

Soybean proteins can be divided in albumins (10%), extracted by water, and globulins (90%), 

extracted by dilute salt solutions. Based on their sedimentation coefficients, when dissolved in a pH 7.6, 

0.4 M sodium-phosphate buffer containing 0.01 M mercaptoethanol, soybean globulins can be classified 

into 2S (13-18%), 7S (30-46%), 11S (36-53%) and 15S (0-4%) proteins (Kuipers 2007). The 11S and 15S 

fractions are pure proteins: glycinin and polymers of glycinin, respectively. The 7S fraction is more 

heterogeneous, the majority is β-conglycinin, but also γ-conglycinin, lipoxygenases, α-amylases and 

hemagglutenins are found (Nielsen 1985). The 2S fraction consists of Bowman-Birk and Kunitz trypsin 

inhibitors, cytochrome C and α-conglycinin. 

Glycinin and β-conglycinin are the most important soy proteins (account for 65-80% of total seed 

proteins). Together with α- and γ-conglycinin, they form the storage proteins. The other proteins have a 

metabolic function and have to be inactivated by heating to eliminate unwanted and anti-nutritional effects 

when they are used in human or animal foods. 

 

 

1.3.1 Soy glycinin 

 

Glycinin consists of one acidic and one basic polypeptide (Figure 1.4), with around 40 kDa and 20 

kDa, respectively, which are linked by a disulphide bond and thereby forming an individual AB subunit, 

except for the acidic polypeptide A4. At least six acidic polypeptides (A1a, A1b, A2-A4, and A5) and five 

basic polypeptides (B1a, B1b, B2-B4) have been isolated (Nielsen 1985). The acidic polypeptides have 

isoelectric points varying from 4.75 to 5.4. The basic polypeptides can be separated into three groups 

having isoelectric points of 8.0, 8.25 and 8.5, respectively (Fischer 2006). At ambient temperatures and 

pH 7.6, glycinin forms hexameric complexes (11S) with a molecular mass of about 360 kDa, while at pH 

3.8 it is mainly present as trimeric complexes (7S) with a molecular mass of about 180 kDa. Lowering the 

ionic strength from 0.5 to < 0.1 also induces dissociation of 11S glycinin into 7S glycinin (Renkema 2001). 

Glycinin has on average 2 –SH and 18-20 S-S bonds per hexamer (Fischer 2006). 
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Figure 1.4. Schematic presentation of a glycinin molecule and its trimeric and hexameric complexes. A and B denote the 
acidic and basic polypeptides, respectively. The small bar connecting A and B represents the disulphide bond     (Renkema 

2001). 

 

 

1.3.2 Soy β-conglycinin 

 

β-conglycinin is a trimeric glycoprotein (7S) consisting of three types of subunits, α’ (57-72 kDa), 

α (57-68 kDa), and β (45-52 kDa), in seven different combinations (βββ, ββα’, ββα, βαα’, βαα, ααα’ and 

ααα) (Figure 1.5). The subunits are non-covalently associated via hydrophobic and hydrogen bonding 

without any disulphide bonds. All three peptides contain carbohydrate chains attached to the asparagines 

residues. The carbohydrate chain varies in length depending on the number of mannose units. At pH 5 

and higher, β-conglycinin is a trimer (7S) at an ionic strength of 0.5 M, whereas it predominantly exists as 

a hexamer (9S) at an ionic strength less than 0.1 M. In the intermediate ionic strength region, varying 

amounts of 7S and 9S β-conglycinin are present. At pH 2-5, β-conglycinin reversibly dissociates into a 2-

3S and 5-6S fraction at ionic strength less than 0.1. The isoelectric point of β-conglycinin is 4.64 

(Renkema 2001). 

 

 

Figure 1.5. Schematic presentation of a β-conglycinin molecule (type βαα’) (Renkema 2001). 

 

1.3.3 Solubility 

 

The solubility of a component is defined as its concentration in a saturated solution, i.e., in a 

solution in contact and in equilibrium with crystals or a fluid phase of the component. Such situation can 

often not be realized for a protein, because crystals cannot be obtained, and determination of the 

solubility then is somewhat questionable (Walstra 2003). The solubility of protein in aqueous media is 



9 
 

widely variable, with both protein composition and conformation, and the environment, namely solvent 

composition and temperature, cause the variation. 

The solubility of a globular protein is closely related to its surface properties, which means on the 

groups that are in contact with the solvent. The free energy involved is primarily due to hydrophobic and 

electrostatic interactions. The greater the proportion of apolar groups on the surface of a protein, the 

poorer its solubility in water, whereas a larger proportion of charged groups enhance solubility. A fairly 

large surface hydrophobicity often leads to the association of polypeptide chains into a specific 

quaternary structure. These oligomeric proteins then may have good solubility, since apolar groups have 

been shielded from the solvent (Walstra 2003). This is also why the loss of native conformation leads to a 

decrease in solubility, because more hydrophobic groups become exposed to water and also the surface 

activity may be altered. The solubility increases for a pH further away from the isoelectric point and for a 

higher ionic strength, which although can lead to unfolding at extreme pH values, makes the molecules 

have a higher charge and consequently higher solubility, despite the exposure of apolar groups. There is 

also a dependence with size, since the larger the protein molecules, the smaller the decrease in molar 

translational entropy upon precipitation, hence the larger the decrease in free energy and the smaller their 

solubility.  

Solubility of soy protein products are highly dependent on the physico-chemical states of protein 

molecules, which are either favorably or adversely affected by heating, drying, and other processing 

treatments during their manufacture and storage (Shen, 1976). For example, the moist heat treatment 

necessary to inactivate lipoxygenase and trypsin inhibitors in soy products leads to insolubility of soy 

protein. Soy proteins are least soluble at their isoelectric region (pH 4.2 to 4.6), and solubility sharply 

increases above and below this pH range (Liu 1997). In terms of ionic strength, as it increases, the 

solubility of soy proteins decreases up to 0.1 M salt concentration and increases above this 

concentration. The initial decrease in solubility is due to decreased electrostatic repulsion and enhanced 

hydrophobic interaction between protein molecules as a result of electrostatic shielding of charged groups 

in proteins by ions. 

 

Solubility is an essential criterion for most functional applications. The tests applied to assess this 

quality generally involve mixing of a given amount of the material with a given amount of a specific 

solvent, usually a buffer. Vigorous mixing then is followed by centrifugation at specific conditions. The 

amount of protein or nitrogen in the supernatant is determined and compared to the total amount present. 

In this test, the meaning of the word solubility is fundamentally different from the definition used by 

physical chemists. The test result may depend on conditions such as the manner and intensity of stirring 

and of centrifugation. Stirring may disrupt large protein aggregates, but it may also cause copious beating 

in of air, and some proteins become denatured and aggregated upon adsorption onto air bubbles. Small 

aggregates of proteins may escape centrifugal sedimentation, whereas large aggregates may not. Time 

and temperature during the test may determine to what extend an equilibrium situation is reached.  
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1.4 Drying 
 

 

The definition of the drying process is the thermal removal of volatile substances (moisture) from 

a wet material to yield a solid product. The heat may be transferred by convection (direct dryers), by 

conduction (contact or indirect dryers) or by radiation. Over 85% of industrial dryers are of the convective 

type with hot air or direct combustion gases as the drying medium. This process is useful for many 

reasons, including better preservation and storage, reduction in cost of transportation, achieving desired 

quality of product, among others, but nevertheless, it has to be taken into account that an improper drying 

may lead to irreversible damage to the product quality. 

In this project two different drying methods were used, namely spray drying and freeze drying, 

which will be further described in more detail. 

 

 

1.4.1 Spray-drying 

 

 

Spray drying is by definition the transformation of feed from a fluid state into a dried particle form 

by spraying the feed into a hot drying medium. It is a one-step, continuous particle-processing operation 

involving drying. The feed can either be a solution, suspension or paste. The resulting dried product 

conforms to powders, granules or agglomerates, the form of which depends upon the physical and 

chemical properties of the feed and the dryer design and operation (Masters 1991).  

There are several advantages associated to this technique, namely a more effective control of 

product properties and quality; drying of heat-sensitive foods, biological products and pharmaceuticals at 

atmospheric pressure and low temperatures; it permits a high tonnage production in continuous operation 

and relatively simple equipment; the product comes into contact with the equipment surfaces in an 

anhydrous condition, thus simplifying corrosion problems and selection of materials of construction; 

produces relatively uniform, spherical particles with nearly the same proportion of nonvolatile compounds 

as in the liquid feed; and as the operating gas temperature may range from 150 to 600ºC, the efficiency is 

comparable to that of other types of direct dryers. However, in general spray drying is not flexible, 

meaning that a unit designed for fine atomization may not be able to produce a coarse product and vice 

versa. Also, for a given capacity larger evaporation rates are generally required and there is higher initial 

investment compared to other types of continuous dryers, and product recovery and dust collection 

increase the cost of drying. Spray-drying is also a very energy intensive process, mainly because it is 

necessary to supply the specific heat of evaporation in a short time, the temperature difference across the 

drying chamber is relatively small since the heat sensitive materials do not permit the use of high 

temperature inlet air and the required quality of final product also does not permit the use of low 
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temperature outlet air and finally there is an appreciable amount of heat lost with the exhaust air (Filková, 

Huang and Mujumdar 2006). 

The process consists of three stages: (1) atomization, (2) spray-air mixing and moisture 

evaporation and (3) separation of dry product from the exit air. Atomization is the most important stage in 

the spray drying process. The type of atomizer not only determines the energy required to form the spray 

but also the size and size distribution of the drops and their trajectory and speed, on which the final 

particle size depends. The chamber design is also influenced by the choice of the atomizer. The drop size 

establishes the heat transfer surface available and thus the drying rate (Filková, Huang and Mujumdar 

2006). The general types of atomizers available are the rotary wheel atomizer, the pressure nozzle 

single-fluid atomizer and the pneumatic two-fluid nozzles, being the first two most commonly used. The 

selection of the atomizer is dependent on availability, flexibility, energy consumption and particle size 

distribution pretended for the final dry product.  

The spray-air mixing occurs in the chamber next to the atomizer and its design depends on the 

atomizer used and on the air-fluid contact system selected. The selection of atomizer and air-fluid layout 

is determined by the required characteristics of the dry product and production rate. The product 

specifications are almost always determined from small scale tests in an experimental spray dryer. If heat 

sensitive material is involved, attention must be paid to the temperature profile of the drying air along the 

drying chamber. Another area that requires attention is the droplet trajectory of the largest drops as the 

size of chamber must be such that the largest drop on the spray is dry before it reaches the chamber wall. 

This requirement prevents the formation of partially dried material buildup on the chamber walls (Filková, 

Huang and Mujumdar 2006). 

In terms of air-droplet contact systems in spray drying processes there are three basic types, co-

current, counter-current and mixed flow (Figure 1.6). In the co-current flow the material is sprayed in the 

same direction as the flow of hot air through the apparatus. It is the most common system with both wheel 

and nozzle atomization. The droplets come into contact with the hot drying air when they are the most 

moist and the final product temperature is lower than the inlet air temperature. In contrast, counter-current 

is when feed and hot air have the opposite flow direction. The hot air flows upwards and the product falls 

through increasingly hot air into the collection tray. The residual moisture is eliminated and the final 

product temperature is higher than that of the exit air. In the mixed flow, the advantages of the previous 

systems are combined. The product is sprayed upwards and only remains in the hot zone for a short time 

to eliminate the residual moisture. Gravity then pulls the product into the cooler zone. This system is 

employed when a coarse product is required and the size of the drying chamber is limited. 
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Figure 1.6. Different air-droplet contact systems: A-co-current; B-counter-current; C-mixed (BÜCHI Labortechnik AG 2011). 

 

The separation of the product from the air is performed in two stages. Primary separation of the 

drying product takes place at the base of the drying chamber and total recovery is achieved in the 

separation equipment, being most commonly chosen a cyclone. Based on inertial forces, the particles are 

separated to the cyclone wall as a down-going strain and removed. Other systems are electrostatic 

precipitators, textile filters or wet collectors like scrubbers (BÜCHI Labortechnik AG 2011).  

Spray drying is a procedure which in many industries meets dried product specifications most 

desirable for subsequent processing or direct consumer usage, from agrochemical, biotechnology 

products, dyestuffs, mineral concentrates to pharmaceuticals. Intensive research and development during 

the last two decades has resulted in spray drying becoming a highly competitive means of drying a wide 

variety of products. The range of product applications continues to expand, so that today spray drying has 

connections with many things used daily (Masters 1991). 

 

 

1.4.1.1 Büchi B-290 Mini Spray-dryer 

 

In this project it was used the Büchi Mini Spray dryer B-290 which is a laboratory scale system to 

perform spray drying processes down to 50ml batch volume and up to 1 liter solution per hour. It is 

possible to visualize the complete drying process from the two-fluid nozzle down to the collection vessel 

due to the glassware. This instrument functions according to the same principle as the co-current flow 

atomizer and the parts that constitute it are schematically presented in Figure 1.7. The instrument settings 

are the inlet temperature, feed rate, spray air flow and aspirator flow. In appendix A it is shown the 

influence of these parameters in the temperature load, yield and final humidity and particle size of the 

product. 
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Figure 1.7. Schematic representation of the Büchi Mini Spray dryer B-290. The arrows indicate the air flow (BÜCHI 
Labortechnik AG 2011). 

 

 

 

1.4.2 Freeze-drying 

 

Freeze-drying is a drying technique in which the water or another solvent is removed as a vapor 

by sublimation from the frozen material in a vacuum chamber. After the solvent sublimes to a vapor, it is 

removed from the drying chamber where the drying process occurs. 

The process is composed by three stages, the freezing stage, the primary drying stage and the 

secondary drying stage. In the freezing stage, the foodstuff or solution to be processed is cooled down to 

a temperature at which all the material is in a frozen state. In the primary drying stage, the frozen solvent 

is removed by sublimation; this requires that the pressure of the system at which the product is dried must 

be less than or near to the equilibrium vapor pressure of the frozen solvent. If, for instance, frozen pure 

water is processed, then sublimation could occur at or near 0ºC and at an absolute pressure of 

4.58mmHg. But, since the water usually exists in a combined state or a solution, the material must be 

cooled below 0ºC to keep the water in the frozen state. For this reason, during the primary drying stage, 

the temperature of the frozen layer (sublimation front) is often at -10ºC or lower at absolute pressures of 

about 2mmHg or less. As the solvent sublimes, the sublimation interface recedes and a porous shell of 

dried material remains. The latent heat of sublimation (2840 kJ/kg for ice) can be conducted through the 

layer of dried material and/or through the frozen layer, and the vaporized solvent vapor is transported 

through the porous layer of dried material. The time at which there is no more frozen layer is taken to 

represent the end of the primary drying stage. The secondary drying stage involves the removal of 
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solvent (water) that did not freeze (known has sorbed or bound water). This stage starts at the end of the 

primary stage and the desorbed water vapor is transported through the pores of the material that is dried.  

Typically, freeze drying produces the highest quality food product obtainable by any drying 

method. The low processing temperatures, the relative absence of liquid water and the rapid transition of 

any local region of the material dried from a fully hydrated to a nearly completely dehydrated state 

minimize the degradative reactions that normally occur in ordinary drying processes, such as non 

enzymatic browning, protein denaturation and enzymatic reactions. Certain biological materials, 

pharmaceuticals, and foodstuffs, which may not be heated even to moderated temperatures in ordinary 

drying, may be freeze-dried. Freeze drying of food and biological materials also has the advantage of little 

loss of flavor and aroma.  

However, freeze drying is an expensive form of dehydration for foods because of the slow drying 

rate and the use of vacuum. Increasingly, freeze drying is used for dehydrating foods otherwise difficult to 

dry, such as coffee, onions, soups and certain seafoods and fruits. Freeze drying is also increasingly 

employed in the drying of pharmaceutical products. Many pharmaceutical products when they are in 

solution deactivate over a period of time; such pharmaceuticals can preserve their bioactivity by 

lyophilization soon after their production so that their molecules are stabilized (Liapis and Bruttini 2006). 

Table 1.4 presents a comparison of several performance parameters between spray drying and 

freeze drying. 

 

 

Table 1.4. Comparison between spray drying (SD) and freeze drying (FD) (Filková, Huang e Mujumdar 2006): 

    SD FD 

Drying time Short Long 

Powders Agglomerated or irregular Cake 

Product quality Medium Good 

Energy consumption Low High 

Product capacity High Medium 

Operation Continuous Batch 

Investment cost Low High 
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1.4.3 Drying of proteins 

 

It is desirable to distribute and use protein preparations in the form of solids, such as powders 

and granules, instead of liquids. Although drying itself is a valuable tool in the improvement of the protein 

storage stability, the process step itself often causes a substantial loss of functionality due to heat-

induced structural changes and the final product is still susceptible to inactivation. 

Such solid protein preparations are conventionally produced by means of freeze-drying or spray-

drying. As freeze-drying process is unsuitable for large-scale productions, spray-drying is used as the 

most fitted process for the industrial mass production of solid protein preparations. 

The design of a proper drying process should guarantee a high level of functional protein. 

Generally, protein functionality after drying is a function of the composition of the initial liquid to be 

dehydrated, the process parameters, and the physicochemical characteristics of the protein, so that 

drying of each protein product should be considered on an individual basis (Pilosof and Sánchez 2006). 

There are several quality parameters typically considered relevant for dried protein products, 

presented in Table 1.5, that can be optimized by modifying the drying process. As it was already 

mentioned, the focus in the project was mainly with solubility. 

 

Table 1.5. Quality parameters for dried protein products (Pilosof e Sánchez 2006): 

Retention of activity 

Dust forming properties 

Solubility / dispersibility 

Stability 

Flow properties 

Purity 

Mean particle size and particle size distribution 

Homogeneity 

Bulk density 

Color 

Odor 

 

 

1.4.4 Additives 

 

A common procedure in drying of proteins is the addition of components able to stabilize and 

protect the product during this step and in the subsequent storage. These additives are usually 

carbohydrates and salt components, although the use of other proteins and surfactants is being 

increasingly studied. 

The mechanism by which the additives confer protection to the protein is dependent on the type 

of component and a combination of effects can occur. First of all, some compounds are responsible for 

the formation of an amorphous phase with the protein, therefore mechanically immobilizing it in a glassy, 

solid matrix during dehydration. The restriction of translational and relaxation processes in this matrix is 
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thought to prevent protein unfolding and the spatial separation between the molecules (i.e., dilution of 

protein molecules within the glassy matrix) is proposed to prevent aggregation. Secondly, during the final 

stages of air drying, the major stress that must be overcome is the removal of the protein’s hydration 

shell, which can result in irreversible loss of functionality upon rehydration. It has been suggested that 

sugars can continue to protect the dried protein by hydrogen bonding to the protein at some critical point 

during dehydration, thus serving as water substitutes when the hydration shell of the enzyme is removed. 

Another approach is the addition to the formulation of one or several components that are able to bind 

moisture, which will reduce the water activity of the final preparation or temporarily prevent the interaction 

of water penetrating from the surroundings with the protein itself (Pilosof and Sánchez 2006). 

This way, to improve protein stability it is typically applied an additive that must be hydrophilic and 

exist in a glassy amorphous state, with the aim to produce a glassy product at storage temperature. The 

additive should be also sufficiently chemically inert and since this work concerns food applications, it 

should be incorporable in food.  

The protection of proteins using a sugar as additive was studied for example by Tzannis and 

Prestrelski (1999), where it was seen that sucrose can retain the functionality of trypsinogen during spray 

drying, however the optimum protection was achieved for a 1:1 protein/sugar ratio. Patel, Bouwens and 

Velikov (2010) were able to stabilize zein with sodium caseinate (protein with protein) using a lower 

proportion of additive, and it was shown that sodium caseinate covers the surface of the zein particles, 

leading to changes in the surface charge and consequently providing electrosteric stabilization. The use 

of proteins as additives is however more studied for the drying of sugars  (Jayasundera, et al. 2011) 

(Adhikari, et al. 2007) (Adhikari, et al. 2009), where it was seen that proteins like sodium caseinate and 

WPI have very rapid film forming properties when subjected to drying air, which means that these proteins 

preferentially migrate to the air-water interface of sugar solutions, forming a film that is converted to a 

glassy skin when subjected to the hot air, which is capable of overcoming agglomeration and stickiness to 

the drying chamber walls. These studies demonstrated the capability of proteins to greatly enhance the 

powder recovery in spray drying and maintining a higher solubility of the product, and especially by using 

better product/additive ratios, less than 10% additive by weight of product, comparing to sugars that 

generally need between 10 and 100% for a significant improvement.  
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2 Materials and Methods 
 

2.1 Materials 
 

 

A commercial soy protein concentrate (SPC) and defatted soy flour were used as raw materials 

for soy protein.  

The sodium hydroxide (NaOH) and the hydrochloric acid (HCl) used to adjust the pH in the 

protein isolation step were from BDH and Scharlau, respectively. 

The 100mM sodium phosphate buffer pH 6.8 used to dilute the powders in the solubility analysis 

was prepared with disodium hydrogen phosphate (pH 9.0-9.2) and sodium dihydrogen phosphate (pH 

4.1-4.5), both from Merck. 

In the SDS-PAGE electrophoresis it was used TRIS-HCl gels from Biorad containing 15% 

acrylamide. The 10% Tris/Glycine/SDS buffer, the Laemmli buffer, the SDS-PAGE marker 7-210kDa and 

the Bio-Safe coomassie blue (G250 stain) were also purchased from Biorad. The dithiothreitol (DDT) was 

purchased from Sigma-Aldrich. 

The isopropanol used as a dispersion medium in the particle size analysis of the spray-dried 

powders was from Sigma-Aldrich. 

Two protein additives (paA and paB) and a carbohydrate additive (caA) were tested in the in the 

drying process. 

 Unless stated otherwise, reverse osmosis (RO) water was used in all cases. 
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2.2 Protein isolation 
 

 

2.2.1 Soy protein concentrate (SPC) 

 

The soy protein concentrate was suspended in water (10% w/w) and while the suspension was 

being stirred, the pH was raised to 8.0 adding a 5M NaOH solution. When the pH stabilized the 

suspension was left stirring overnight at 4ºC. The suspension was centrifuged (Sorvall RC 5B plus) 

(30min, 8000rpm, 15ºC) and its insoluble parts were removed, only recovering the supernatant, which is 

assumed to contain mainly soluble protein. The initial weight of soy protein concentrate ranged from 100 

to 500g. 

 

 

2.2.2 Defatted soy flour (DSF) 

 

The defatted soy flour was suspended in water (w/v, 1:10) at 45ºC and the suspension was 

stirred for 30 minutes. The suspension’s pH was raised to 7.0 adding a 5M NaOH solution and the 

suspension was stirred for 30 minutes allowing it to cool down to room temperature (RT~20ºC). The 

suspension was centrifuged (Beckman Coulter Avanti J-26XP) (15min, 6000g, 13ºC) and its insoluble 

parts were removed. The supernatant’s pH was adjusted to 4.5 adding a 2M HCl solution. After stirring 

overnight at 4ºC, the dispersion was centrifuged (Beckman Coulter Avanti J-26XP) (30min, 6000g, 7ºC). 

The precipitate was washed with water (v/v, 1:9) twice and then suspended in water (10% w/w) and its pH 

was adjusted to 7.0. Finally, the suspension was filtered through glass wool. The extract (filtrate) is 

assumed to contain mainly soluble protein. This method (Vilalva 2008) was used in a lab scale ranging 

from 200 to 546g of defatted soy flour as starting material. 
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2.3 Concentration 
 

 

The DSF extract and SPC supernatant were concentrated in a rotary evaporator (Stuart RE300), 

under vacuum at 40ºC. Around 200g of sample were put in a 1l round-bottom flask that was placed on a 

water bath (Stuart RE300B) for heating. The pressure reduction in the system was provided by a vacuum 

builder (KNFlab NSE800). After starting reducing the pressure, the temperature of the bath and rotation of 

the sample flask were controlled to ensure that the foam originated in the sample didn’t enter the 

condenser. The cold water flowing in the condenser was obtained with a cooler system (Neslab RTE111). 

The particle size distribution of the concentrated samples was always analyzed as control method to 

validate each run. The complete apparatus used for concentration is shown in Figure 2.1.  

 

 

 

Figure 2.1. Rotary evaporator (Stuart RE300). 
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2.4 Spray-drying 
 

Spray-drying of solutions was carried out on a bench-top spray-dryer (Büchi B-290, Büchi, 

Switzerland) with a water evaporating capacity of 1 l/h (Figure 2.2). The dispersion of the feed solutions 

into fine droplets is obtained with a two fluid-fluid nozzle that uses compressed air as atomizing fluid. Air 

is also used as drying medium and the mixing of sprayed product and hot air is obtained with a co-current 

flow conformation. The separation of product and air is based on inertial forces in a cyclone. The 

conditions of the drying air are kept constant with a dehumidifier (Büchi B-296). 

The instrument settings are the aspirator flow (defines the air flow rate), spray air flow, inlet 

temperature and feed rate. The aspirator flow and spray air flow were maintained at 35m
3
/h (100%) and 

800 l/h, respectively. The inlet temperature was dependent on the source material and the feed rate 

varied accordingly to the properties of the solutions and the pretended outlet temperature, since the last is 

a result of the instrument settings. 

The powders were only collected from the collection vessel, leaving the residual product in the 

cylindrical parts of the drying chamber, and consequently the yield was calculated as the ratio of the mass 

of solids collected after spray-drying to the amount of solids in the feed solution. Solubility, water content 

and particle size of the powders were then analyzed. Unless stated otherwise, every set of experiments 

with a new condition was tested only once and compared to a reference performed to each batch of soy 

protein solution. 

 

 

Figure 2.2. Büchi B-290 bench-top spray-dryer. 
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2.5 Freeze-drying 
 

Freeze-drying was only performed to DSF samples, as a control drying technique relatively to 

spray-drying. The samples, around 20g, were firstly frozen for at least 24h and then immediately placed in 

a vacuum drying chamber (Edwards XDS10) in order for sublimation of water to occur, which lasted 

around 1 week. The crystal product was only analyzed for solubility. 

 

 

2.6 Solubility test 
 

A method already established at NIZO was used to determine the solubility of the powders after 

drying. The powders were mixed at 2% (w/w) in 100mM sodium phosphate buffer pH 6.8. The solutions 

were stirred vigorously for 2h at 50ºC, cooled in tap water to 20ºC and then centrifuged (Beckman Coulter 

Avanti J-E) (10min, 20000g, 20ºC). The supernatants were filtered through glass wool and the protein 

content of the filtrates was determined, being the solubility expressed as a percentage of the initial protein 

content in the 2% solutions. 
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2.7 Analytical methods 
 

2.7.1 Protein content determination 

 

The chosen method to determine the protein content of soy solutions was the direct 

measurement of the absorbance at 280nm on a spectrophotometer (Varian Cary4000). At this 

wavelength, only phenylalanine, tyrosine and tryptophan absorb, which can result in incoherent values, 

however the absorbance spectra of soy proteins presented a clear peak at 280nm for several 

concentrations, and the results were confirmed by the kjeldahl analysis, thus validating this method. 

Four calibration curves were made (Figure 2.3), respectively for the soy proteins from DSF and 

SPC, and for the protein additives used. The curves presented a linear correlation between 0.05 and 

0.15% (w/w) and therefore the samples were always diluted to this range and the Lambert-Beer law was 

applied to determine protein concentration.   

In the samples with soy protein plus an additive it’s not possible to directly differentiate the 

contribution of each substance, so two assumptions had to be made. Firstly, that the yield of protein 

recovery in the drying process is the same for both soy and additive, which means that the soy/additive 

ratio of the solutions is maintained in the powders, and secondly that the solubility of the additive is 100%. 

The last, although being a rough assumption, it’s appropriate because this way the solubility of soy will be 

given by defect and if the case is an improvement in solubility, there will be certainty in the result. 

 

Figure 2.3. Calibration curves for UV absorbance (280nm) at increasing protein concentrations, for the isolates of SPC and 
DSF, and the protein additives studied; 
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2.7.2 DSC 

 

The degree of protein denaturation in the soy protein isolate solutions was determined by 

differential scanning calorimetry (DSC) with a DSC Q1000 (TA Instruments). Around 20mg of sample 

were weighed in coated aluminum pans and hermetically sealed, and an empty pan was used as a 

reference. The pans were heated from 20ºC to 130ºC at a heating rate of 5ºC/min. Inert atmosphere was 

maintained by nitrogen purging. The thermal transition midpoint, when 50% of the proteins are unfolded, 

was defined as the temperature at which a minimum occurred in the endothermic peaks. 

 

 

2.7.3 SDS-PAGE 

 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed to the 

DSF and SPC solutions using Criterion Precast TRIS-HCl gels (Biorad) containing 15% acrylamide, under 

reducing and non-reducing conditions. 

The protein solutions were diluted in Millipore water to obtain a concentration of 2mg/ml and 

added to Laemmli buffer (v/v 1:1). When non-reducing conditions were intended, the samples were 

heated for 10min at 50ºC. In reducing conditions, DDT was previously added at a level of 54mg/ml to the 

Laemmli buffer and the samples were heated for 10min at 90ºC. All samples were centrifuged (5424 

Eppendorf) for 4min at 14000rpm. For electrophoresis, 15µl samples were loaded into the gel, along with 

a pre-stained SDS-PAGE marker ranging from 7 to 210kDa. The electrophoresis cell was filled with the 

10%Tris/Glycine/SDS buffer and the gels were ran at a constant voltage of 200V for 1 hour. To reveal the 

gels, they were rinsed with Millipore water, stained with Bio-safe Coomassie blue and, after 24 hours, 

again washed with Millipore water and scanned. 

 

 

2.7.4 Particle size distribution 

 

The particle size distribution for the protein isolate solutions was measured before and after the 

concentration step and for the spray-dried powders. In the case of the protein solutions it was used a 

Malvern Laser Diffraction Particle size analyzer (Mastersizer 2000) and a dynamic light scatter Zetasizer 

Nano (Malvern Instruments). In the Mastersizer, water was used as a dispersion medium and mechanical 

stirring was applied to ensure better dispersion and particle distribution. Prior to the analysis in the 

Zetasizer, the samples were centrifuged (5424 Eppendorf) for 30min at 20000g and the supernatant was 

filtered with a 0.45µm filter. 
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For analysis of the particle size distribution of the powders it was only used the Mastersizer, but  

isopropanol was used as the dispersion medium, for being chemically inert, therefore not dissolving the 

powder. In this case the volume mean diameter (d0.5) was also taken into account to better differentiate 

each sample. 

 

 

2.7.5 Water content 

 

A moisture analyzer (Sartorius MA45) was used to determine the water content in the spray-dried 

powders. Between 1.5 and 2g of powder were placed on a filter paper on the balance and the sample 

was heated by infrared light to 105ºC. 
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3 Results and Discussion 

 

 

The results are presented and discussed accordingly to the steps involved in the process scheme 

mentioned above Table 1.1, starting with the isolation and subsequent characterization of the soy 

proteins. Then in the preparation step, it is discussed its relevance and influence in the SPI solutions, 

followed by the drying step, which is divided in spray- and freeze-drying, with and without additives, 

discussing the effects of the parameters studied on solubility, yield, water content and particle size of the 

powders produced. Finally, it is shown the dependence of the powders solubility with storage time. 

 

 

3.1 Protein isolation and characterization 
 

 

In this project it was studied a commercial SPC and an intermediate product for the production of 

concentrates and isolates, the DSF, which implied two different methods for protein isolation, since their 

initial composition and properties are different. Therefore it was important to characterize the soy proteins 

present in each material before drying, in this case by SDS-PAGE profiling, denaturation level and 

particle size, to be able to understand the behavior and outcome of the drying and consequently 

determine possible adjustments to be made in the process to optimize solubility. 

 

 

3.1.1 Protein isolation 

 

 

Initially, the SPC has a minimum protein content of 70% and the isolation method only involves a 

solid-liquid separation at pH 8 to remove the insoluble parts. The protein content of the supernatant 

obtained was always between 5.5-6% (w/w), which represents that around 50% of the protein is soluble, 

at least for the range of initial SPC mass studied (100-500g). 

In the case of the DSF, this starting material has around 50% protein, confirmed by the kjeldahl 

method, and is necessary to perform, besides the solid-liquid separation to remove insoluble parts, an 

isoelectric precipitation at pH 4.5 of the supernatant, to efficiently extract the soy proteins. The precipitate 

obtained was suspended in water (10% w/w) and the protein content and recovery of the final extract was 

settled around 4.5%(w/w) and 50%, respectively. It was observed that in order to reach this values, the 

range of initial DSF mass studied was not influencing significantly, but rather the way the method was 
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implemented in terms of equipment used and adjustment of pH. The extraction results along the project 

are presented in Table 3.1. 

 

Table 3.1. Results for the protein isolation of DSF for different initial masses of starting material, the amount of 

extract obtained and respective protein content and recovery: 

Extract 
min DSF  

(g) 
mextract  

(g) 
Cprotein  

(%w/w) 
Prot. recovery  

(%) 

DSF1 400 1643.6 3.85 31.2 

DSF2 400 1862.5 4.07 37.3 

DSF3 400 2162.2 4.23 45.0 

DSF4 546 3267.3 3.71 43.8 

DSF5 546 3067.6 4.49 49.8 

DSF6 546 3139.5 4.65 54.6 

DSF7 250 1397.9 4.66 51.4 

  

 

 

3.1.2 SDS-PAGE profiling 

 

 

 

The SPC and DSF suspensions and solutions, before and after isolation, which means the 

10%(w/w) suspension and supernatant and the 1:10 (w/v) suspension and extract, respectively for SPC 

and DSF, were analyzed in terms of protein profile through SDS-PAGE, under reducing and non-reducing 

conditions (Figures 3.1-2). The bands were well separated in the gel and it was possible to identify them 

comparing with what is indicated in literature (Denavi, et al. 2009; Kuipers, 2007). 

In the reducing SDS-PAGE (Figure 3.1) it is observed that the two source materials have the 

same profile and the polypeptide species characteristic of the β-conglycinin fraction (α of ≈68 kDa, α’ of 

≈72 kDa and β of ≈20 kDa) and the acid and basic polypeptides of glycinin (A of ≈35 kDa and B of ≈20 

kDa) are present. After the isolation of the soluble proteins, the consequent profile shows a difference in 

protein ratio, again similar for both source materials, namely a significant reduction of high molecular 

weight aggregates (>200 kDa), which can be explained by the fact that this aggregates are typically 

insoluble. 
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Figure 3.1. Reducing SDS-PAGE profile of SPC and DSF proteins, before and after protein isolation; 

 

 

The SDS being a detergent is responsible for eliminating the protein’s secondary and tertiary 

structures by disrupting hydrogen bonds, blocking hydrophobic interactions and partly unfolding them. 

When a reducing agent such as DDT is added, the complete unfold of the molecules can be achieved by 

cleavage of any disulphide bonds between cysteine residues. Therefore, in the non-reducing gel (Figure 

3.2), the importance of the disulphide bonds in terms of protein aggregation and consequent solubility can 

be analyzed. In the case of DSF, the three types of β-conglycinin subunits (α, α’, β) appear both in the 

reducing and non-reducing gels, since these are only associated via hydrophobic and hydrogen bonding, 

without any disulphide bonds. As for glycinin, the acid and basic polypeptides are linked by a single 

disulphide bond, being the AB subunit still associated, together with lower quantities of A and B. On the 

contrary, SPC shows a dramatic change in profile, the β-conglycinin subunits still appear, although in 

lower quantities, the band corresponding to the AB subunit is not observed, and is probably involved, 

together with other polypeptides, in the formation of insoluble aggregates (Denavi, et al. 2009) and there 

is a large presence of high molecular weight aggregates. Also, the amount of material that remains in the 

wells of the gel is definitely higher in the SPC case, which can be representative of the lower solubility of 

this material, since protein aggregates that are not fully dissolved do not enter the gel. This result is also 

consistent to what was observed by Vilalva (2008). 
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Figure 3.2. Non-reducing SDS-PAGE profile of SPC supernatant and DSF extract; 

 

3.1.3 DSC profiling 

 

 

The DSC method directly measures heat changes that occur in biomolecules during controlled 

increase or decrease in temperature, making it possible to study materials in their native state, or in other 

words, measures the enthalpy of unfolding due to heat denaturation (Whitmyre 2008). In this work, the 

DSC was used to determine the denaturation temperature of the soy proteins present in the SPC 

supernatant and DSF extract, and consequently correlate with differences in solubility. 

As shown in the DSC thermograms for both source materials (Figure 3.3) there is again a 

significant difference between them. The DSF profile presents a clear denaturation curve with a peak 

denaturation temperature at 88.8ºC, representing a significant amount of protein still in the native state. 

On the contrary, the SPC profile doesn’t present any denaturation curve, which indicates that the 

commercial preparation is much more denatured and, like in the SDS-PAGE, represents a probable lower 

solubility, since more denaturation leads to a less functional protein. In fact, being a commercial product 

already subjected to some purification it’s possible that a thermal treatment, or other process, has been 

used to modify the proteins behavior, thus provoking the unfolding of the proteins and subsequent 

aggregation. This behavior was already seen in previous works (Hermansson 1986, Lee 2003), where 

commercial isolates and concentrates didn´t present endothermic peaks in contrast to flours. Notice that 

the peak presented at around 76ºC doesn’t represent an endothermic curve, but instead probably a 

destabilizing element in the analysis, like an air bobble in the pan, that doesn’t interfere with the 

thermogram result. 
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Figure 3.3. Differential scanning calorimetry profile of SPC supernatant (top curve) and DSF extract at 4% (w/w) (bottom 
curve) in protein and pH 7. In the DSF curve is indicated the onset and peak temperatures obtained, respectively 81.9 and 

88.8
0
C, and the enthalpy of unfolding, associated to heat denaturation. 

 

 

Despite the clear endothermic curve obtained for the DSF extract at 4% (w/w) concentration in 

protein, this result is not completely accurate, since it was expected two clear endothermic curves, 

according to literature (Kuipers 2007), corresponding to the denaturation of β-conglycinin at the lowest 

temperature and of glycinin at the highest temperature, around 75ºC and 90ºC respectively. However, this 

is explained by the fact that the DSC is only efficient for concentrations between 10 and 20% (w/w), and 

in fact, the expected profile was obtained when running the DSC at 15% (w/w), as it is shown in Figure 

3.4, where the complete profile presents the two denaturation curves, with peak denaturation 

temperatures of 75.9ºC and 93.4ºC. 
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Figure 3.4. Differential scanning calorimetry profile of DSF extract at 15% (w/w) in protein and pH 7. The onset and peak 
temperatures are, respectively, 68.9

0
C and 75.9

0
C for β-conglycinin and 85.2

0
C and 93.4

0
C for glycinin.  

 

3.1.4 Particle size distribution 

 

 

The solutions obtained after protein isolation were also analyzed in terms of particle size through 

static light scattering (Mastersizer) and the average particle size distribution for both DSF and SPC, at pH 

7 and 8, was determined (Figure 3.5). It´s possible to see that, on one hand, most of the particles from 

SPC have a size centered at about 0.2µm and there are also large particles between 10 and 100µm; and 

on the other hand, particles from DSF are mostly around 30-40µm, although ranging from 1 to 200µm. 

The immediate perception is that the profiles of the two isolates are completely different, even though the 

composition of both is supposed to be similar. However, as it was indicated above in the SDS-PAGE and 

DSC analysis, structurally they seem to be significantly different, which varies the interactions between 

molecules and thus the differences in particle size. 

In the case of the DSF is also unexpected the fact that the particle size is so high, much higher 

than typical for proteins (1-100nm). One possible explanation is the association of proteins with possibly 

remaining fat particles, this way forming the large aggregates present. In Li, et al. (2007) the particle size 

distribution of native soy protein presented two major peaks at about 10 and 100nm. To determine if 

particles with this size are also present in the DSF solution, centrifugation at 20000g for 30min followed 

by filtration, with a 0.45µm filter, was performed and the particle size measured through dynamic light 

scattering (Zetasizer). The result, presented in Figure 3.6, shows that in fact particles around 10 and 

100nm are also present, which represents non-aggregated protein or very small aggregates. The curve 
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obtained in the mastersizer is dominated by the 10 to 100µm particles because these larger aggregates 

scatter much more light than smaller particles (there are needed 1000 particles of 1µm to scatter the 

same amount of light as a 10µm particle), which means that although having a much higher peak, the 

100µm particles are not necessarily in bigger quantities. 

 

 

Figure 3.5. Particle size distribution profile obtained through mastersizer for SPC and DSF solutions after protein isolation, 
at pH 7 and pH 8. 

 

 

Figure 3.6. Particle size distribution profile obtained through zetasizer for DSF solution at pH 7, after centrifugation and 
filtration (0.45µm filter). The lines presented represent different runs for the same solution, determining an average result 

of two groups of particles at around 10 and 100nm, respectively.  

 

 Despite the lack of a complete explanation of these results, in the previous work by Vilalva 

(2008), similar profiles for commercial preparations and the home-made isolate were obtained. 

Nevertheless, this method was only applied as a control technique to ensure that the characteristics of 

each batch before drying were kept fairly constant.   
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3.2 Preparation of the soy solutions 
 

 

In order to optimize the drying, and especially the functionality of the proteins, is important to 

ensure that the properties of the solutions before this step are the most adequate possible. This way, the 

influence of the pH and concentration, and after the use of additives, was studied.  

The loss of solubility was previously associated to the formation of protein lumps during drying 

(Vilalva 2008), therefore the study of different pH is interesting, since it is wanted to avoid aggregation 

and by changing the surface charges of the proteins this phenomenon can be more or less prevented. 

Consequently, three pH values were studied (6.5, 7.0 and 8.0), having into account that below this range 

protein precipitation would most likely occur, since it is starting to be close to the isoelectric point, and 

above it could also be harmful, possibly leading to loss of functionality. 

The product concentration before drying is usually a critical parameter for the success of this 

operation and typically it is attempted to go as high as possible with a concentration step (in theory, if a 

higher concentration enters the dryer, it becomes more efficient, since less water needs to be removed), 

reaching values up to 40% (w/w). The technique chosen to concentrate the solutions was evaporation 

under vacuum at 40ºC. Unfortunately, it was not possible to go to concentrations higher than 10% and 

15% (w/w), respectively for SPC and DSF, since the solutions became extremely viscous, which made 

them unfeasible to continue for the drying. 

When changing the pH and concentration it is important to determine the influence of it in the 

properties analyzed previously, and therefore, SDS-PAGE, DSC and particle size analysis were again 

performed and the results are presented next.   

 

 

3.2.1 SDS-PAGE profiling 

 

A non-reducing SDS-PAGE was performed to the DSF extract at the pH range mentioned above 

and at concentrations 4%, 10% and 15% (w/w) (Figure 3.7). The identification of the bands present in the 

gel was already done in section 3.1.2 and therefore, here it is important to verify if significant changes in 

protein aggregation and distribution are occurring. It’s possible to observe that the change in pH doesn’t 

affect the arrangement of the polypeptides species present. On the contrary the increase in concentration 

seems to modify the aggregation between peptides, namely, there is a significant decrease in aggregates 

higher than 100kDa. It would be expected that a bigger amount of high molecular weight aggregates 

would appear, since molecules are closer, but also in the wells of the gel it is not observed an increase in 

quantity, however these bigger aggregates could have also precipitated during the centrifugation prior to 

the electrophoresis. Nevertheless, the main known subunits (α, α’ and β of β-conglycinin and the acid and 

basic polypeptide of glycinin, together with the AB subunit) are present in every condition.  
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Figure 3.7. Non-reducing SDS-PAGE profile of the DSF extract at pH values of 6.5, 7.0 and 8.0, and concentrated to 10% 
and 15% (w/w). The SPC supernatant profile is also presented as a comparison. 

 

3.2.2 DSC profiling 

 

The DSC profiles of the DSF extract at different pH’s and concentrations are showed in Figures 

3.8 and 3.9. To infer about whether the adjustments in pH and concentration are causing more or less 

denaturation is difficult, since on one hand, the comparison between pH’s could indicate that the 

adjustment to pH 6.8 and 8.0 leads to some denaturation because the area of the endothermic curve is 

smaller and so is the heat of unfolding, however the result can also be explained by an alteration in the 

proteins structure. On the other hand, in the comparison of concentrations, the increase of the 

denaturation curve is obviously due to an increase in the concentration in the pan, which makes it 

impossible to conclude if there is a proportional increase in denaturation caused by the concentration 

step. Despite this, another observation can be made when analyzing the DSC results, namely that there 

is a clear shift of the peak denaturation temperature for higher values when the pH decreases and the 

concentration increases. Mainly in the peak associated to the denaturation of glycinin (higher 

temperatures) it is observed, for example, that the temperatures increase from 88.8ºC to 91.1ºC and then 

93.4ºC, respectively for 4%, 10% and 15% (w/w), which can be explained by the fact that the glycinin 

subunits can be organized in two different complexes, trimer or hexamer, and this is dependable on 

concentration and pH, therefore causing the alterations in the DSC result. One possible method to 

confirm this behavior could be performing size exclusion chromatography that can discriminate the two 

structures.   

 



34 
 

 

Figure 3.8. Differential scanning calorimetry profile of DSF extract at 4% protein and pH values of 6.5, 7.0 and 8.0. 

 

 

Figure 3.9. Differential scanning calorimetry profile of DSF extract at concentrations 4%, 10% and 15% (w/w) in protein and 
pH 7. 
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3.2.3 Particle size distribution 

 

 

 

Another concern about the concentration step was the possibility of leading to more aggregation 

of the proteins, and consequently loss of functionality, especially solubility, and therefore the analysis of 

the particle size can then hopefully provide that information. The particle size distribution in Figure 3.10 

indicates that no significant change in this parameter is occurring when concentrating up to 10% (w/w), 

especially in the case of the DSF, since for SPC it seems that the larger aggregates (10-100µm) already 

present seem to become even bigger. 

 

 

 

Figure 3.10. Particle size distribution profile obtained through mastersizer for SPC and DSF solutions after protein 
isolation and after concentrating to 10% (w/w). 

 

 

Although needing more detailed analysis, namely in terms of what is happening structurally to the 

proteins, it seems that the adjustment of pH and concentration, in the studied ranges, doesn’t affect 

significantly the aggregation properties of the solutions. 
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3.3 SPC spray-drying 
 

 

 

The initial spray-drying experiments in the Büchi mini spray-drier were performed with the 

commercial preparation, thus completing the production of a soy protein isolate powder starting from a 

commercial concentrate.  

First of all, it was necessary to choose the parameters of the drying process, namely the inlet and 

outlet temperatures, feed and spray air flow and aspirator rate. As mentioned in section 2.4 it is possible 

to set all the parameters, except the outlet temperature that is a result of the previous. The aspirator rate 

was always set to 100% to ensure a higher degree of separation in the cyclone and lower moisture 

content in the product. Since the particle size of the product was not an initial concern, the spray gas flow 

was set around the maximum value (800 l/h), which produces smaller droplets from the nozzle and 

consequently decreases the solid particle size. In order to establish the inlet temperature and the feed 

flow it was used the information that typically the outlet temperature for drying of proteins is around 80ºC 

and the pump performance is usually set around 30% in the device. Therefore, the parameters were 

manipulated until the desired Tout was obtained, which in the end represented a Tin = 190ºC and a feed 

flow of 12 g/min. 

In SPC case, two concentrations were tested, the concentration of the supernatant right after the 

protein isolation step (5.5%) and concentrated to 10% (w/w), at pH values of 7.0 and 8.0. In all these 

experiments the Tout was kept constant and so when the concentration of the solutions was higher the 

feed flow needed to be slightly increased in order to enter a similar amount of water in the drying 

chamber, which corresponds to the same heat of evaporation to obtain the same heat load. The amount 

of solution dried was always approximately 200g. 

The solubility results of the spray-dried SPC powders (Figure 3.11) confirmed what was already 

expected for commercial preparations, as seen in the previous works, a dramatic reduction of more than 

50%. The pH seems to not have a clear influence, but on the contrary, there’s more or less 10% increase 

in solubility for powders spray-dried from a 10% (w/w) solution, which can be explained by the fact that 

the process is supposed to be more efficient for higher initial concentrations, since the feed flow is 

increased, and therefore the retention time of the proteins in the drying chamber is reduced, to have the 

same heat load (consequence of having the same water flow). 
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Figure 3.11. Solubility results for the SPC powders. The solutions were spray-dried at 5.5% and 10% (w/w) protein 
concentrations, at pH values of 7.0 and 8.0, and with the drying settings: Tin=190

0
C, Tout=80

0
C, spray-gas flow of 800 l/h and 

aspirator at 100%. 

 

 

The low solubility can come either from the fact that prior to drying, the SPC proteins seem to be 

in an already denatured state and highly agglomerated, thus becoming insoluble, or from the drying 

process itself. The heat load that the proteins are subjected can induce structural changes, causing a 

substantial loss of functionality. However, the time of exposure to the high temperatures is also relevant, 

in a way that a faster drying better prevents the inactivation. This way, it would be important to determine 

the optimum Tin, taking these two factors into account, since decreasing it leads to a lower heat load but 

also to a slower process and vice-versa. Therefore a lower inlet temperature (Tin=175ºC) was tested, 

keeping the same Tout=80ºC, spray-gas flow and aspirator values, but the solubility results were similar, a 

decrease to 40-50%. 

The yield of protein recovery in each drying experiment was around 70-80%, which is relatively 

high since in this result it is only being taken into account the mass recovered in the collection vessel over 

the initial protein mass in solution, which means that all the powder that eventually gets stuck in the 

drying chamber (that could be recovered in an industrial scale) is being left off the yield calculation. 

As for the water content of the powders obtained, it was approximately around 6.0-6.5%, which is 

slightly higher than expected for spray-dried powders (<5.0%) (Masters 1991) and recommended for 

storage purposes. 

 

  

0 

10 

20 

30 

40 

50 

60 

5.5% pH 8 5.5% pH 7 10% pH 8 10% pH 7 

%
 S

o
lu

b
ili

ty
 



38 
 

3.4 DSF spray-drying 
 

 

 

Following the aim to produce a soy protein isolate powder from a less processed raw material, the 

DSF extract was also spray-dried. Again, it was necessary to select appropriate settings in the dryer and 

at this point, it was found in the Büchi website an application note (appendix C) with starting values for the 

spray-dry process parameters applied to soy bean extract. The recommended values concerned the inlet 

and outlet temperatures, respectively 130ºC and 80ºC, and a spray-air flow of 350 l/h. Also, in that 

application the initial protein concentration was between 8-9% (w/w). Therefore, these settings were 

tested with the DSF extract, at concentration 8% (w/w) and pH 7.0, and surprisingly no drying occurred, 

since almost all the product was still in solution and stuck to the walls of the drying chamber. Only 0.3g of 

powder was obtained in the collection vessel, corresponding to a yield of 1.5% (notice that in the 

application note it is indicated an expected yield of 60%), which made obvious that the settings needed to 

be adjusted. 

The first parameter to be adjusted was the spray-air flow that was increased to the maximum 

value (800 l/h), also applied in the drying of SPC extracts, in order to achieve a better dispersion of the 

solution, which means that it is atomized to smaller droplets, making the drying faster for the same heat 

load. Secondly, the inlet temperature was increased to 160ºC, increasing the heat load, which provides 

more capacity for the evaporation of water and also makes possible to accelerate the feed flow to around 

9 g/min (it was in average 6.5 g/min with the settings in the application note. The choice for this new inlet 

temperature was also supported by Neubeck (1980) patent, which states that Tin should be preferably 

between 155ºC and 165ºC for spray-drying of proteins. In the same document it’s also recommended an 

outlet temperature between 75ºC and 83ºC. 

As it will be seen next, these adjusted settings successfully dried the DSF extract solutions, with 

several concentrations and at different values of pH, and afterwards for a wider range of outlet 

temperatures and feed flow, being a significant yield obtained. The reason for the disparity in the results 

for each set of parameters may be related to the use of certainly different extracts (although it is not 

known the composition of the extract used in the Büchi application note) and the fact that the device used 

in this work is also slightly different, namely, it is the updated version of the Büchi Mini Spray-dryer. The 

two sets of parameters are summarized in Table 3.2. 
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Table 3.2. Spray-drying settings tested in the Büchi Mini Spray-dryer B-290 for the DSF extract. (A) Büchi application note; 
(B) Adjusted settings used throughout this project: 

 A B 

Tin (ºC) 130 160 

Tout (ºC) 80 72 - 88 

Spray-air flow (l/h) 350 800 

Feed flow (g/min) 6.5 8.0-12.0 

Protein concentration (%(w/w)) 8-9 4-15 

 

 

3.4.1 Study of the pH and concentration influence 

 

 

After defining the settings applicable to the DSF extract’s drying, it was first studied the influence 

of pH and protein concentration on the drying outcome. As already mentioned in section 3.2, the pH 

values studied were 6.5, 7.0 and 8.0 and the concentration of the solutions ranged from 4% 

(concentration after the extraction) to 15% (w/w), always drying an amount between 150 and 250g. 

The solubility results of the DSF powders obtained are presented in Figure 3.12 and the 

immediate observation is that the solubility is much higher, when comparing with the results for SPC 

extracts, around 80%. This significant difference became expected after the SDS-PAGE and DSC profiles 

of both materials, where SPC proteins presented much more aggregation and denaturation. In fact, in a 

previous work by Lee, Ryu e Rhee (2003) was shown that soy protein isolates with higher protein 

solubility where the ones containing more low molecular weight subunits, thus connecting the SDS-PAGE 

results with solubility (see Figure 3.7). In the same article, it is also presented results with higher solubility 

for flours comparing with isolates and concentrates, suggesting that the processing to obtained the 

commercial preparations is causing significant protein damage and consequently lower solubility. 

In terms of pH and concentration, it seems that there is no major influence of these parameters. 

There’s a slight decrease in solubility in the sample with 6% initial concentration and pH 8 and also for the 

11% serie, but this variation can be due to the fact that these four experiments were performed with 

different batches. Therefore, for the subsequent experiments it was fixed the pH in 7.0 and only studied 

the concentrations 4%, 10% and 15%. 
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Figure 3.12. Solubility results of the spray-dried DSF extract powders. The settings in the dryer were fixed in Tin=160ºC, 
Tout=80ºC, aspirator 100%, spray-air flow of 800 l/h and feed flow between 8.0 and 10.5 g/min (dependent on concentration). 

 

 

3.4.2 Study of the different batches, outlet temperature and feed flow influence 

 

 

The optimization of the drying step involves, on one hand, studying the influence of the properties 

of the solutions, which was done in the previous section and on the other hand, determining the effect of 

the several spray-dryer settings. For this matter, since the outlet temperature and the feed flow are 

intrinsically correlated in a way that the first is a result of the second along with the other parameters, they 

were manipulated in order to determine its relation with the powder quality, also determining the 

contribution of different batches and eliminate the effect of the order by which the solutions are spray-

dried. Therefore, two different extracts were analyzed in duplicate, in different periods, at pH 7 and 

concentrations 4%, 10% and 15%, with the inlet temperature and spray-air flow constant at respectively, 

160ºC and 800 l/h; for 4% concentration it was determined the pump performance that led to Tout=80ºC 

(26%) and after knowing these two values, for 10% and 15% concentrations it was first kept the Tout 

constant, which meant different feed flows and then kept the pump performance constant to obtain 

different Tout. All the experiments were run randomly in terms of concentration and which setting was 

constant. 

Through a statistical analysis with a confidence level of 95%, the effect of the outlet temperature, 

in a range between 72ºC and 88ºC, and the effect of the pump performance, from 24% to 45% 

(corresponding to around 8 and 12 g/min), in the solubility of the powders, was determined (Figures 3.13-

14). As it can be observed there are some slight tendencies, namely an increase in solubility with 

increasing outlet temperature, but none statistically significant, being the solubility always between 75% 
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and 85%. Adding these results to ones obtained in the previous section it is fair to say that the spray-

drying process is quit robust, at least in terms of the powder solubility.  

 

 

Figure 3.13. Statistical analysis (95% confidence level) of the DSF spray-dried powders solubility dependence with the 
outlet temperature. The inlet temperature, spray air flow and pump performance were kept constant at respectively, 160ºC, 

800 l/h and 26%. 

 

 

Figure 3.14. Statistical analysis (95% confidence level) of the DSF spray-dried powders solubility dependence with the 
pump performance. The inlet and outlet temperatures and the spray air flow were kept constant at respectively, 160ºC, 

80ºC and 800 l/h. 

 

 

Along with the solubility, the yield of each drying experiment and the water content of the powders 

were also analyzed. Again, there are no significant variations when only analyzing the dependency with 

the outlet temperature and the feed flow. However, it is observed a clear variation between different 

extracts. In terms of solubility, the separate results for both extracts are not statistically different, but for 

yield and moisture, the results for the second batch are clearly worse (Table 3.3). The decrease in yield 
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and increase in water content may be explained by differences in the extract composition that change the 

drying performance, which means that the extracts should be further analyzed to optimize the extraction 

process for the drying step. 

 

Table 3.3. DSF spray-dried powders solubility and moisture content, and drying yield for two different extracts used to 
analyze the outlet temperature and feed flow influence: 

 Batch 1 Batch 2 

Solubility (%) 78.9 ± 4.9 82.5 ± 5.5 

Yield (%) 51.0 ± 12.9 36.2 ± 7.1 

Moisture (%) 5.99 ± 0.56 6.73 ± 0.43 

 

 

 

3.4.3 Summary of the DSF spray-drying results 

 

 

The average solubility and yield results for spray-drying of the DSF extract at pH 7 and 

concentrations 4%, 10% and 15% are presented in Figure 3.15. As it was seen, the solubility is poorly 

affected by the parameters studied, being a high percentage maintained for every initial concentration of 

the solutions. On the contrary, the protein recovery yield has a clear tendency, decreasing significantly 

with increasing concentrations. There are mainly two situations that can cause the loss of product: (1) the 

formation of a sticky powder that adheres to the walls of the equipment before reaching the collection 

vessel; (2) the loss in the drying gas, which means that the particle size isn’t big enough to be separated 

in the cyclone. However, none of the situations was expected to occur for higher concentrations, since in 

theory, a higher initial solid concentration in one hand produces bigger particles that are easier to 

separate and on the other hand decreases the partial pressure of water in the gas, decreasing the final 

product humidity, therefore less sticky. To be able to clarify this situation it was analyzed in the 

mastersizer the particle size of the powders (Figure 3.16). 
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Figure 3.15. Summary of the DSF powders solubility and yield of protein recovery in the Büchi mini spray-dryer. The 
constant settings are Tin=160ºC, spray-air flow of 800 l/h and aspirator rate of 100%. The results with different Tout and feed 

flow are compressed in the same concentration bar. 

 

 

 

Figure 3.16. Particle size distribution obtained for the DSF powders dispersed in isopropanol. 

 

 As expected, the particle size of the powders increases for higher initial protein concentrations. 

The mean particle size (d (0.5)) is 7.3, 9.3 and 11.9 µm, respectively for 4%, 10% and 15%, and 

consequently the hypothesis that the product is being more carried out in the gas stream is rejected. 

Although it was not clear in the drying chamber wall more quantity of sticky product, this seems to be the 

main reason for the lower yield. A possible explanation may be the need to increase the feed flow for 
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higher concentrations because there’s less water to vaporize and the outlet temperature increases, and 

this way the moisture content in the gas is higher, which can lead to more humid product. A next step for 

understanding this behavior should be to determine the adsorption isotherm (sticky curve) for the extract, 

to provide an indication if there are drying parameters that can be changed in order to obtain a less sticky 

product. 

 Another observation that can be taken from the particle size distribution of the powders is that two 

different peaks appear. This can possibly come from the two different peaks also present in the extract 

before drying, which means that there are two structurally different particles in solution, and although it 

could be possible an encapsulation of the smaller particles during drying, since it is one of the Büchi 

spray-dryer applications, it seems that this is not occurring and the two different particle size ranges still 

appear after the drying step. Or it can be also a systematic error in the particle size reading since it was 

not possible to obtain a residual value below 1% and the fact that this dryer typically produces particles 

between 1 and 25 µm, and consequently smaller particles than that are most likely to be lost in fines. 

 For last, the water content of the DSF powders obtained was always between 5 and 7% with no 

apparent tendency with the parameters studied. Consequently, as it was already mentioned in the SPC 

case, this values should be lowered (<5%), especially to ensure no loss of functionality during storage. 

One way to decrease the moisture is to increase the aspirator rate, offering more drying energy, but this 

parameter is already at 100%. Another way not yet mentioned is to increase the inlet temperature, which 

reduces the relative humidity in the drying gas and consequently in the final product. The inlet 

temperature is definitely a parameter that should be studied in more detail, since it can influence the 

properties of the product, especially the functionality of the proteins, and also the yield of the process.   

 

  



45 
 

3.5 Spray-drying with additives 
 

 

The main goal of the project was to maintain the functionality of the soy proteins, especially the 

overall solubility, during the drying step and for that purpose it was also studied the effect of additives. 

This is a typical application in drying processes when it is necessary to stabilize the product, also 

providing a possible protection in the subsequent storage of the powders. 

For the SPC extract samples it was studied the effect of paB as an additive, always added at 1% 

(w/w) concentration, corresponding to a 6:1 soy/additive ratio, after the protein isolation step, which 

means that the ratio is maintained after concentrating the samples (assuming that there are no losses in 

the evaporation). The drying parameters were the same as used for drying of only SPC extract, namely 

Tin=190ºC, Tout=80ºC, aspirator rate of 100%, spray-air flow of 800 l/h and the feed flow controlled 

between 11 and 12 g/min to keep the outlet temperature constant. The solubility of the powders obtained 

is presented in Figure 3.17. 

 

 

 

Figure 3.17. Solubility results for the SPC/ paB (1%) powders at two protein concentrations and two pH values, compared 
with the control ones (only soy proteins). The drying settings were: Tin=190

0
C, Tout=80

0
C, spray-gas flow of 800 l/h and 

aspirator at 100%. 

 

 

 For the samples not concentrated (5.5%) there was a slight, less than 5%, improvement of 

solubility with the addition of paB. However for the 10% protein concentrated sample, paB seems to have 

a harmful effect, since around 10% less soluble powder was obtained. These results however cannot be 

fully reliable because they were performed only once and also the 10% concentrated solution in particular 

presented a much higher viscosity that brought some handling problems, especially when pumping it into 
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the dryer, which possibly altered significantly the outcome of this test. Also, it is possible that during the 

concentration step there was a negative interaction with the soy proteins that led to an even less 

functional product. Such interactions could have been indicated with the same analysis performed earlier, 

namely SDS-PAGE, DSC and particle size analysis. Nevertheless, paB as an additive doesn’t seem to be 

adequate, since no significant improvement in solubility was observed in either case. In terms of protein 

recovery, it was obtained a similar yield for the samples with paB comparing with the control ones, around 

70%, which also means that the additive is not contributing for a less sticky product, if assuming that the 

losses are in the drying chamber. The water content of the Soy/paB powders was the only result that 

showed a positive improvement, since it lowered to 5%, which can be useful to maintain the proteins 

stability during storage. Taking this into account, paB was not used as an additive for the subsequent 

work with DSF, also because it is not as reported as sodium caseinate (NaCas) as a protein capable of 

stabilizing during drying. 

 

 In the case of the DSF proteins it was studied the effect of two different types of additives, a 

protein and a carbohydrate, respectively paA and caA. For paA two additive/soy ratios were studied, 1:10 

and 1:20, and for caA only 1:20 ratio was tested. The spray-drying settings applied were, as for the 

previous experiments with DSF, Tin=160ºC, aspirator rate of 100% and a spray-air flow of 800 l/h, and it 

was decided to fix the feed flow at 9 g/min, since it was seen that the Tout doesn’t affect significantly the 

result at least in a 10ºC range, therefore these values varied between 75 and 85ºC, specifically from 75 to 

80ºC for the 4% (w/w) soy solutions and above 80ºC for the 10% (w/w) solutions, due to less water 

entering the system and consequently less heat spent on evaporation. The solubility of the DSF/additive 

powders obtained is presented in Figure 3.18. 

 

 

Figure 3.18. Solubility results for the DSF/ additive powders compared with the reference (only soy). Additive paA was 
studied in two additive/soy ratios, 1:10 and 1:20 and caA only in ratio 1:20. The drying settings were: Tin=160

0
C, spray-gas 

flow of 800 l/h, aspirator at 100% and feed flow of 9 g/min. 
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Again, there was no improvement of solubility with the addition of paA and caA. A slight increase 

(5%) in the 4% (w/w) soy protein solution with 1:10 paA added was seen, but the result is not fully reliable 

since each experimental conditions were tested only once.  

The use of the carbohydrate additive was mainly motivated by the fact that sugars are the most 

commonly used additive. On one hand, the protection by sugars is attributed to, at some critical point 

during dehydration, hydrogen bonding to the protein, thus serving as water substitutes when the hydration 

shell of the protein is removed, preventing a possible inactivation upon rehydration; on the other hand, it 

is also considered that the formation of an amorphous phase between the proteins and the sugars can 

lead to a protection, since the proteins are mechanically immobilized in a glassy, solid matrix during 

dehydration, which can prevent unfolding and gives a spatial separation between proteins that also 

prevents aggregation. Therefore, caA doesn´t seem to be able to interact with the soy proteins in order to 

enhance this protection, at least in the ratio studied. In fact, Mujumdar (2006) states that generally the 

amount of sugar required is preferably between 10 and 100% by weight of the protein, which means that 

the study of a system with a higher amount of caA added could also be interesting. 
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 The yield of protein recovery and the water content of the powders of the DSF protein solutions 

spray-dried with additives are presented in Table 3.4. Since it was not observed variations between 

additives, the results are an average of what was obtained with both. 

 

 

Table 3.4. Yield of the DSF spray-drying experiments with additives and the corresponding water content of the powders 
produced. The results are an average between the two additives: 

Soy protein 
concentration 

Yield (%) Water content (%) 

4% 45.8 ± 7.1 6.1 ± 0.2 

10% 34.4 ± 6.0 5.5 ± 0.3 

 

 

The yield obtained is relatively low, also compared to what was obtained with only DSF soy 

proteins. This means that if in fact the product is being lost in the walls of the dryer, from the nozzle to the 

cyclone, the formation of an non sticky glassy amorphous phase that is generally reported as the 

mechanism responsible for an increase in yield is not happening in this system, wether if it is because of 

a wrong soy/additive ratio or simply a non interaction between soy and the additives used. 

The water content however seems to have decreased for the samples with 10% concentration in 

soy, which can be benefitial during the storage period for keeping the functionality of the proteins. This is 

discussed in section 3.7 when it is analyzed the solubilty of the powders along storage time. 

 

  



49 
 

3.6 Freeze-dry 
 

 

Freeze-drying was the technique used in the previous project (Vilalva 2008) to obtain a solid SPI. 

It is also the less harmful technique, since typically it produces the highest quality food product obtainable 

by any drying method. The only reason why it is not generally applied in industry is the fact that it 

becomes too expensive in a larger scale. For this reasons, in this project it was used as a control 

technique, in order to confirm the results obtained in the spray-drying.  

The solutions freeze-dried were the same as in the previous section, namely the DSF extract at 

concentrations 4% and 10% (w/w) with and without the additives, paA and caA. The solubility results are 

presented in Figure 3.19, and as it can be seen, there are no significant differences between the results 

with freeze and spray-drying (Figure 3.18), since the solubility of every sample is kept relatively high, 

around 80%. Unfortunately, the increase in solubility presented in the spray-dried powder of the 4% DSF 

extract with 1:10 paA is not verified in the freeze-dried sample, which leads to the conclusion that the 

increase was a sporadic result and consequently there is no improvement in solubility with the addition of 

paA at least in these ratios. 

Also, by obtaining the same results with both techniques and assuming that the same outcome 

will happen for the SPC extract, it is possible to assume that although the formation of insoluble 

aggregates during drying is leading to a higher decrease in solubility in the SPC case, this is not a direct 

effect from the drying itself, but instead from an already less functional raw material, as it was seen in the 

SDS-PAGE and DSC analysis. 

 

 

Figure 3.19. Solubility results for the freeze-dried DSF extract with and without additives, at concentrations 4% and 10% 
(w/w). Additive paA was studied in two additive/soy ratios, 1:10 and 1:20 and caA only in ratio 1:20. Reference refers to soy 

extract without additives. 
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3.7 Influence of storage in the solubility of spray-dried soy protein powders 
 

 

 

After obtaining a highly soluble soy protein isolate powder from the spray-drying of DSF, it 

became important to know if this solubility is maintained during the storage period. Therefore, the 

powders were stored at room temperature and the solubility was measured more a less every 10 days, 

using the exact same solubility analysis protocol.  

The powder obtained from a 4% (w/w) DSF extract was the one followed for a longer period of 

time, 75 days, and as it can be seen in Figure 3.20 there is a significant decay of solubility along time, 

being lost around 20% of solubility in only 2 months. In the case of the powder obtained from a 10% 

solution, the 4 single points obtained don’t give much confidence about the tendency of decay in 

solubility. However it seems that although being decreasing, it isn’t so abruptly as in the 4% case. 

Therefore it is possible to say that storage plays a significant role in the proteins stability and 

consequently it is important to determine if the additives can provide a protection during this period. 

 

 

 

Figure 3.20. Solubility of the powders obtained from spray-drying at 4% and 10% (w/w) DSF extract along time of storage. 
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Figure 3.21. Solubility of the powders obtained from 4% (w/w) DSF extracts with and without additives. The dotted lines 
represent the expected tendency for the powders with additives, according to the linear regression given by the first 

points. 

 

 

 

Figure 3.22. Solubility of the powders obtained from 10% (w/w) DSF extracts with and without additives. The dotted lines 
represent the expected tendency for the powders, according to the linear regression given by the first points. 
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 In figures 3.21-22, it is possible to see the solubility variation for, respectively, the powders from 

4% and 10% (w/w) DSF extracts with and without additives. No protective effect in order to maintain 

solubility or at least slow down the decay is observed for both additives at both concentrations. However, 

the results with the additives confirmed the slowing of solubility loss with increasing the initial soy protein 

concentration to 10% (w/w). Table 3.5 shows the average slope of the samples with 4% and 10% initial 

protein concentration. Therefore it seems to be more important the fact that a more concentrated solution 

is entering the dryer, which can induce a more favorable spatial distribution of the proteins and 

consequently the prevention of phenomenon’s that lead to loss of functionality during storage, but it 

should not be neglected the fact that the 10% solutions are yet being spray-dried with a low yield. This 

observation can also have a relation with a possible decrease of water content, mentioned in section 3.5, 

which can mean less water activity in the powders and consequently less inactivation of the proteins 

present.   

 

 

Table 3.5. Decrease of solubility along the time of storage for powders obtained from 4% and 10% (w/w) DSF extracts, with 
and without additives: 

Soy protein conc. Slope (%solubility/day) 

4% -0.28 ± 0.03 

10% -0.19 ± 0.03 

 

 

 

 To help understand what is happening to the proteins during storage, it would be interesting to 

perform DSC and SDS-PAGE analysis of the powders along storage time to determine if denaturation or 

aggregation processes are occurring that might lead to the loss of solubility. Also, different conditions in 

which the storage is being made could also be analyzed, to understand in more detail this step, namely 

storing at different temperatures, -4ºC, 20ºC and 40ºC, for example, or even under vacuum. 
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4 Conclusions 
 

 

The objective of this project was to optimize the drying step included in the production of a soy 

protein isolate in terms of the quality of the product, especially in solubility, and therefore it was relevant 

to start with characterization of the soy proteins just before drying. Namely, the electrophoresis and DSC 

analysis provided some information regarding the state of the proteins in terms of aggregation and 

denaturation. It was observed that when applying reducing conditions on the SDS-PAGE, both SPC and 

DSF extract samples present the peptides mentioned in literature for soy proteins, mainly glycinin and β-

conglycinin. However, when changing to a non-reducing gel, only DSF extracts kept the same profile, as 

opposed to SPC that showed a lot of proteins in an aggregated state and therefore probably insoluble. 

The DSC analysis also led to a differentiation between the two raw materials, caused by a non-reading of 

a denaturation curve in the thermogram for SPC which indicates that the proteins are in a much more 

denatured state, and consequently less functional. In the thermograms obtained for DSF it was possible 

to confirm two denaturation peaks, at 75.9ºC and 93,4ºC respectively for β-conglycinin and glycinin, 

expected from literature. 

After obtaining the first results of solubility for the spray-dried SPC and DSF powders it was 

observed that DSF provided a much more soluble product, around 80%, as opposed to SPC that resulted 

in a 40% soluble powder. The immediate conclusion is that to obtain a more soluble SPI is essential to 

start with a less processed raw material, which in this case was the DSF, and perform a mild protein 

extraction process before drying to ensure that the proteins stability is maintained. This was the 

confirmation of the indications given by the analysis performed previously where a less functional protein 

was expected for SPC taking into account its higher aggregation and denaturation states. 

Since it was established that DSF provided a much more soluble product it was important to 

determine the influence of the solution properties, in this case pH and concentration, and the settings of 

the dryer in the outcome of the process. The observation of the several experiments combining each 

parameter, using different batches, lead to the conclusion that the system is quite robust, meaning that 

the solubility is kept always around 80%, at least in the ranges studied. 

As already mentioned, this project was preceded by one that used freeze drying to yield a solid 

product, and therefore it was interesting to see if the same results were obtained here with the two 

different drying techniques. The loss of solubility was also attributed to the formation of protein lumps, 

which supposedly could occur in the drying step. However the observation that similar results were 

obtained for both spray and freeze drying, namely a high solubility for powders obtained from DSF, 

indicates that aggregation although being a reasonable explanation for loss o functionality, it is not being 

caused mainly by the drying process, but instead by the protein extraction process and the origin of the 

protein itself. 
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Along with the analysis of the solution properties and the drying parameters, it was also included 

in the objective the study of the influence of additives in the drying process. For reasons explained above, 

it was chosen two sugars and one protein to act as additives and unfortunately no improvement was 

obtained in any case in terms of product solubility, and also in terms of drying yield and water content of 

the powders.  

The final results obtained concerned the influence of storage time in the DSF product solubility. It 

was observed a significant decrease in solubility during the period measured, particularly a decrease of 

around 20% in just two months for the product with 4% (w/w) concentration before drying. In the case of 

samples with 10% (w/w) concentration, the resulting product was more resistant to loss of solubility, which 

is probably explained by the lower values of water content and consequently less activity of substances 

somehow responsible for protein inactivation. 
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5 Recommendations 
 

 

As the research was evolving there was always more possibilities that appeared and could be 

explored, as it is supposed to, and some of them were already mentioned along the text. In terms of 

characterization of the proteins, some techniques can be applied to better classify the groups of peptides 

in each raw material and determine the structural organization, like HPLC and size exclusion 

chromatography. Especially the later would be interesting to determine for example how glycinin is 

arranged (trimer or hexamer) according to pH and concentration and consequently explain the variations 

in the DSC analysis. 

One of the characteristics of spray-drying is that some of the parameters are co-dependent, for 

example, it is possible to change the outlet temperature by changing the inlet temperature, the feed flow, 

the spray air flow and so on, but each combination can produce a powder with different characteristics. In 

this project it was chosen to fix the inlet temperature, aspiration and spray air flow, however the study in 

more detail of these parameters could be interesting. For instance, the inlet temperature defines the heat 

load that the sample is being subjected, thus influencing the functionality of the proteins after drying and 

the yield of the process. The choice of the temperature range could also be defined with the help of 

adsorption isotherms for the soy system that indicates the water activity for a determined humidity, 

consequently influencing the stability of the product. 

Another subject that can clearly be more investigated is the contribution of the additives during 

drying. On one hand, the additives used could have been studied in a wider range of ratios, since it is not 

possible to say that although the proportions analyzed didn´t improve the solubility, others couldn’t have 

done it. And on the other hand, there are several other possible substances that can serve as additives, 

not only other proteins and sugars, but also salts and surfactants.   

Finally, a more detailed study on the influence of the storage in the proteins solubility should be 

addressed, using different storage conditions, especially analyzing the behavior at different temperatures, 

and moreover not only the solubility could be measured but also SDS-PAGE and DSC could be made 

along time to determine if aggregation and denaturation are occurring.  
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7 Appendix 
 

A. Process parameters for Büchi Mini Spray-Dryer 
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B. Büchi Mini Spray-Dryer technical data 
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C. Application note – soy bean extract 

  


