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Abstract 

Milk is often spray-dried to powder for improved preservation, easier handling and economy of trans-

portation through lower bulk volume. The particle surface composition that is formed during the spray 

drying process strongly affects the functional powder properties. Typically, an unwanted overrepresen-

tation of fat occurs on the particle surfaces during spray drying and leads to detrimental effects on the 

powder properties, including impaired reconstitution behavior, lower oxidative stability and greater 

stickiness. This necessitates additional post-processing steps, such as lecithination. With the governing 

driving forces of this component segregation being still under debate, in most reports the discussion has 

been restricted to the drying stage and the components’ differences in diffusivity, solubility and interac-

tion with the air/water interface have been perceived as the potential mechanisms. Yet, a few studies 

have recently indicated that the atomization stage might have a decisive impact on the final particle 

surface composition. In the present work, two convective drying methods, spray and single droplet dry-

ing, were employed to obtain a better insight about the component segregation in drying milk droplets. 

In a comparison between the surface composition of spray-dried model milk particles and their corre-

sponding atomized droplets, the atomization stage was found to exert the decisive influence on the final 

particle surface composition. In a second step, the emulsions were modified prior to spray drying by the 

addition of λ-carrageenan, a natural and food-safe polysaccharide. Emulsion stabilization was achieved 

at certain carrageenan concentrations, translating into improved fat encapsulation upon spray drying. 

Rheological investigation showed that the presence of a dispersed fat phase significantly reduced the 

extensional viscosity, which was raised again by stabilization with λ-carrageenan. It was concluded that 

under extensional stress during atomization the milk model emulsions were least stable against disinte-

gration along the oil/water interfaces of the fat globules and hence preferably broke up along these, 

leading to the observed fat coverage as soon as individual droplets had been formed. 

A modified single droplet drying technique allowed tracking the surface composition of model milk 

droplets after discrete drying times, in addition to the changes in temperature, diameter and mass with 

proceeding drying. Also here, the fat accumulated at the surface during droplet generation. The hydro-

phobic fat shell resulted in less droplet shrinkage and greater resistance to evaporation in comparison to 

a protein-rich shell. The experimentally determined drying and shrinkage kinetics were implemented 

into a numerical model to simulate the distribution of lactose, protein and fat during drying. The calcu-

lated concentration profiles highlighted the value of the new single droplet drying method to find accu-

rate initial surface compositions as initial condition for such a model and to validate the results. The 

simulation work confirmed that the initial surface composition upon droplet generation was not caused 

by diffusive component segregation, but by the droplet generation mechanism itself.  
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1 Introduction 

Spray drying of milk emulsions to powder form entails the benefits of better preservation, easier han-

dling as well as further processing, and a reduced bulk volume for economy of transportation. In Aus-

tralia, for instance, 35 % of the produced milk is currently spray-dried into whole milk, skim milk or 

infant formula powders (dairyaustralia.com.au, 2015/16). An efficient production process of milk pow-

der with desirable functional properties, which are strongly influenced by the chemical particle surface 

composition, is therefore of particular importance for the dairy industry. Yet, the manufacture of milk 

powder at both industrial and laboratory scale is characteristically afflicted by a fat coverage on the 

particle surface that is formed in the course of the spray drying process. The surface fat impacts the 

product shelf life detrimentally due to increased susceptibility to fat oxidation. It also impedes further 

processing because of an impaired reconstitution behavior and deteriorated flow properties. This can 

result in the consumer experiencing a compromised product quality and in reduced production efficien-

cy, as considerable product losses or the necessity of additional processing steps, such as coating with 

lecithin, can emerge. In light of this, it is of great scientific as well as industrial interest to identify the 

mechanism(s) that are responsible for the formation of surface fat during the convective drying of milk 

droplets. For this purpose, the following three research gaps are to be addressed: 

Firstly, the governing driving forces for the observed component segregation between lactose, protein 

and fat in a drying milk droplet are still under debate. The discussion has been mostly restricted to the 

drying stage of the spray drying process, with the component’s differences in diffusivity, surface activi-

ty and solubility being typically perceived as potential reasons. Only a few studies have discussed the 

possibility that an atomization induced mechanism might already impact the component distribution 

ahead of the actual drying process. These studies have usually been limited to an analysis of the surface 

composition of the dried particles, while the atomization process and the thereby generated droplets 

were not investigated. This proved to be insufficient for drawing a reliable conclusion about whether the 

atomization stage or the subsequent drying stage exerts the dominant influence on the chemical surface 

composition of the product powder.  

Secondly, as the mechanism that primarily governs the component segregation has not been identified 

yet, no targeted attempts to inhibit the surface fat formation in spray-dried milk powder have been pub-

lished so far, either. 

Thirdly, whilst the detrimental influence of surface fat on the final particle characteristics has already 

been studied extensively, it has not been investigated yet how the fat surface alters the droplet’s drying 

and shrinkage kinetics. Single droplet drying experiments allow to obtain such information from meas-

uring the changes in droplet temperature, mass and size during convective drying. A detailed knowledge 
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of the kinetics will be helpful in spray drying applications for optimization of process design and prod-

uct characteristics. In addition, hitherto single droplet drying has not been utilized to track the changes 

in surface composition over drying time, though this promises to give new insights into the component 

segregation that occurs between generation of the droplets and completion of the drying. Availability of 

such data would also support the development of a reliable numerical model for computation of the 

component distribution inside a convectively drying milk droplet. Simulation of the spatiotemporal con-

centration profiles of lactose, protein and fat can further help understanding the component segregation 

mechanism. It can also be applied in industrial computational fluid dynamics (CFD) simulation for 

spray-dryer design and prediction of product properties. No such model has been published yet, alt-

hough a few numerical approaches have been reported in literature that allow calculation of the concen-

tration profile of one or two solutes in a drying droplet (e.g. an aqueous lactose/protein solution). These 

models, however, entailed weaknesses in describing the evaporation rate and diffusion of moisture 

through the solidifying crust as well as in defining the droplet shrinkage rate. Moreover, the predicted 

changes in surface composition over time were not validated experimentally. 

In the following literature review chapter, the research gaps will be described in more detail and possi-

ble investigation techniques to address them will be discussed.  



Literature Review      3 

 
     

 

2 Literature Review 

2.1 Preface 

The component segregation and surface fat formation during spray drying of milk droplets has briefly 

been described in the introduction of this thesis and will be elaborated in more detailed in the following 

literature review. It was endeavored to establish a profound understanding of the potential segregation 

mechanisms that are discussed in literature to be aware of which concepts need to be taken into consid-

eration for this study. 

Further, the literature has been reviewed in respect to analysis techniques that are available for investi-

gation of the component segregation in convectively drying droplets. In the following summary, an 

overview about different single droplet drying approaches will be given with a focus on the advantages 

and limitations of free falling single droplet drying and suspended single droplet drying. A combination 

of these two methods was utilized in this work by employing microfluidic jet spray drying as a form of 

falling single droplet drying (Chapter  3- 5) together with suspended single droplet drying (Chapter  6). 

The following work has been published by Elsevier B.V.: 

Foerster, M., Woo, M.W., Selomulya, C., Component segregation during spray drying of milk powder, 

Elsevier Reference Module of Food Science, 2017, 1-11, DOI: dx.doi.org/10.1016/B978-0-08-100596-

5.21155-4 

Foerster, M., Woo, M.W., Selomulya, C., Single droplet drying, Elsevier Reference Module of Food 

Science, accepted, 2017, 1-9, DOI: dx.doi.org/10.1016/B978-0-08-100596-5.21154-2 

2.2 Component Segregation during Spray Drying of Milk 

Powder 

2.2.1 Synopsis 

The formation of the chemical surface composition in convectively dried milk droplets has been investi-

gated in a range of experimental and numerical studies. The process is complex and of particular im-

portance for the functional properties of spray-dried milk powder, as its surface composition has been 

found to differ considerably from its bulk composition. The surface of milk powder is usually character-

ized by a distinct accumulation of fat and, in case of milk emulsions with low fat content, a less pro-

nounced overrepresentation of protein in comparison to the bulk composition. Based on experimental 
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studies on the drying process of milk powder using various analysis techniques of its surface composi-

tion, a number of different concepts have been proposed in literature to explain this segregation mecha-

nism. Furthermore, numerical models of increasing complexity have been developed over the years to 

contribute towards a better understanding of the segregation process and to predict the powder proper-

ties as a function of drying and feed conditions applied. 

2.2.2 Introduction 

2.2.2.1 Bulk Composition of Whole Milk 

Whole milk, skim milk and infant formula emulsions are regularly spray-dried to powder form at large 

industrial scale for preservation with increased stability against oxidative rancidity, reduced bulk vol-

ume for economy of transportation, and easier processing as ingredient in food products (Schuck, 2002, 

Vega and Roos, 2006). While the exact composition of bovine whole milk can vary considerably, on 

average it has a solid content of 12-13 % w/w and, as presented in Table  2.1, the major components are 

lactose with an approximate content of 41 % w/w in dry matter (d.m.), fat with 31 % w/w and protein 

with 27 % w/w.  

Table  2.1: Typical composition of bovine whole milk (Bylund, 2003). 

Species Concentration [% w/w] 
  

Water 87.5 

Lactose 4.8 

Fat 3.9 

Protein, total 3.4 

    Casein 2.71 

        αs1-casein 1.04 

        αs2-casein 0.27 

        β-casein 1.05 

        κ-casein 0.34 

    Whey protein 0.65 

        α-lactalbumin 0.13 

        β-lactoglobulin 0.33 

        Miscellaneous 0.19 

    Fat globule membrane proteins 0.04 

Minerals, vitamins 0.8 

 

The milk fat is dispersed inside the aqueous continuous phase in form of spherical fat globules of 0.1-

10 µm in diameter (Michalski et al., 2002). The globules are stabilized by a surrounding layer of fat 

globule membranes, which are composed of a complex combination of phospholipids, lipoproteins, 

other proteins, organic acids, bound water, traces of metals and enzymes (Singh and Gallier, 2016). 

About 80 % of the total protein content in bovine milk is made of caseins. These phosphoproteins are 
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held together in form of submicron-sized micelles by hydrophobic interaction and calcium ions (Müller-

Buschbaum et al., 2007). In studies that investigate milk model emulsions, native casein is often re-

placed by sodium caseinate as emulsifier. It is produced from precipitated casein by the addition of so-

dium hydroxide and is soluble in water without developing a micelle structure (Jost, 2002). The 

remaining protein fraction in milk consists of whey proteins, which are primarily comprised of α-

lactalbumin and β-lactoglobulin. Whey protein is also known as milk serum protein due to its greater 

water solubility than that of casein. 

2.2.2.2 Powder Surface Composition after Spray Drying 

The main components at the surface of spray-dried milk powder usually differ substantially in propor-

tion from the bulk composition of the original milk emulsion because of an overrepresentation of fat at 

the surface. The surface layer of fat is unwanted, as the chemical surface composition strongly influ-

ences the functional powder properties, with surface fat leading to several detrimental effects on the 

product characteristics (Vignolles et al., 2007). This includes enhanced lipid oxidation during storage 

and thus faster expiration (Granelli et al., 1996, Hardas et al., 2000, Keogh et al., 2001a), reduced recon-

stitution behavior (Fäldt and Bergenståhl, 1996b, Millqvist-Fureby et al., 2001) and greater stickiness 

(Kim et al., 2005a, Nijdam and Langrish, 2006). This can cause a deteriorated product quality for the 

end user, as well as lower production efficiencies due to significant product losses and the requirement 

of additional processing steps, such as coating with lecithin. Furthermore, an enrichment of protein at 

the surface of particles from low-fat milk emulsions is sometimes observed. Although being less of a 

concern for skim and whole milk, in powders that contain particularly high proportions of native casein 

the rehydration behavior can also be detrimentally affected by too much surface protein as a result of a 

network formation between the casein micelles (Havea, 2006, Mimouni et al., 2010, Schuck et al., 

2007). It is therefore of great interest to identify the segregation mechanism that induces the surface fat 

formation or other component segregation processes during spray drying of milk powders. A better un-

derstanding will help to find technical solutions to establish more desirable surface compositions. More-

over, knowledge about the chemical surface formation in drying milk droplets is relevant for modeling 

purposes of industrial applications to predict the functional product properties and to optimize spray 

dryer designs. 

An analysis of the whole manufacturing process of milk powder has indicated that spray drying is the 

determining step, whereas the following fluidized bed and handling stages have a negligible influence 

on the surface composition (Kim et al., 2009b). As such, the studies on the surface formation of milk 

particles reported in literature have mostly focused on the drying process itself. It has been attempted to 

explain the component segregation by mechanisms occurring during the drying stage between droplet 

generation and completion of the spray drying process (segregation induced by diffusivity, surface ac-

tivity and crust formation), or prior to this during disintegration of the feed emulsion into individual 

droplets (segregation induced by atomization). It is still under debate which of those potential mecha-
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nisms is in fact the predominating driving force, with the respective studies providing either one specific 

segregation concept as explanation (Table  2.2) or a combination of two or more (Table  2.3). 

2.2.3 Chemical Surface Composition of Milk Particles 

2.2.3.1 Presence of Surface Fat and Effect of Spray Drying Conditions 

In general, Table  2.2 and Table  2.3 show that there is a wide agreement in the observation of a dominant 

presence of surface fat on convectively dried milk powder, which could not be prevented by variation of 

the drying parameters or spray dryer type. For milk (model) emulsions with fat contents similar to 

whole milk, the particles were found to be covered by an almost consistent fat layer that occupied more 

than 85 % of the outmost surface area (Chew et al., 2015, Kim et al., 2003, Murrieta-Pazos et al., 2012, 

Shamaei et al., 2016). This corresponds to a fat surface overrepresentation of approximately three times 

in relation to the feed bulk composition. Skim milk (model) emulsions and milk protein concentrates 

were observed to also translate into a fat accumulation on the powder surface with 3.5-45.9 % surface 

fat for fat contents of 0.6-1.5 % in the bulk (Fyfe et al., 2011, Kelly et al., 2015, Kim et al., 2009a, 

Murrieta-Pazos et al., 2012, Nikolova et al., 2014). This corresponds to a surface overrepresentation of 

6-30 times in comparison to the bulk composition. Nevertheless, in contrast to whole milk particles, it 

has been shown that the surface of skim milk and milk protein concentrate powders is not dominated by 

fat because of the low overall fat proportion. The remaining surface area of low-fat milk powders was 

found to primarily consist of protein (42.0-62.7 % in the first few nanometers of the surface area for 

35.0-38.5 % in the bulk), indicating a slight surface enrichment in protein during drying. Independent 

from the overall fat content, a distinct lack in lactose has been consistently reported for all milk powders 

that were subject of the studies listed in Table  2.2 and Table  2.3, with lactose being sometimes almost 

completely absent from the outmost surface region (Gaiani et al., 2006, Nijdam and Langrish, 2006). 

To some degree, within the above described range of surface compositions, the exact amount of fat and 

protein at the particle surface has been reported to be influenced by the drying conditions. Fyfe et al. 

(2011) studied commercial skim and whole milk powders as wells as powders obtained from laboratory 

and pilot scale spray drying. Comparison of the powders showed that there was a difference in surface 

composition depending on the spray dryer type, albeit always featuring a distinct fat overrepresentation 

and, for skim milk powders, additionally a moderate protein overrepresentation. Commercial milk pow-

ders consisted of more fat and less protein at the surface than the powders produced with laboratory and 

pilot spray dryers. It remained unclear if this can be ascribed to a larger particle size and higher feed 

solid content of the industrial drying processes or to the differences in atomization techniques applied. 

Some studies have indicated that the final particle surface composition will conform more with the bulk 

composition if the drying rate is increased, for instance by means of a higher drying temperature or a 

smaller droplet size as influenced by the atomization pressure (Gaiani et al., 2010, Kelly et al., 2002, 

Nikolova et al., 2015a). 
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Table  2.2: Summary of studies on component segregation in droplets consisting of milk protein and fat: 

organized by concepts provided as explanation – part 1: only one concept per study. 

Concept System  Surface composition (XPS) Analysis  Author 
     

Diffusivity Aqueous solution of 

sucrose/ caseinate 

in agar gel matrix 

20% protein overrepresentation XPS (Meerdink and 

van't Riet, 1995) 

Diffusivity Industrial spray 

dried skim and 

whole milk  

Overrepresentation of fat (whole 

milk: 98% on surface / 29% total, 

skim milk: 18% on surface / 1% 

total), also enrichment of protein 

near the surface 

XPS,    

free fat 

extraction 

(Kim et al., 

2003) 

Diffusivity Single droplet dry-

ing of whole and 

skim milk 

Hydrophobic surface due to surface 

fat 

Dissolu-

tion behav-

ior 

(Fu et al., 

2011a) 

Diffusivity Spray drying of 

skim milk in pilot 

scale  

Overrepresentation of fat (5.8-

7.4 % on surface / 0.9 % total) and  

protein (43.0–49.8 % on surface / 

36.9% total), slight increase in 

segregation with longer drying 

XPS (Nikolova et al., 

2014, Nikolova 

et al., 2015a) 

Surface activity Spray drying of 

lactose/ soybean 

oil/ whey protein or 

sodium caseinate 

Overrepresentation of fat for whey 

protein, better fat encapsulation 

with sodium caseinate (whey pro-

tein: 45 % on surface, caseinate: 

3% on surface /  30%  total) 

XPS (Fäldt and 

Bergenståhl, 

1995, Fäldt and 

Bergenståhl, 

1996a) 

Surface activity Spray drying of 

sucrose/ whey pro-

tein or sodium 

caseinate 

Overrepresentation of protein (up to 

50-58% / 0.5-1 % total) 

XPS (Adhikari et al., 

2009) 

Surface activity Spray drying of  

phosphor-caseinate/ 

lactose/ milk fat 

Overrepresentation of fat (14.5-

18.7 % on surface / 0.4 % total) 

XPS (Gaiani et al., 

2006) 

Surface activity/ 

hydrophobicity 

Spray drying of 

milk protein con-

centrate with vari-

ous protein contents 

Overrepresentation of fat (3.5-

10.2 % on surface / 0.6-1.4 % total) 

and protein (62.7-97.2 % on surface 

/ 35.4-85.8 % total) 

XPS (Kelly et al., 

2015) 

Crust formation Industrial spray 

dried skim and 

whole milk  

Overrepresentation of fat (whole 

milk: 93.3 % first 5 nm, 58.6 % 

first µm / 28.4 % total, skim milk: 

45.9 % first 5 nm, 22.8 % first µm / 

1.5 % total) and slight overrepre-

sentation in protein for skim milk 

(45.1% first 5 nm, 34.4 % first µm / 

38.5 % total) 

XPS, 

EDX, free 

fat extrac-

tion 

(Murrieta-Pazos 

et al., 2012) 



Literature Review      8 

 
     

 

Table  2.3: Summary of studies on component segregation in droplets consisting of milk protein and fat: 

organized by concepts provided as explanation – part 2: combinations of concepts. 

Concept System  Surface composition (XPS) Analysis  Author 
     

Diffusivity, 

surface activity 

Spray drying of 

lactose and fat with 

casein or whey  

protein 

Overrepresentation of fat for all 

powders and of protein for many 

powders, less fat enrichment for 

casein instead of whey protein and 

for higher temperatures 

XPS (Gaiani et al., 

2010) 

Diffusivity, 

surface activity 

Spray drying of 

lactose/ rapeseed 

oil/  whey protein 

Overrepresentation of fat (55-65 % 

on surface / 30 % total) 

XPS,    

free fat 

extraction 

(Millqvist-

Fureby et al., 

2001) 

Surface activity, 

crust formation 

Spray drying of 

whole and skim 

milk 

Overrepresentation of fat (signifi-

cant) and protein (less distinct) 

XPS (Nijdam and 

Langrish, 

2005, Nijdam 

and Langrish, 

2006) 

Surface activity, 

crust formation 

Spray drying of 

walnut oil and skim 

milk (with Tween 

80 or maltodextrin) 

Overrepresentation of fat (85.6-

92.5 % on surface / 50 % total) 

XPS,    

free fat 

extraction 

(Shamaei et 

al., 2016) 

Diffusivity, 

surface activity, 

crust formation 

Single droplet and 

spray drying of 

milk model emul-

sions at various fat 

contents and of 

milk protein con-

centrate 

Overrepresentation of fat (milk 

emulsion with 76-87 % fat on sur-

face / 29-42 % total, milk protein 

concentrate: 17-27 % on surface / 

1.5 % total) 

XPS (Chew et al., 

2014, Chew et 

al., 2015) 

Surface activity, 

crust formation, 

atomization 

Spray drying of 

whole and skim 

milk (lab and pilot 

scale), compared 

with commercial 

powders 

Overrepresentation of fat in form of 

thin patches on all powders (e.g. 

commercially dried skim milk: on 

surface 16.5 % / 0.7 % total, pilot 

scale: about 14 % and laboratory 

scale: about 7 % on surface) 

XPS, 

CLSM 

(Fyfe et al., 

2011) 

Diffusivity, 

surface activity,  

crust formation, 

atomization 

Spray drying of 

whey protein/ sun-

flower oil/ malto-

dextrin 

Overrepresentation of fat (17.7-

34.1 % on surface / 10 % total) and 

protein (19.8-42.7 % on surface / 

10 % total) 

XPS (Xu et al., 

2013) 

Diffusivity, 

surface activity, 

crust formation, 

atomization 

Industrially spray-

dried powders of 

skim and whole 

milk  

Overrepresentation of fat (whole 

milk: >90 % on surface / 26 % 

total, skim milk >18 %on surface / 

1 % total), slight protein overrepre-

sentation for skim milk (42 % on 

surface / 35 % total) 

XPS (Kim et al., 

2009a, Kim et 

al., 2009b) 
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Diffusivity, 

surface activity, 

atomization 

Spray drying of 

skim milk 

High fat overrepresentation and 

lower protein overrepresentation, 

surface fat content already high 

directly after atomization 

XPS, flash 

freezing of 

atomized 

droplets 

(Wu et al., 

2014) 

 

Furthermore, the properties of the feed emulsion can affect the particle surface composition. A higher 

droplet viscosity and earlier crust formation due to an increased feed solid content have been reported to 

reduce the extent of component segregation during drying of skim milk (Kim et al., 2009b, Wu et al., 

2014). The fat encapsulation efficiency was improved by a stronger reduction in fat globule size during 

homogenization in studies conducted by Kim et al. (2009b) and Millqvist-Fureby (2003), whereas the 

surface composition data sets provided by Xu et al. (2013) and Keogh and O'Kennedy (1999) did not 

demonstrate such a statistically significant relationship for the range of droplet sizes investigated. Gaiani 

et al. (2010) and Fäldt and Bergenståhl (1996a) observed an influence of the kind of milk protein em-

ployed as emulsifier. The use of casein, particularly in the presence of lactose, resulted in less surface 

fat than the use of whey protein, presumably due to casein’s greater surface activity and resistance to 

denaturation under heat (Vega and Roos, 2006). 

2.2.3.2 Analysis Techniques of Component Distribution 

X-ray photoelectron spectroscopic analysis (XPS), also referred to as electron spectroscopy for chemical 

analysis (ESCA) in this context, is the prevailing method to quantify the chemical surface composition 

of milk particles. In this sensitive surface analysis technique, the powder samples are irradiated with an 

X-ray beam of a well-defined energy level under high vacuum, and electrons are emitted if their binding 

energy is surpassed by the photon energy. Detection of the number of emitted electrons and their respec-

tive kinetic energy, which is characteristic for each chemical element, yields the sample composition 

and the chemical state of the elements. Fäldt et al. (1993) suggested a transformation of the obtained 

elemental particle surface concentrations, i.e. the relative amounts in carbon, nitrogen and oxygen, into 

the surface percentages that are covered by lactose, protein and fat by means of a matrix linearization 

based on each component’s representative structural formula. This approach has been widely adopted in 

literature, and the surface compositions presented in Table  2.2 and Table  2.3 were determined in this 

manner. Nikolova et al. (2015b) discussed the possibility of a distortion of the XPS analysis towards 

higher carbon contents as a result of organic pollution inside the vacuum chamber and therefore pro-

posed a modified approach where the linearization matrix is derived from experimental measurements 

of XPS spectra for lactose, protein and lipid standard samples. Either way, it is generally accepted that 

component compositions derived from XPS atomic spectra should be considered as semi-quantitative 

estimations only. In addition, it needs to be noted that XPS analysis accounts only for the first few na-

nometers of the sample surface (about 0-10 nm), with the exact sampling depth being difficult to quanti-

fy because of the surface curvature of the milk particles. As such, it only describes the outmost surface 
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layer of the analyzed powders, which does not allow a conclusion about the overall amount of free sur-

face fat, especially for high-fat milk powders. 

The total amount of free surface fat, often expressed by the encapsulation efficiency of a powder sam-

ple, is frequently quantified by surface fat extraction. In this method, the mass of extracted fat is deter-

mined by measuring the sample weight before and after extraction with a nonpolar, organic solvent, 

such as hexane or petroleum ether. In terms of powder concentration, duration of the extraction process 

and intensity of the contact between powder and solvent during mixing, no standard procedure has been 

established yet and the techniques reported in literature vary considerably amongst each other, as sum-

marized by Vega and Roos (2006). The amount of extracted fat further depends on the particle size and 

porosity (Twomey et al., 2000, Vignolles et al., 2007). A significant amount of extractable fat is be-

lieved to not originate from the particle surfaces, but from inner free fat that is extracted from the inside 

of the particles through pores and cracks, in particular at relatively intense mixing and long exposure 

times to the solvent (Buchheim, 1982, Buma, 1971). For this reason, the results from fat extraction of 

milk powder samples might most often represent the amount of free fat instead of the amount of free 

surface fat (Kim et al., 2005b). As a consequence, free (surface) fat extraction might provide a more 

suitable technique than XPS in order to quantify the total amount of surface fat, but is typically limited 

to a qualitative comparison amongst samples analyzed with the same extraction technique, rather than 

giving robust absolute values. 

Other, less frequently employed analysis methods include confocal laser scanning microscopy (CLSM) 

for the protein and fat distribution throughout the whole particle volume (Taneja et al., 2013), transmis-

sion electron microscopy (TEM) for protein-lipid or protein-protein interactions (McKenna et al., 1999), 

and Energy Dispersive X-ray (EDX) analysis of the atomic surface composition at a sampling depth of 

about 1 µm (Murrieta-Pazos et al., 2012). As these techniques describe the particle composition at dif-

ferent distances from the extreme surface, often various combinations are employed to obtain a compre-

hensive insight into the component distribution, such as XPS measurements together with free fat 

extraction and CLSM investigation (Vignolles et al., 2009a) or XPS together with EDX analysis (Mur-

rieta-Pazos et al., 2012). 

2.2.4 Potential Segregation Mechanisms 

2.2.4.1 Diffusivity 

As illustrated in Figure 2.1b, Meerdink and van’t Riet suggested that the component segregation could 

occur due to differences in the components’ diffusivities (Meerdink, 1994, Meerdink and van't Riet, 

1995), a concept that has been adopted in a series of subsequent studies (Chew et al., 2014, Fu et al., 

2011a, Kim et al., 2003, Nikolova et al., 2015a). As water evaporates from the droplet surface, radial 

gradients in the component concentrations are formed and cause the components to diffuse towards the 
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inside of the droplet. Because the diffusivity of a species increases with decreasing hydrodynamic ra-

dius, the outer droplet region might become depleted in the smaller, faster diffusing components, such 

as lactose. As a first approximation of the binary diffusion coefficient of a species in liquid medium, 

there is an inverse proportionality between the hydrodynamic radius of the species and its diffusivity 

according to the Stokes-Einstein equation (Cussler, 2009). In homogenized, bovine whole milk, the 

radius is in the range of 100-10,000 nm for lipid globules (Leman et al., 1989, Michalski et al., 2002), 

50-300 nm for casein micelles (Dewan et al., 1974, Müller-Buschbaum et al., 2007) and 0.1-1 nm for 

lactose (Bylund, 2003). Thus, the diffusivity of lactose is 2-5 orders of magnitude greater than the diffu-

sivity of the fat globules. The longer the drying process takes (for instance the lower the drying tempera-

ture or the higher the initial water content), the stronger might the diffusivity effect influence the 

component segregation (Kentish et al., 2005, Nikolova et al., 2015a, Vehring et al., 2007). 

 

Figure 2.1: Explanations proposed in literature for the component segregation in drying milk droplets: 

Schematics of (a) atomization concept, (b) diffusivity concept, (c) protein surface activity and fat hydro-

phobicity concept, (d) crust formation concept. 

2.2.4.2 Protein Surface Activity and Fat Hydrophobicity 

Furthermore, the surface composition of milk powder might be influenced by the components’ interac-

tion with the air/water interface (Figure 2.1c). Milk protein’s surface activity, i.e. its tendency to adsorb 

at an interface between air and water in an orientated configuration under a reduction of the surface 

tension of the liquid phase and a reduction of the entropy of the system, has mostly been used as expla-

nation of the protein surface overrepresentation observed in several studies. Milk proteins and particu-
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larly casein, due to its relatively flexible molecule structure, feature a high degree of surface activity as 

a result of their amphiphilic nature (Leman et al., 1989). Thus, their adsorption at the air/water interface 

has been widely reported, with the movement to the interface being primarily controlled by diffusion, 

although other factors such as convection as a result of temperature and pressure gradients can also have 

an influence (Graham and Phillips, 1979, Landström et al., 1999). Fäldt and Bergenståhl observed a 

migration of milk protein to the surface of drying emulsion droplets consisting of soybean oil, lactose 

and either whey protein or sodium caseinate and explained this by the protein’s surface activity (Fäldt 

and Bergenståhl, 1995, Fäldt and Bergenståhl, 1996a). This concept has been adopted in other studies 

(Adhikari et al., 2009, Gaiani et al., 2006). Additionally, as the adsorbed protein is bound to the 

air/water interface, this impacts the gradient in protein concentration inside the droplet and counteracts 

any concentration driven diffusion processes away from the surface (compare to Section  2.2.4.1). Simi-

larly, the hydrophobic nature of milk fat might attenuate diffusion away from the droplet surface to-

wards the inside of the droplet for fat globules that have already accumulated at the air/water interface 

(Fu et al., 2011a). Further, it has even been suggested that the hydrophobicity causes fat globules to 

migrate from the droplet center towards the surface (Kelly et al., 2015). 

2.2.4.3 Crust Formation Concept 

It has additionally been proposed that the final particle surface composition might be subject to the crust 

formation and the solubility of the dissolved protein and lactose solutes (Figure 2.1d), as first discussed 

by Charlesworth and Marshall (1960) and later adopted by others on dairy droplets (Kim et al., 2009b, 

Wang and Langrish, 2009). These reports argued that the precipitated solutes, once part of the solidified 

crust, do not participate in the diffusion process anymore. Assuming a decreasing water concentration 

from the droplet center to the surface due to evaporation, saturation concentrations and consequent pre-

cipitation are first reached near the droplet surface. A lower solubility of one component could thus lead 

to enrichment near the surface in comparison to the other components.  

Further, it has been suggested that upon advanced solidification of the dying droplet the fat phase might 

move through the crust’s network of cracks and pores as driven by overpressure imposed by internal 

vacuoles and capillary forces (Nijdam and Langrish, 2005). As a result of mechanical stress during dry-

ing or atomization, the fat globule membranes might become ruptured to some extent and the lipid 

phase could hence spread freely inside the drying particle and on its surface at the elevated temperatures 

of the spray drying process, thus forming a consistent fat surface film (Xu et al., 2013). 

2.2.4.4 Atomization Concept 

As Table  2.2 and Table  2.3 illustrate, the component segregation in drying milk droplets has primarily 

been presumed to take place during the drying stage of the spray drying process, with different combi-

nations of the three concepts described above being most often presented as potential driving forces. 

However, a smaller number of reports have considered the possibility that an atomization induced seg-
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regation mechanism might take place prior to the drying stage (Figure 2.1a). In a study by Fyfe et al. 

(2011), a pilot-scale spray dryer resulted in a considerably greater fat overrepresentation on skim milk 

particles’ surfaces in comparison to the same powders produced with a laboratory-scale spray dryer, 

despite both instruments employing the same atomizer type and drying air temperature profile. It was 

speculated whether this observation can be ascribed to an influence of the different pressure and shear 

levels during atomization on the disintegration process of the feed emulsion film. Xu et al. (2013) inves-

tigated powders that were produced with a bench-top spray dryer from emulsions consisting of sunflow-

er oil, maltodextrin and whey protein. An increasing fat content on the particle surface with larger fat 

globule size of the emulsions after homogenization was found. This was explained by liquid fat leakage 

and consequent spreading of a thin fat film at the particle surface caused by rupture of the fat globule 

membranes, which become less stable with larger globule sizes. The rupture was supposed to take place 

either during atomization as a result of shearing or during the drying stage as a result of differential 

stress on the membranes as they shrink at constant fat globule volume. 

Kim et al. (2009b) reported respective surface fat contents of more than 90 % and 18 % on whole milk 

and skim milk particles that had been dried at a drying air inlet temperature of 205 °C. Because of the 

intense heat exposure and the consequent fast solidification and immobilization of the components dur-

ing the drying stage, it was concluded that the surface fat must have already been formed, at least in 

part, during the preceding atomization stage. Kim et al. (2009b) proposed that the atomization induced 

fat accumulation on freshly generated milk droplets might originate from the impact of the dispersed fat 

phase on the disintegration behavior of the emulsion feed. A perforation mechanism was provided as 

explanation where the milk emulsions preferably disintegrate along the fat globules, causing the fat 

globules to cover the surface as soon as individual droplets have been formed. This hypothesis was 

based on earlier photographic investigations of the break-up behavior of emulsions as a function of oil 

content (Dombrowski and Fraser, 1954, Zakarlan and King, 1982). 

As it is difficult to draw reliable conclusions about the impact of the atomization step from the powder 

characteristics after completed spray drying, Wu et al. (2014) compared the surface composition of at-

omized skim milk droplets immediately after atomization, as obtained by cryogenic flash freezing, with 

the one of the corresponding spray-dried particles. Surface fat was observed on the particles and their 

work showed that this was caused by the atomization stage. After atomization the milk droplets featured 

surface fat contents of 28.6-34.0 % fat for feed emulsions of 0.7 % fat (dry matter basis), and the surface 

fat remained or even slightly increased throughout the following drying stage (37.7-38.8 % after com-

pleted spray drying). 

2.2.5 Relevant Mathematical Modeling Approaches 

Mathematical simulation of the component distribution in drying milk droplets promises further insight 

into the segregation mechanism and a useful tool for the theoretical prediction of powder properties at 
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certain drying conditions. A number of modeling approaches on the convective drying of droplets are 

available in literature, such as models that incorporate the concept of the characteristic drying curve 

(Harvie et al., 2002, Keey, 1991, Langrish and Kockel, 2001, Tran et al., 2016) or the lumped reaction 

engineering approach (REA) (Chen and Putranto, 2013, Lin and Chen, 2005). The former approach 

divides the drying process into a perfect shrinkage stage (shrinkage proportional to volume reduction as 

governed by a constant evaporation rate) and a second stage defined by a falling evaporation rate, 

whereas the latter approach utilizes empirical correlations between the overall droplet moisture content 

and the water vapor pressure at the surface as well as the droplet diameter. Although in their simplest 

form these approaches only incorporate a global mass balance without computation of concentration 

gradients, some basic models allowing spatiotemporal resolution of one or more species concentrations 

emerged from these in the 1970s and 1980s and were further refined in recent times. The majority of 

models discussed in the following chapters was developed for description of food material droplets dur-

ing spray drying and was validated against the drying kinetics obtained from single droplet drying ex-

periments. Their accuracy is usually limited by the difficulty of finding reliable formulations for the 

influence of the forming crust on the droplet shrinkage rate, on the effective diffusivities of water and 

the components due to a rising viscosity and mass transport resistance of the solidified material, and on 

the partial vapor pressure at the surface and thus on the evaporation rate (Kentish et al., 2005). 

2.2.5.1 Approaches with a Spatiotemporal Water Mass Balance 

The earliest spatiotemporal approaches modeled water concentration profiles in drying skim milk drop-

lets (Cheong et al., 1986, Ferrari et al., 1989, Sano and Keey, 1982, Wijlhuizen et al., 1979). An evapo-

ration term was set as outer boundary condition and Fick’s second law of diffusion was incorporated 

along the droplet radius for the water mass balance. The challenge to describe the effective diffusivity 

and evaporation rate more accurately was addressed in ensuing models. A work by Seydel et al. (2004) 

described the formation of hollow salt particles by simulating the radius-dependent change in particle 

density. The model was unique in its attempt to account for component precipitation by means of a pop-

ulation balance that was solved independently from the mass and energy balances. Handscomb et al. 

(2009) formulated a model that aimed to predict shrinkage and shell thickening rates by balancing capil-

lary contraction forces with the structural strength. The complexity of the crust properties and their ef-

fect on evaporation and shrinkage was further highlighted in a study by Vehring et al. (2007) on the 

drying of a protein-in-water droplet. Using the Peclet number, the model predicted the drying time until 

commencement of precipitation to stop the simulation at that point, because from then on a sufficient 

accuracy in simulating the declining evaporation rate was considered to be not feasible. Particularly, the 

effective diffusion coefficient of moisture through a solidified porous crust medium is difficult to pre-

dict with reasonable precision from theoretical equations (Perré, 2015). 
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2.2.5.2 Approaches with Spatiotemporal Binary Mass Balances 

Adhikari and co-workers have been pioneering the simulation of binary component migration in drying 

droplets to work towards the prediction of the surface composition (compare to Table  2.4), presenting a 

model on fruit juice samples (Adhikari et al., 2003, Adhikari et al., 2004, Adhikari et al., 2007). Lump-

ing together the juice components into one averaged component, a pseudo-binary system was formulat-

ed. The model was based on a discretization of the spatial coordinate, which was divided into equally 

long increments. Each of the increments represented a spherical disk with homogeneous composition 

under radial symmetry assumption. Diffusive fluxes were calculated from the differences in concentra-

tion and length between the centers of adjacent disks according Fick’s first law of diffusion. The in-

creasing evaporation resistance was incorporated via estimation of the moisture-dependent water 

activity in the surface disk and perfect shrinkage was assumed. The differential equations were solved 

with the method of lines (Iserles, 2009). After the simulated drying kinetics had been compared with 

suspended single droplet drying experiments for validation, the model was applied on spray drying con-

ditions to predict the particle stickiness from the glass transition temperature. 

Table  2.4: Modelling approaches that can be applied for prediction of the surface composition of binary 

or multicomponent droplets during drying: overview of included segregation mechanisms, considera-

tion of the influence of solidification and experimental validation. 
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Lumped fruit 

juice solids 

n/a n/a n/a no no no yes no Drying rate and tempera-

ture during SDD 

(Adhikari et 

al., 2007) 

Mannitol n/a n/a n/a yes* no yes* yes* yes* Drying rate and tempera-

ture of pure water during 

SDD 

(Gopireddy 

and Gutheil, 

2013) 

Lactose,   

caseinate 

yes yes n/a yes no no yes no Surface composition after 

SD and drying rate during 

SDD 

(Wang et al., 

2013) 

Sucrose,   

caseinate 

yes yes n/a yes no yes yes no Experiments used to fit 

simulation parameters 

(Meerdink 

and van't 

Riet, 1995) 

Sucrose, whey 

protein 

yes yes n/a no no no no no - (Porowska et 

al., 2015) 

Lactose, milk 

protein, fat 

yes no no no no yes no no Surface composition after 

SD 

(Chen et al., 

2011) 

Lactose, milk 

protein, fat 

yes yes no no yes yes yes yes Surface composition 

during SDD 

Chapter  6.6 

* only early drying stages, SDD = single droplet drying, SD = spray drying 



Literature Review      16 

 
     

 

Gopireddy and Gutheil (2013) utilized a description of the diffusion resistance imposed by the solid 

surface layer and water activity correlations to account for the retardation caused by solidification. Solv-

ing a set of differential diffusion and energy equations with a finite difference approach, in this way the 

concentration profiles of mannitol or polymer solutions during the early stages of single droplet drying 

were simulated. 

2.2.5.3 Approaches with Spatiotemporal Multicomponent Mass Balances 

To date, only a few models can be found in literature that allow theoretical prediction of the concentra-

tion profiles of more than one component (see Table  2.4). A computation of the component distribution 

requires a spatiotemporal resolution of the mass balances, either as a set of simple ordinary differential 

equations by spatial discretization or as a set of partial differential equations. A global energy balance is 

typically sufficient under the assumption of a uniform temperature profile. This has been validated by 

dimensionless analysis (Biot numbers well below unity) for spray drying applications and even for sig-

nificantly larger droplets in single droplet drying configurations (Chen and Peng, 2005, Patel et al., 

2005). Further, radial symmetry is generally assumed. 

A spatiotemporal multicomponent model by Wang and co-workers was applied to resemble the spray 

drying process of an aqueous lactose/caseinate solution by variation of the Reynolds number and drying 

air temperature over time (Wang and Langrish, 2009, Wang et al., 2013). Spatial discretization of the 

droplet radius comparable to the above described work by Adhikari and co-workers, under the assump-

tion of perfect shrinkage, allowed a simple incorporation of precipitation by comparison between the 

saturation concentration of each component and the calculated concentration in each disk at each time 

step. Also the protein surface activity was incorporated into the mass balance of the surface disk. There-

fore, the model stands out in respect to its applicability on the component segregation during convective 

drying of milk droplets. The component diffusivities were expressed as temperature dependent func-

tions, but lacked an influence of the water concentration. The water evaporation rate was governed by 

an additional term in the water mass balance of the surface disk as a function of local water activity, 

which was estimated from the components’ individual moisture-dependent water activity correlations. 

As available isotherms describing how the presence of solids affect the water activity have been either 

generated from liquid phase or fully formed solids, however, using either one to describe the entire dry-

ing process may not provide a precise description of the evaporation rate. The model was validated via 

comparison of the simulated surface composition with particles obtained from spray drying experi-

ments. A surface overrepresentation of protein, which was decreasing with higher drying temperature, 

was predicted. From a sensitivity study it was concluded that the difference in component diffusivities 

and the protein surface activity were the major driving forces for component segregation, while the 

components’ solubility imposed a subordinate influence. 
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Three other models were less comprehensive, but nevertheless interesting in their unique approach. 

Meerdink and van't Riet (1995) described the component segregation during drying of small su-

crose/sodium caseinate solution slabs. The model contained Maxwell-Stefan partial differential equa-

tions with concentration dependent diffusion coefficients. Since measuring and approximation tools for 

Maxwell-Stefan multicomponent diffusion coefficients in concentrated aqueous solutions are lacking, 

the parameters of the diffusivity equations had to be fitted so that the simulated concentration profiles 

agreed with the experimental results. In the modeling work by Porowska et al. (2015) on drying whey 

protein/sucrose droplets, the phenomena taking place during crust formation were largely disregarded. 

The focus was laid on the surface activity of the whey protein and it was supposed that the adsorption 

process would halt upon commencing shell formation. The protein surface activity was described with 

the aid of experimental determination of the dynamic surface tension as a function of protein bulk con-

tent and time. Also noteworthy, despite not being a spatially resolved model, Chen and co-workers pre-

sented an analytical continuum approach to simulate the solid formation in the outermost layer of a 

drying water droplet with dissolved lactose, fat and milk protein (Chen et al., 2011, Chen et al., 2013, 

Xiao and Chen, 2014). Under the assumption that the concentration only changes in a thin surface re-

gion, an explicit equation for the surface composition was obtained. Protein surface activity was not 

covered by this model. The Stokes-Einstein equation was introduced in an extended form to account for 

the concentration dependency of the effective component diffusivities. 

In Chapter  6.6 of the present work, the same modified Stokes-Einstein equation will be utilized for a 

new modeling approach on a drying low-fat milk droplet. For comparison with the previously discussed 

models, this approach is also included in Table  2.4 and will be described briefly at this point. The model 

accounted for the protein’s surface activity as a boundary condition. Spatiotemporal balances for ener-

gy, momentum and mass of water, lactose, protein and fat formed a set of partial differential equations 

that was solved with the method of lines. A realistic description of the influence of solidification on the 

water diffusivity, evaporation rate and particle shrinkage was aspired by incorporation of semi-empirical 

drying and shrinkage kinetics, which were obtained from suspended single droplet drying experiments 

and expressed via the reaction engineering approach. As such, the model required some experimental 

work to obviate the need for a perfect shrinkage assumption and for approximations of the effective 

water diffusivity. A new single droplet drying technique was employed for result validation, which al-

lowed tracking of the changes in chemical surface composition over time (compare to Chapter 6). Solute 

precipitation and the influence of the fat’s hydrophobic nature on the component distribution were not 

implemented. 

2.2.6 Concluding Remarks 

The surface composition of milk powder imposes a critical influence on its functional properties. It is 

widely accepted that a strong overrepresentation of fat, in comparison to the bulk composition, emerges 



Literature Review      18 

 
     

 

on the surface during spray drying at both industrial and laboratory scale with detrimental impact on the 

powder quality. However, the surface formation process is far from being thoroughly understood. Four 

different processes might potentially affect the component segregation in drying milk droplets; the com-

ponents’ diffusivities, the components’ interaction with the air/water interface (protein’s surface activity 

and the lipid phase’s hydrophobicity), the crust formation/precipitation process, and the atomization 

process. As the degree of influence of each of these mechanisms is still under debate, further experi-

mental work is required to test and validate the different concepts. While the subordinate enrichment of 

protein is most often perceived to take place during drying due to its lower diffusivity than lactose and 

primarily due to its surface activity, the atomization stage seems to have a critical impact on the for-

mation of surface fat. Some promising modeling approaches have been published in recent times that 

are, in principle, capable of simulating the component distribution of drying milk droplets. These should 

be further developed to account for all of the four potential segregation mechanisms for a better under-

standing of the surface formation and a more accurate prediction of the powder properties. 

2.3 Single Droplet Drying and Microfluidic Jet Spray 

Drying of Food Materials 

2.3.1 Synopsis 

Single droplet drying can be a valuable tool to understand the drying characteristics of food droplets 

with respect to optimization of industrial spray drying processes, because it facilitates the in situ moni-

toring of various droplet properties. For this purpose, the specific single droplet drying technique needs 

to be evaluated in terms of its comparability with the drying air environment and the droplet features 

that are expected to exist during spray drying. Single droplet drying can be categorized into four differ-

ent approaches, each with characteristic advantages and disadvantages in this regard: sessile, suspended, 

acoustic levitation and free falling single droplet drying. 

2.3.2 Introduction 

The capability to optimize the design and operation of spray dryers in terms of cost efficiency and prod-

uct functionality has become more important for many applications in the food industry due to increas-

ing economic pressure and demanding customer requirements. The fine-tuning of the drying conditions 

in existing spray dryers and the specific design of new processes by numerical simulation require a de-

tailed understanding of the drying behavior of the respective solution, suspension or emulsion to be 

spray-dried. The effective water and solute diffusion rates, and as such the evaporation rate and droplet 

temperature, are strongly affected by the complex kinetics of the drying droplet’s crust or shell for-

mation as well as by the physical and chemical structure thereof, which are hardly predictable without 
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empirical data. The lack of sampling points and the size as well as complexity of spray drying instru-

ments does usually not allow tracking the drying characteristics of a material in situ at industrial scale. 

Characteristically, samples can only be taken after spray drying and hence the actual drying process 

cannot be monitored. In addition, upon atomization the droplets feature a relatively wide distribution in 

sizes and trajectories. As a result, the drying history and consequent functional characteristics differ to a 

significant extent amongst the particles (Masters, 1991). Neglecting particle-particle and particle-wall 

interactions that often occur in spray dryers, the drying process of a material can be observed reproduci-

bly in a simplified environment during convective drying of an individual droplet. In single droplet dry-

ing, an isolated droplet is generated and positioned into a conditioned stream of drying air that mimics 

the environment of the corresponding spray drying process as closely as possible in terms of tempera-

ture exposure, drying air flow and humidity. In the course of drying, the changes in parameters, such as 

droplet temperature, size or mass, are measured over time. There are five general requirements for a 

single droplet drying system to be suitable for finding a material’s drying characteristics for application 

in spray drying modeling:  

1) reproducible generation of droplets with a certain size, 

2) fast, stable and low-intrusive positioning of the droplet inside the drying chamber, 

3) drying air flow that passes through the drying chamber at a well-defined temperature, moisture 

content and velocity, 

4) measurement techniques of high accuracy and minimal disturbance imposed on the drying drop-

let,  

5) drying conditions with sufficient comparability to spray drying environments. 

Single droplet drying was pioneered by Van Krevelen and Hoftijzer (1949) to monitor the mass profiles 

of drying granulates and by Ranz and Marshall (1952a), who investigated the changes in temperature 

and size of drying solution droplets. These approaches have been further advanced over the years, and 

today it can be distinguished between four different single droplet drying techniques by categorizing 

them according to how the droplets are maintained inside the drying air. Sessile, suspended, levitated 

and free falling single droplet drying entail different benefits and shortcomings in respect to the five 

criteria listed above. 

2.3.3 Sessile Single Droplet Drying 

2.3.3.1 Evaporation of a Sessile Droplet 

In sessile single droplet drying, droplets of 0.5-2.5 mm in diameter are usually deposited with a micro-

fluidic syringe on a solid substrate. To restrict the contact area between droplet and substrate and to 

establish a droplet shape that is as spherical as possible, wetting of the substrate by the typically aqueous 

droplets is limited by a strong water repellent nature of the substrate’s surface. The hydrophobicity is 
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achieved by coatings consisting of silane (Hampton et al., 2012), modified silica (Manukyan et al., 

2013), siloxane (Yu et al., 2012) and polytetrafluoroethylene (Eslamian and Ashgriz, 2007), amongst 

others (Figure  2.2a). In addition, the repulsion is often further enhanced by certain topographies attained 

by lithographic patterning of micro-pillars into the hydrophobic substrate (Choi and Kim, 2009, McHale 

et al., 2005, Sadek et al., 2013, Xu and Choi, 2012) (Figure  2.2b). Though low wettability had been 

reached in these studies, the droplets still differed substantially from perfect sphericity (initial contact 

angles of 100-160 °).  

Except of the work described in Section  2.3.3.2, sessile single droplet drying has so far mostly been 

limited to drying at room temperature with drying times of 10-30 min. The evolution of the droplet ge-

ometry and dimensions was analyzed by cameras and from that data the evaporation rates were derived. 

While this did not allow for the drying kinetics to be recorded as accurately as it is possible via levita-

tion or suspended single droplet drying, the strength of sessile singe droplet drying lies in its capability 

to be coupled with various complex and sensitive in situ analysis techniques. This includes the visuali-

zation of internal flows with spectral radar optical coherence tomography and confocal microscopy 

(Manukyan et al., 2013), monitoring of the structural evolution with X-ray scattering measurement 

(Chen et al., 2012), tracking the solute precipitation behavior with a digital high-speed camera 

(Eslamian and Ashgriz, 2007) and observation of the internal solidification with confocal microscopy 

(Sadek et al., 2013, Sadek et al., 2016).  

In the latter studies, Sadek and co-workers also demonstrated an analysis of the drying rate with im-

proved accuracy by connecting the substrate with a micro-balance the investigation of casein and whey 

protein solution droplets. Furthermore, in these studies a pendant droplet configuration, resembling sus-

pended single droplet drying, was adopted to avoid a collapse of the shell and to maintain a relatively 

spherical droplet shape (Figure  2.2c), because shell collapse under pressure and gravity during water 

evaporation is a common problem in sessile single droplet drying (Chen et al., 2012). Applying such a 

pendant configuration, Sadek et al. (2014a) observed a good agreement in the obtained morphologies of 

whey protein / micellar casein particles compared to particles produced at much shorter drying times 

during free falling single droplet drying. While all of the hitherto summarized studies featured con-

trolled ambient air conditions, they did not include a conditioned flow of drying air, as they were di-

rected towards application in microfluidic devices, coating processes and nanotechnology. 
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Figure 2.2: Schematic of sessile single droplet drying: (a) sessile droplet on a hydrophobic substrate, 

(b) sessile droplet on a superhydrophobic substrate, (c) droplet on a superhydrophobic substrate in 

pendant configuration, and (d) experimental design according to Perdana et al. (2011). 

2.3.3.2 Applicability for Spray Drying Studies 

Perdana and co-workers demonstrated that sessile single droplet drying can also be conducted at elevat-

ed temperatures to establish drying environments that are more related to the conditions in a spray dryer 

(Perdana et al., 2011, Perdana et al., 2013). The experimental design included a drying air flow through 

a tunnel with a temperature of 80-100 °C and a velocity of 0.2 m/s (Figure  2.2d). A thin substrate (poly-

propylene membrane of 0.15 mm thickness on a 1 mm steel plate) was utilized to limit the disturbance 

of the air flow. Relatively small droplets of 0.5-1.4 mm in diameter were generated and deposited with a 

pneumatic micro-dispenser. The inactivation of β-galactosidase during drying in a maltodextrin matrix 

was studied and this information was used for prediction of the residual enzyme activity after laborato-

ry-scale spray drying, which was achieved with reasonable precision. It was highlighted that droplet 

drying in the sessile configuration could have an advantage over other techniques when conducting 

high-throughput experimentation where multiple droplets are dried simultaneously. 
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The utilization of sessile single droplet drying as a model system for spray drying processes is, however, 

compromised by the presence of the substrate and its contact to the droplet. The droplet shape differs 

more or less strongly from sphericity with contact angles well below 180 °. Also, the substrate reduces 

the evaporation rate, impacts the heat and mass transfer and disturbs the flow pattern of the drying air 

around the droplet (Erbil, 2012, Picknett and Bexon, 1977). All this complicates mathematical modeling 

of the drying process and makes this approach less suitable for quantitative evaluation of the drying 

kinetics (Xu and Choi, 2012). This is a particular challenge because the contact angle is decreasing more 

and more with proceeding drying, and droplets might even collapse into the micro-structure of the pat-

terned support material. Further, it needs to be considered that the contact angle can influence the result-

ing particle morphology (Sadek et al., 2013). While the above described approaches to couple sessile 

single droplet drying with various in situ imaging techniques are highly interesting for application in 

spray drying studies, the complex influence of the substrate on the drying process still needs to be better 

understood. 

2.3.4 Suspended Single Droplet Drying 

2.3.4.1 Basic Experimental Design and Morphology Studies 

In suspended singe droplet drying, also known as filament single droplet drying, it is endeavored to 

mimic a free droplet more closely than realized by deposition on a substrate. A smaller contact area than 

in sessile droplet drying is reached by droplet suspension at the tip of a vertical, thin filament. The fila-

ment is typically made of glass, its tip is 50-300 µm in diameter and the contact area to the droplet is 

ideally reduced to a minimum, while still sustaining a static positioning of the droplet inside the drying 

air stream. The tip of the filament is usually coated with a special layer that repels the solvent of the 

suspended droplet to prevent it from wetting or climbing up the tip. The flow of the conditioned drying 

air is guided by a surrounding drying chamber, through which the drying air passes from below with a 

flat velocity profile across the opening and exits at the top. Ranz and Marshall pioneered the suspended 

single droplet drying technique and analyzed the droplet temperature and diameter change of various 

liquids, pure and with suspended or dissolved particles (Ranz and Marshall, 1952a, Ranz and Marshall, 

1952b). As characteristic for suspended single droplet drying, the investigated flow regimes and drying 

air condition were representative for spray drying with Reynold numbers of 0-200 and air temperatures 

of 85-220 °C, whereas at initial droplet diameters in the range of 0.6 to 1.1 mm the droplets were ap-

proximately one order of magnitude larger than what is typically encountered in spray dryers. This rela-

tively simple setup has been employed in a number of studies to understand how the drying air 

properties, such as velocity and temperature, and the initial solid content affect the physical structure of 

the particle morphology in order to apply this information on the fine-tuning of spray drying processes. 

The investigated materials included skim milk, yoghurt, coffee extract, carbohydrate and salt solutions, 

and the initial droplet sizes ranged between 0.5 to 3 mm in diameter (Charlesworth and Marshall, 1960, 
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El-Sayed et al., 1990, Fu et al., 2012a, Lin and Gentry, 2003, Sunkel and King, 1993). In such studies, 

at least one of the drying chamber walls is usually transparent to allow a camera to record the visual 

changes that are being undergone by the droplet in the course of drying. If required, analyses such as 

scanning electron microscopy (SEM), X-ray diffraction and solubility measurements are conducted 

subsequent to drying. Comparison with spray-dried food powders demonstrated a strong similarity be-

tween the morphology of industrially produced particles and the single droplet dried particles (Walton, 

2000). Beyond phenomenological observation of the particle morphology formation, the design of sus-

pended single droplet drying rigs has been elaborated over time for either continuous online tracking of 

the drying kinetics or for surface analysis after discrete drying times. 

2.3.4.2 Study of Drying Kinetics 

For observation of the drying kinetics, the changes in droplet mass with proceeding drying are recorded 

in order to obtain accurate information about the evaporation rate. For this purpose, the supporting fila-

ment is either connected to a micro-balance, as first introduced by Van Krevelen and Hoftijzer (1949), 

or it is substituted by the arm of a cantilever beam balance (Fu et al., 2011b, Sano and Keey, 1982). In 

either case the lifting force of the drying air flow must be factored in (Cheong et al., 1986, Lin and 

Chen, 2002). Also the droplet temperature profiles are typically required, which are monitored by addi-

tionally immersing a thermocouple junction into the droplet center or by using a thermocouple as sus-

pension filament. In combination with the shrinkage rate obtained from camera recording, the mass and 

temperature profiles provide the fundamental kinetics data required for describing the droplet drying 

process of a given material (Figure  2.3a). Therefore, this approach has been employed in many drying 

kinetics studies, including food materials, such as solutions of simple sugars and high molecular weight 

carbohydrates, citric acid solution, slurries, skim and whole milk (Adhikari et al., 2003, Cheong et al., 

1986, Fu et al., 2012b, Furuta et al., 1983, Nešić and Vodnik, 1991, Sano and Keey, 1982). The empiri-

cal data can be processed by means of shrinkage and evaporation resistance correlations as a function of 

droplet moisture content, for instance using the Reaction Engineering Approach, to describe the impact 

of the forming crust on the drying kinetics of food materials and apply these correlations in dryer wide 

continuous fluid dynamics modeling (Jin and Chen, 2009, Woo, 2016) and numerical droplet simulation 

models (Mezhericher et al., 2007, Wang et al., 2013). 

2.3.4.3 Study of Surface Formation 

Furthermore, suspended single droplet drying experiments are sometimes discontinued to monitor the 

formation of the functional surface properties and of the chemical surface composition with proceeding 

drying (Figure  2.3b). The drying process is halted by preventing the drying air from entering the cham-

ber before the semi-dried droplets can be studied. After stopping the drying process at discrete drying 

times in separate drying runs, quantitative analysis has been realized by means of dissolution studies, 

where the wetting and dissolution behavior was recorded with a camera after attaching a solvent droplet 
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(Chew et al., 2015, Fu et al., 2011a). Qualitatively, the surface composition of drying milk droplets can 

be analyzed by flash freezing via immersion of the droplets in liquid nitrogen (LN2). The particles are 

freeze-dried and undergo spectroscopic investigation of their chemical surface composition.
1 

 

Figure 2.3: Schematic of suspended single droplet drying: (a) continuous droplet diameter, mass and 

temperature analysis for determination of drying and shrinkage kinetics, and (b) interruption of drying 

process for qualitative and quantitative investigation of surface composition at certain drying times. 

2.3.4.4 Limitations in Comparability with Spray Drying Conditions 

Suspended single droplet drying is of intrusive nature due to the contact between the droplet and the 

filament. However, for a droplet of 1.6 mm in diameter, it has been calculated that the penetration of the 

supportive filament only contributed to 0.2% of the total droplet volume and the heat transfer through 

the glass filament accounted for less than 1% of the overall heat input (Charlesworth and Marshall, 

1960, Lin and Chen, 2002). Other disadvantages are that the suspension prevents the droplets from ro-

tating freely as they would during spray drying and the contact with the filament tip in combination with 

the relatively large droplet sizes can lead to the development of an oval instead of a spherical particle 

shape (Walton, 2004). 

Commonly, droplet diameters that are approximately an order of magnitude larger than in spray drying 

are employed. Diameters below 0.5 mm are not feasible, because the heat conduction along the support-

ing filament can become significant and the changes in mass or diameter become difficult to measure 

1
 This method has been developed as part of the present thesis, see Chapter 6. 
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with sufficient accuracy. Also, a reproducible droplet generation and the subsequent transfer to the fila-

ment without appreciable evaporation prior to drying are limited to larger droplet sizes. Yet, the larger 

droplet sizes lead to substantially greater drying time scales than observed in spray drying (minutes 

instead of seconds or milliseconds), which can limit the applicability of the single droplet drying data on 

spray drying models. At least for sugar solutions and milk emulsions it has been found that in the inves-

tigated droplet size range (initial volumes of 1-3 µl) the droplets featured similar shrinkage and drying 

correlations independent of the droplet size when described by the normalized diameter and the normal-

ized activation energy of evaporation curves of the Reaction Engineering Approach as a function of 

moisture content (Fu et al., 2011b, Lin and Chen, 2004). 

2.3.5 Acoustic Levitation Single Droplet Drying 

2.3.5.1 Experimental Design and Observation of Droplet Shrinkage, Temperature and Mor-

phology 

In contrast to the previous two techniques, the third single droplet drying method relies on levitation of 

an individual droplet without solid contact. Tsapis et al. (2005) and Sugiyama et al. (2006) have 

achieved the levitation by means of a concave hot plate, utilizing the Leidenfrost phenomenon. This 

approach, however, does not facilitate a drying air environment in the vicinity of the droplet that would 

feature a flow field and a temperature distribution comparable to spray drying conditions. Another levi-

tation technique is hence more commonly applied, in which an acoustic field supports the droplet 

(Figure  2.4a). The acoustic, also known as ultrasonic, levitation single droplet drying method employs a 

piezoelectric transducer and a reflector in vertical arrangement to position a droplet in one of the pres-

sure nodes of the generated standing ultrasound wave (Brenn et al., 1997). The droplets are injected by 

means of a micro-volumetric syringe into the levitator housing tube, which is ventilated by a condi-

tioned drying air flow. Yarin and co-workers developed the fundamental understanding required for 

interpreting the drying process of acoustically levitated droplets and validated it experimentally (Yarin 

et al., 1998, Yarin et al., 1999). Theory was provided about the acoustic boundary layer and acoustic 

streaming in vicinity of the droplet, which allows derivation of the average Sherwood and Nusselt num-

bers over the droplet surface. Also the droplet deformation by the acoustic radiation pressure needs to be 

accounted for, which can be calculated by the boundary element method. It was further shown that 

Reynold numbers comparable to spray drying conditions can be realized (Schiffter and Lee, 2007a, 

Yarin et al., 1997). 

The vertical position and cross-sectional area of the drying droplet are usually monitored with a camera, 

and the droplet temperature can be determined via infrared thermography. Wulsten and Lee (2008) re-

ported that the droplet temperature is influenced by the acoustic field and cannot be predicted well by 

acoustic levitation theory. Due to the temperature sensitivity of the transducer, the drying air tempera-

ture is somewhat limited, though temperatures of up to 150 °C have been reached through special design 
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considerations (Mondragon et al., 2011). Levitation single droplet drying has not been as extensively 

utilized as suspended single droplet drying, particularly in respect to food materials, being primarily 

limited to pure liquids or relatively simple suspensions of glass beads or silica, for instance. At least, 

Schiffter and Lee (2007b) found good agreement between the final morphology of mannitol particles 

after single droplet drying and spray drying. Also, a mathematical model was compared with experi-

mentally obtained shrinkage data of levitating maltodextrin and trehalose droplets by Sloth et al. (2006). 

2.3.5.2 Estimation of Evaporation Rates 

Accurate determination of the evaporation rate poses a challenge to kinetics studies by acoustic levita-

tion single droplet drying. This technique does not allow for a direct measurement of the changes in 

droplet mass. Instead, the evaporation rate as a function of moisture content is estimated from droplet 

size and position data. Kastner et al. (2001) divided the drying process into two stages. The first drying 

stage was characterized by the occurrence of a significant change in droplet volume and the evaporation 

rates were estimated using the decreasing droplet diameter. The evaporation rates during the second 

drying stage, where the volume reduction became minimal, were estimated from the upward motion of 

the droplet in the acoustic field. This approach was adapted by others, such as Schiffter and Lee (2007b) 

and Mondragón et al. (2013), with the latter study processing the kinetics data via the Reaction Engi-

neering Approach. Groenewold et al. (2002) introduced a hygrometric measurement of the increase in 

moisture content between the inlet and outlet air to realize a more reliable and universal observation 

technique of the changes in droplet water content. 

2.3.5.3 Comparison with Suspended Single Droplet Drying 

An advantage of the acoustic levitation technique over suspended single droplet drying is that it allows 

for investigation of slightly smaller droplet volumes, because there is no mechanical contact that might 

disturb the heat and mass transfer. Although most studies were conducted at a range of 1-2 mm in initial 

droplet diameter, which is also typical for suspended single droplet drying, sizes of 0.5-1 mm have fre-

quently been reported, too (Schiffter and Lee, 2007a, Sloth et al., 2006, Mondragon et al., 2011, Yarin et 

al., 1999). Yet, interaction between the relatively strong acoustic fields and the levitated droplet occurs 

at any droplet size, and primary and secondary acoustic streaming alters the heat and mass transfer in 

comparison to the drying kinetics of an unaffected boundary layer between drying air and droplet 

(Groenewold et al., 2002, Yarin et al., 1999). Further, the estimation of the drying rate entails a number 

of uncertainties, such as the requirement of very accurate hygroscopic measurements or a theoretical 

division of the drying process into two stages with the assumption of perfect shrinkage during the first 

stage and the assumption of a change in vertical position that only depends on mass loss owing to evap-

oration during the second stage. As such, for the prediction of drying kinetics under spray drying condi-

tions of more complex systems, such as food solutions and emulsions, suspended single droplet drying 

might promise more reliable drying data and less complex post-processing. 
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Figure 2.4: Schematic of (a) acoustic levitation single droplet drying, and (b) free falling single droplet 

drying. 

2.3.6 Free Falling Single Droplet Drying 

2.3.6.1 Experimental Design 

In contrast to the other single droplet drying approaches, free falling single droplet drying is an entirely 

non-invasive method of exposing the droplet to the drying air, as the droplet is not supported by any 

means and can interact freely with the drying air without disturbance caused by the positioning tech-

nique (Figure  2.4b). At the top of a vertical drying tunnel either an individual droplet is generated with a 

micro-volumetric syringe or a series of separated droplets with uniform size is generated by means of a 

microfluidic atomizer (with the latter case being at the interface between single droplet drying and spray 

drying due to possible droplet-droplet interaction, see Section  2.3.6.3). The micro-sized droplets dry 

along a well-defined trajectory in the course of their fall through a concurrent drying air stream inside 

the tunnel. In contrast to conventional spray drying, the droplets are of uniform size and experience 

identical drying histories, allowing a reliable correlation between the drying or feed conditions and the 

resulting particle characteristics. The advantage of free falling single droplet drying over other single 

droplet drying techniques is that the drying conditions of industrial spray dryers are replicated more 

realistically (Sadek et al., 2014b). The attainable range of droplet sizes and Reynold numbers as well as 

the drying air temperature profiles are comparable to industrial spray drying environments. This was 

first demonstrated by Kinzer and Gunn (1951) for pure water droplets of 10-1000 µm in diameter that 

fell from a pipette down through a hot air tunnel. The evaporation rate was derived mathematically from 
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measurements of the decrease in velocity as a function of falling time. The droplet velocity at different 

tunnel heights was determined by flash photography and electrical induction.  

2.3.6.2 Limitations in In Situ Observation 

While for pure liquid droplets the mass and diameter profiles as well as the wet bulb temperature could 

be calculated from the rate of fall over tunnel height, a meaningful analysis of the drying behavior of 

free falling droplets becomes more complex for food systems containing colloidal or dissolved solid 

matter. Due to the droplet movement relative to the drying chamber, a continuous online observation of 

the droplet characteristics is not feasible. For example, a study by Alexander and Judson King (1985) on 

free falling food droplets (skim milk, coffee extract, lactose and maltodextrin solutions) was limited to 

analysis of the morphology and size of the particles at the end of completed drying after a fall distance 

of 2.71 m. In another study, more information was attained by the addition of eight sampling ports along 

the dryer column that facilitated a determination of the droplet moisture content after various falling 

times by droplet collection in dimethyl sulfoxide solvent and subsequent analysis with a combination of 

titration and high performance liquid chromatography or gravimetric measurement (El-Sayed et al., 

1990). Wu et al. (2014) managed to conduct a comparison of the surface composition between mono-

dispersed droplets immediately after atomization and the respective particles after completed drying by 

flash freezing of the atomized droplets in liquid nitrogen and subsequent freeze drying, as first done by 

Rogers et al. (2008). Vehring (2008) measured the droplet size at discrete locations along the drying 

tunnel by elastic laser light scattering. However, a continuous observation of the evaporation rate and a 

tracking of the changes in droplet temperature and diameter have not been achieved in free falling single 

droplet drying. 

2.3.6.3 Droplet Generation and Microfluidic Jet Spray Drying 

A matter of particular importance in free falling single droplet drying is the employment of a suitable 

atomization method for generation of monodisperse droplets that leave the atomizer on a well-defined 

trajectory and in sufficient distance from each other to ensure identical drying histories and to avoid 

droplet-droplet interaction. When a series of droplets is to be studied, microfluidic nozzles that are 

based on jet disturbance at high frequency have emerged as the prevailing method of choice. The func-

tional principle has been adapted from inkjet printer technology and is based either on cone formation 

under the stress of an external electrical field, on periodic liquid vaporization due to heat pulses, or on 

pulsed mechanical energy (Le, 1998, Liu et al., 2015). For studies on spray drying of food solutions and 

emulsions, the latter approach has been most widely applied, for instance on milk protein concentrate 

and skim milk (Rogers et al., 2012), vitamin B12 and lactose (Wu et al., 2011) and epigallocatechin 

gallate (Fu et al., 2011c). In these investigations, a laminar feed jet was disintegrated into a series of 

separate droplets of uniform size by means of a microfluidic atomization nozzle. The nozzle consisted 

of a glass tube with an orifice of typically 50-150 µm in diameter, which imposed a Rayleigh instability 
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(Rayleigh, 1879) on the jet by periodic contraction due to the pulse of a piezoelectric ceramic jacket at 

the tip of the glass tube. A comparable pulsed-orifice droplet generator had previously been reported by 

Alexander and Judson King (1985), where a single stream of uniform droplets was obtained by means 

of a liquid jet being subject to an axial vibration that was induced by excitation of a stack of mechani-

cally coupled piezoceramic disks. In these microfluidic jet spray drying techniques, the differentiation 

between single droplet drying and spray drying is vague. Droplet-droplet interaction can occur when the 

droplets are generated via pulsed mechanical disturbance based on Rayleigh instability, as the distance 

between the droplet sequence is relatively small (Vehring et al., 2007). An increase in water vapor pres-

sure around a droplet due to evaporation of the adjacent droplets or even droplet collision can occur, 

because the distance between individual droplets is usually in the order of only a few droplet diameters 

or less. This has been attempted to be prevented by dispersion of the droplets after atomization, though 

it must be ensured that the residence time of the droplets remains equal and the drying tunnel is wide 

enough to sustain a uniform temperature profile experienced by the droplets independent from their 

radial location (Wu, 2010). Alternatively, commercially available ‘droplet-on-demand’ type generators 

allow a droplet production at very low frequencies and thus wide spacing between the droplets, down to 

single droplets (Vehring et al., 2007). 

2.3.7 Concluding Remarks 

This summary shows that single droplet drying in its four variations has been studied for a large number 

of (food) materials, and it has been proven to be a valuable and flexible approach for a better under-

standing and optimization of spray drying processes. It can be significantly more economical and allow 

for a more detailed collection of drying data than spray drying trials at pilot or industrial scale. The pre-

diction of particle morphologies and drying kinetics with satisfactory accuracy has been reported 

throughout all four single droplet drying techniques. Nonetheless, one needs to be aware of the re-

strictions of each approach in respect to accuracy due to their intrusive nature (sessile, levitated and 

suspended droplets), limitations in what kind of analyses they can facilitate (especially limited in free 

falling single droplet drying) and how closely they mimic spray drying conditions (a particular chal-

lenge in the sessile droplet configuration, and to lesser extent in acoustic levitation). As such, combina-

tions of two or more single droplet drying techniques, for instance suspended single droplet drying 

together with free falling single droplet drying, are advisable in order to complement the measurement 

techniques facilitated by each approach and to validate the results against each other. 
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3 Research Objectives 

In view of the literature review (Chapter  2) and the research gaps summarized in the introduction, the 

primary objective of the present research was to obtain a better apprehension of the chemical surface 

formation in the course of spray drying of milk emulsions by means of spray drying and single droplet 

drying experiments as well as numerical simulation. While spray drying experiments should be used for 

analysis of the characteristics of the atomized droplets and the corresponding spray-dried particles, sin-

gle droplet drying allowed investigation of the drying process between droplet generation and complet-

ed drying. Furthermore, the gained insights should be tested and applied by working towards an 

improvement of the fat encapsulation efficiency. This was expected to benefit a more economic and 

sustainable industrial milk powder production, improved spray drying design and superior milk powder 

quality for the consumer. 

The specific aims were: 

Aim 1: It should be found out which of the in literature discussed potential driving forces are in fact 

responsible for the component segregation in drying milk droplets. For this purpose, it was first 

of all to be identified during which stage of the spray drying process the surface fat formation 

primarily takes place by evaluating the impact of the atomization stage in comparison to the 

subsequent drying stage. 

Aim 1 is addressed in Chapter 4. 

Aim 2: Once the mechanism responsible for the surface fat formation has been identified, it can be 

worked towards an inhibition of this mechanism to reduce the amount of surface fat on spray-

dried milk powder. Therefore, the understanding gained from aim 1 should be taken as a basis to 

explore a viable possibility to improve the encapsulation of fat in milk particles. 

Aim 2 is addressed in Chapter 5. 

Aim 3: How the drying and shrinkage kinetics of convectively dried milk droplets change with a high 

amount of surface fat should be investigated. For this, conventional single droplet drying was to 

be conducted and a new technique should be developed to study the change in surface composi-

tion over drying time. The observations were to be compared with a suitable numerical model to 

assist in a reliable interpretation of the results. 

            Aim 3 is addressed in Chapter 6. 
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4 The Impact of Atomization on the 

Surface Composition of Spray-Dried 

Milk Droplets 

4.1 Preface 

The aim of the following study was to identify the governing mechanism for the component segregation 

in drying milk droplets that is responsible for the formation of surface fat. The potential driving forces 

have been described in Section  2.2 and the characteristics of the various available investigation tech-

niques have been summarized in Section  2.3. It was decided to conduct suspended single droplet drying 

experiments (Chapter 6) and free falling single droplet drying experiments in form of microfluidic jet 

spray drying (Chapter 4 and Chapter 5). 

It was first of all crucial to determine whether the surface fat formation occurs during the atomization or 

the drying stage. Therefore, it was aspired to distinguish between the influences of the two stages by 

analyzing not only the component distribution of the dried particles, but also the one of the correspond-

ing droplets immediately after atomization. A regular-fat milk model emulsion that was similar to bo-

vine whole milk in its dry matter composition and a low-fat milk model emulsion that contained hardly 

any fat were studied. The main part of this investigation was conducted with a microfluidic multi-jet 

spray dryer. This instrument allows the production of monodisperse particles with uniform drying histo-

ry, enabling a reliable correlation between the surface composition, the initial droplet size and the drop-

let’s overall fat content. 

The following work has been published by Elsevier B.V.: 

Foerster, M., Gengenbach, T., Woo, M.W., Selomulya, C., The impact of atomization on the surface 

composition of spray-dried milk droplets, Colloids and Surfaces B: Biointerfaces, 2016, Vol. 140, p. 

460-471, DOI: dx.doi.org/10.1016/j.colsurfb.2016.01.012 

4.2 Abstract 

The dominant presence of fat at the surface of spray-dried milk powders has been widely reported in the 

literature and described as resulting in unfavorable powder properties. The mechanism(s) causing this 

phenomenon are yet to be clearly identified. A systematic investigation of the component distribution in 
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atomized droplets and spray-dried particles consisting of model milk systems with different fat contents 

demonstrated that atomization strongly influences the final surface composition. Cryogenic flash freez-

ing of uniform droplets from a microfluidic jet nozzle directly after atomization helped to distinguish 

the influence of the atomization stage from the drying stage. It was confirmed that the overrepresenta-

tion of fat on the surface is independent of the atomization technique, including a pressure-swirl single-

fluid spray nozzle and a pilot-scale rotary disk spray dryer commonly used in industry. It is proposed 

that during the atomization stage a disintegration mechanism along the oil-water interface of the fat 

globules causes the surface predominance of fat. X-ray photoelectron spectroscopic measurements de-

tected the outermost fat layer and some adjacent protein present on both atomized droplets and spray-

dried particles. Confocal laser scanning microscopy gave a qualitative insight into the protein and fat 

distribution throughout the cross-sections, and confirmed the presence of a fat film along the particle 

surface. The film remained on the surface in the subsequent drying stage, while protein accumulated 

underneath, driven by diffusion. The results demonstrated that atomization induces component segrega-

tion and fat-rich surfaces in spray-dried milk powders, and thus these cannot be prevented by adjusting 

the spray drying conditions. 

4.3 Introduction 

Many studies on the spray drying of milk or similar emulsions have reported an unwanted fat coverage 

on the powder surface, concomitant with detrimental effects on the product characteristics, such as dete-

riorated storage stability (Granelli et al., 1996, Hardas et al., 2000, Keogh et al., 2001b), reduced solu-

bility (Fäldt and Bergenståhl, 1996b, Millqvist-Fureby et al., 2001) and reduced flowability (Kim et al., 

2005a, Nijdam and Langrish, 2006). To explain the segregation process of lipid, protein and lactose in 

the course of spray drying of milk droplets, various concepts have been proposed on the basis of differ-

ent physical properties of these main components. The component segregation process is often per-

ceived to take place simultaneously to the drying process after atomization. Fäldt and Bergenståhl 

(1996a) suggested a movement of milk protein to the air/water interface as a consequence of surface 

activity, an explanation that has been adopted in other studies (Adhikari et al., 2009, Gaiani et al., 2006). 

Meerdink and van’t Riet proposed that material segregation takes place in a drying milk droplet due to 

differences in the component diffusivities (Meerdink, 1994, Meerdink and van't Riet, 1995), which has 

been mentioned in subsequent studies (Chew et al., 2014, Fu et al., 2011a, Kim et al., 2003, Nikolova et 

al., 2015a). In addition, the crust composition of a drying droplet might be influenced by the solubility 

of the dissolved solutes (Charlesworth and Marshall, 1960), the concept of which was later applied on 

dairy systems (Kim et al., 2009b, Wang and Langrish, 2009). It was argued that, once part of the solidi-

fied crust, the precipitated material does not undergo diffusion anymore and thus a lower solubility 

could lead to a higher concentration near the surface. When the fat is in molten state during the drying 
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process because of the exposure to high temperatures, a convection to the surface through a network of 

pores and cracks, driven by capillary forces or overpressure of internal vacuoles, is also a potential rea-

son (Nijdam and Langrish, 2005). Different combinations of these hypotheses are often presented as an 

explanation for fat surface accumulation in spray-dried milk powders, and accordingly the discussion 

has been restricted to the drying stage in most reports. 

However, a small number of studies have discussed the possibility that an atomization induced mecha-

nism might already impact the component distribution ahead of the actual drying process, although the 

conclusions were based on the final product surface while the atomization process itself was not investi-

gated. Fyfe et al. (2011) compared the surface composition of commercial milk particles (skim milk, 

whole milk, milk protein concentrate) with the products of a pilot-scale and a laboratory-scale spray 

dryer. The pilot-scale spray dryer produced skim milk powder with a greater fat overrepresentation at 

the surface compared to the laboratory-scale spray dryer, despite both instruments utilizing the same 

drying air temperature profile and nozzle type. It was speculated whether this result could be explained 

by an impact of the difference in pressure and shear level during atomization on the disintegration pro-

cess of the feed emulsion. Xu et al. (2013) found that the surface fat content decreased with smaller 

emulsion droplet sizes in powders comprising different protein isolates, maltodextrin and sunflower oil 

from a bench-top spray dryer. This was explained by a mechanism of liquid fat leakage and consequent 

spreading of a thin fat film at the particle surface caused by rupture of the fat globule membranes, which 

become less stable with larger sizes (Vignolles et al., 2009b). Since Xu et al. (2013) only analyzed the 

powder properties, their study could not determine whether the supposed rupture occurs due to differen-

tial stress on the membranes as they shrink at constant fat globule volume during drying or due to high 

shear rates imposed on the globules during atomization. Kim et al. (2009b) reported a fat coverage of 

more than 90 % and 18 %, respectively, on the surface of commercial whole milk and skim milk pow-

ders. Significant fat surface overrepresentation was also observed for particles that were dried at very 

high temperatures and consequently under rapid solidification and material immobilization. Thus, it was 

concluded that the fat coverage must have occurred, at least in part, during atomization. A film disinte-

gration mechanism during droplet formation along the oil-water interface of lipid globules was proposed 

as a possible mechanism. In addition, it was hypothesized that the surface becomes further enriched in 

fat during the subsequent drying process because of the relatively low diffusivity of fat globules. It is 

difficult to draw a reliable conclusion about the impact of atomization from the final product powder 

characteristics only. For this reason, Wu et al. (2014) attempted to analyze droplet surface compositions 

directly after atomization with a microfluidic jet nozzle by flash freezing the droplets in LN2. Compari-

son with corresponding spray-dried powders indicated that the atomization step predominantly deter-

mines the final surface composition. The study, however, was limited to skim milk and to only one 

atomization technique that is not used in commercial milk powder manufacturing.  
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The aim of the present study was to extend the approach by Wu et al. (2014) to conduct a systematic 

investigation of the impact of atomization on the surface composition of spray-dried milk powders. A 

microfluidic multi-jet spray dryer was used for the production of monodisperse particles to understand 

the influences of initial droplet size and emulsion fat content. The results were compared with those 

from different atomization techniques more common in an industrial setting. Spray-dried particles and 

flash-frozen droplets were analyzed in terms of surface composition by X-ray photoelectron spectrosco-

py, internal component distribution by confocal laser scanning microscopy, and size and morphology by 

light microscopy and scanning electron microscopy, respectively. 

4.4 Material and Methods 

4.4.1 Feed Preparation 

Two model milk emulsions with different fat contents were used. The first was a mixture of dissolved 

lactose, calcium caseinate and whey protein with a very low fat content of 0.3 % w/w in dry matter to 

form a low-fat model milk (LFMM) emulsion. The other one was a regular-fat model milk (RFMM) 

emulsion that featured a composition typical for both bovine whole milk and commercially sold fat-

filled milk powder. The solid content of the RFMM emulsion amounted to 20 % w/w, and it contained 

40.8 % w/w lactose, 31.1 % w/w fat and 27.0 % w/w protein in d.m. The LFMM emulsion resembled 

the composition of the RFMM excluding the fat, and thus had a solid concentration of 14 % w/w. For 

preparation of the RFMM emulsion, commercial skim milk powder (Coles Supermarkets Australia Pty 

Ltd, Australia) was reconstituted together with sustainably sourced refined Elaeis guineensis palm oil 

fat (Auroma, Australia). For the LFMM emulsion, a mixture of α-lactose monohydrate (Sigma-Aldrich 

Co., USA), calcium caseinate isolate (Nutrients Direct Pty Ltd, Australia) and whey protein isolate 

(Nexius Pty Ltd, Australia) with a caseinate/whey ratio of 4:1 was used instead of commercial skim 

milk powder in order to reduce the fat content as far as possible. Both model systems were prepared 

with deionized water at 45 °C for 1 h, and then were prehomogenized in a high-speed colloid mill 

(WiseMix Homogenizer HG-15D, Daihan Scientific, South Korea) at 1000 rpm, followed by homoge-

nization in a high pressure homogenizer (EmulsiFlex-C5, Avestin, Canada) with three passes at 

1,000 bar and two subsequent passes at 500 bar. After homogenization the droplet size distribution was 

analyzed by dynamic light scattering (Zetasizer Nano ZS, Malvern Instruments Ltd, UK) to consistently 

ensure lipid droplet diameters below 1 μm. Dynamic viscosities were measured at 25 °C with a cone and 

plate rheometer (Haake Mars, Thermo Fisher Scientific, USA).  

Fresh commercial whole milk, which contained 31.1 % w/w fat in d.m. and a solid concentration of 

12.5 % w/w, was purchased locally (Pauls Full Cream Milk, Parmalat Australia Pty Ltd, Australia) for 

comparison with the RFMM emulsion. To investigate the surface composition of skim milk powder 
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spray-dried under conditions comparable with industrial milk powder production, samples were also 

taken from a pilot milk processing site (CSIRO Food and Nutrition, Werribee, Australia). Prior to spray 

drying, raw milk (Tatura Milk Industries Ltd, Australia) was high temperature, short time pasteurized 

and skimmed in a rotary cream separator to obtain 0.86 % w/w fat in d.m. and a solid content of 

9.2 % w/w.  

4.4.2 Atomization and Spray Drying with a Microfluidic Multi-Jet Spray Dryer 

A microfluidic multi-jet spray dryer (MFMJSD), fabricated by Nantong Dong-Concept New Material 

Technology Co Ltd, P.R. China, was used to facilitate monodisperse droplet generation with uniform 

drying history. Depending on the amount of powder required, one to three microfluidic jet nozzles could 

be operated simultaneously. The design was similar to the nozzle used in the work of Wu et al. (2014), 

which has been described in detail elsewhere (Wu et al., 2011). In brief, each nozzle consisted of a glass 

tube with an orifice of 50, 100 or 150 μm in diameter. A piezoelectric ceramic jacket surrounded the 

nozzle tip, as illustrated in Figure  4.1a, and was electrically connected to a wave generator (DG1000, 

Rigol Technologies Inc., United States). It imposed a sinusoidal pulse of adjustable frequency on the 

feed emulsion stream passing through the glass tube and broke it up into individual droplets. The opti-

mum pulse frequency setting was 10 kHz for all feed emulsions, which was found by photographing the 

jet disintegration with a D7000 digital LSR camera, equipped with an AF Micro-Nikkor 60mm f/2.8D 

micro-lens and a SB-300 high speed flash light (Nikon Corp., Japan). A typical image of the droplet 

generation is given in Figure  4.1b. With increasing orifice diameter the feed pressure had to be reduced 

from 110 to 33 and 17 kPa, respectively, to allow for uniform droplet generation. The nozzles could 

either be operated detached from the MFMJSD instrument for cryogenic flash freezing of the generated 

droplets, or positioned onto the drying tower for spray drying. Experiments were conducted with fresh 

whole milk, RFMM and LFMM emulsions. 

A schematic diagram of the MFMJSD is presented in Figure  4.1c. Three individual tubes transferred the 

feed from 1.5 l steel reservoirs to each nozzle by pneumatic pressure. The nozzles were placed in water-

cooled holders, and air streams coming from holes in the nozzle holders dispersed the droplet jets. The 

droplets then passed through a double-walled stainless steel drying chamber with embedded ceramic 

fiber insulation of 3.2 m in height and 0.6 m in diameter. The concurrent drying air flow was generated 

by a ring blower (W2PB-410-H06, XDS, P.R. China) and heated with a 3300 W electrical element, 

before being evenly dispensed into the tower through two perforated metal sheets. The temperature of 

the entering air was controlled with a thermocouple, and four thermocouples were inserted into the dry-

ing chamber to monitor the temperature gradient along the tower. The data was read out via a Picolog 

USB TC-08 data logger (Pico Technology, United Kingdom) and recorded with a desktop computer. 

Spray drying was performed at drying air temperatures of 190 °C at the tower top (‘T1’ in Figure  4.1c), 

87 °C at the tower bottom (‘T4’), and 132 °C and 102 °C in between (‘T2’ and ‘T3’, respectively). 
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Figure 4.1: The microfluidic multi-jet spray dryer: (a) Schematic of a microfluidic jet nozzle; (b) typical 

photograph of monodisperse RFMM droplets (20 % w/w solids) generated with a microfluidic jet noz-

zle; and (c) schematic of the MFMJSD instrument. 

 

(a) (b) 

(c) 
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4.4.3 Spray Drying with Rotary Pilot-Scale Spray Dryer and Atomization with 

Pressure-Swirl Nozzle 

The freshly prepared skim milk was spray-dried at CSIRO with a pilot-scale spray dryer (Niro, GEA 

Group AG, Germany), which was equipped with a rotary disc atomizer and had a water evaporation 

capacity of 15-18 l/h. The feed was preheated to 75 °C, the inlet air temperature was 185 °C and the 

outlet air temperature was 80 °C. The instrument did not contain an integrated bed, and samples were 

collected for 1 min at 30 °C.  

Furthermore, RFMM and LFMM droplets were flash-frozen subsequent to atomization in pressure-swirl 

single-fluid spray nozzles (MT Brass Series, AmFog Nozzle Technologies Inc, USA). Two nozzles with 

different orifices of 0.2 or 0.3 mm in diameter were tested at feed pressures of 450 and 600 kPa. 

4.4.4 Cryogenic Flash Freezing and Subsequent Freeze Drying 

To investigate the droplets directly after atomization, a modified methodology from Rogers et al. (2008) 

was applied. Droplets were collected in liquid nitrogen at a distance of 10 cm (if not stated otherwise) 

from the nozzle, which was operated outside of the spray dryer. The droplet jet required 0.03 ± 0.01 s to 

travel this distance, as calculated based on the mass flow rate measured by jet collection on a balance 

and on the approximate jet diameter read out from scaled camera images. The flash-frozen droplets were 

subsequently kept frozen by storage in dry ice and freeze-dried in a FreeZone 2.5 l benchtop freeze dry 

system (Labconco Corp., USA) at -80 °C and 0.1 mbar for 48 h. 

4.4.5 Confocal Laser Scanning Microscopy 

Selected RFMM samples were prepared for CLSM investigation by dual labelling with fluorescent dyes 

prior to mixing and further processing based on a procedure reported by Taneja et al. (2013). The aque-

ous solution of already dissolved protein and the molten fat were stained with 0.01 % w/w hydrophilic 

Fast Green FCF and 0.02 % w/w hydrophobic Nile Red (Sigma Aldrich Co., USA), respectively. After 

mixing and processing to powder as described above, the labelled powder samples were prepared on a 

microscope slide with DPX mounting medium (Sigma Aldrich Co., USA) and investigated by CLSM 

with a Nikon A1+ confocal microscope system (Nikon Corp., Japan). The Fast Green FCF and the Nile 

Red stains were sequentially excited with a 487 nm argon laser light and a 637 nm helium-neon laser 

light, respectively. Images were taken with a 60x/1.4 oil immersion objective at a resolution of 

512×512 pixels.  
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4.4.6 Spectroscopic Surface Composition Analysis 

Powder surface compositions were determined by XPS using an AXIS Ultra DLD spectrometer (Kratos 

Analytical Inc., UK) with a monochromated Al Kα source, a hemispherical analyzer operating in the 

fixed analyzer transmission mode and the standard aperture (analysis area: 0.3 mm × 0.7 mm). The total 

pressure in the main vacuum chamber during analysis was typically 10-8 mbar. Samples were filled into 

shallow wells of custom-built sample holders. One lot of each sample was prepared and two different 

locations were analyzed on each sample at a nominal photoelectron emission angle of 0º with respect to 

the surface normal. Since the actual emission angle is ill-defined in the case of particles (ranging from 

0º to 90º), the sampling depth may have ranged from 0 nm to approximately 10 nm. All elements pre-

sent were identified from survey spectra. The relative atomic concentrations of the detected elements 

were calculated using integral peak intensities and the sensitivity factors supplied by the manufacturer. 

The concentrations in lactose, protein and fat can be assumed to be linear combinations of the atomic 

surface composition (Fäldt et al., 1993). The surface concentration in each component, expressed in 

percentage by volume, was hence estimated by linearization based on representative structural formulas 

for milk protein, lactose and fat as described elsewhere (Chew et al., 2014). 

4.4.7 Particle Morphology and Size Distribution Measurement 

A field-emission scanning electron microscope (FEI Nova NanoSEM 450 FE-SEM, FEI Corp., USA), 

operated with a 5 kV electron beam, was employed to study the morphology of spray and freeze-dried 

powder. Additionally, to study the inner particle structure based on a modified procedure of Rosenberg 

et al. (1985), powders were suspended in a resin and then cut with a Reichert Ultracut S ultramicrotome 

(Leica Microsystems, Austria) equipped with a Cryotrim 45 knife (DiATOME, USA). A cold-setting 

resin (Epofix, Electron Microscopy Sciences, USA), which was cured at room temperature overnight, 

was used to avoid heat damage to the particles. Both the microtomed and the free powder samples were 

coated with a 4 nm thick Iridium layer to prevent electrical charging. 

Information about particle size distributions was acquired by images taken of the powder samples with a 

light microscope (B1-211A, Motic, P.R. China) through a 4x objective. By means of ImageJ 1.48 (Na-

tional Institutes of Health, USA) the projected surface areas were measured of 50 particles for each 

sample obtained with the microfluidic nozzles and of more than 100 particles for all other samples. The 

equivalent diameters were calculated from the projected surface areas. 
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4.5 Results and Discussion 

4.5.1 Morphology and Size of Particles Atomized and Spray-Dried in the 

Microfluidic Multi-Jet Spray Dryer 

 

Figure 4.2: SEM images of RFMM particles obtained from three MFMJSD nozzles (100 μm):(a), (b)

spray-dried particles; (c) cross-section of such a particle after embedding in resin and microtomic slic-

ing through its middle; and (d) particle that had been flash-frozen after atomization and then freeze-

dried. 

To better understand the surface formation mechanism during spray drying, the MFMJSD instrument 

was used to produce monodisperse particles of identical drying histories (Fu et al., 2011c, Rogers et al., 

2012). Each spray-dried and freeze-dried powder produced with the microfluidic jet nozzles featured a 

very narrow size distribution with small standard deviations (refer to Figure  4.8 in Appendix 3.A). Ex-

emplary SEM images are shown in Figure  4.2. The uniformity allowed direct correlations of the impact 

of different emulsion compositions and orifice sizes on the particle surface composition, which are dif-
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ficult to derive from powders produced by conventional spray drying techniques with their wider size 

and morphology distributions (Masters, 1991). Furthermore, since the atomized droplets were ultra-

rapidly flash-frozen at -196 °C and the succeeding freeze drying occurred at a very low drying rate, 

migration of the solid components and structural changes subsequent to the collection in liquid nitrogen 

were prevented (Ishwarya et al., 2014). The spray-dried particles had a non-porous crust and were in-

wardly buckled in shape. This can be explained by an initial inflation due to air expansion in particles of 

nearly dry condition which is then followed by deflation and shriveling in colder dryer regions (Kim et 

al., 2009b) or by compressive stress on the particle crust attributable to capillary forces and rapid mois-

ture removal (Rogers et al., 2012, Tsapis et al., 2005). Figure  4.2c displays a typical cross-sectional 

image of a spray-dried particle that had been embedded and microtomed, containing some hollow areas 

and internal porosities. The freeze-dried particles were spherical, since they were flash-frozen as freshly 

generated droplets, and were traversed by porous structures as a result of water sublimation during 

freeze drying (Figure  4.2d). 

As can be seen in Appendix 3.A (Figure  4.8), for the microfluidic jet nozzles of 50, 100 and 150 μm in 

orifice diameter, there was an almost linear relationship between size of the orifice and the resulting 

LFMM droplets; a three times bigger orifice diameter lead to a 2.8-fold increase in droplet size. For the 

same microfluidic jet nozzle size of 100 μm, the LFMM droplets were appreciably larger than the 

RFMM droplets (diameter of 135.8 and 115.6 μm, respectively). The feed pressure and piezoelectric 

pulse frequency were identical, and thus the size difference most likely originated from a change in 

disintegration behavior of the emulsions as a result of their different viscosities or fat contents. Due to 

its additional fat content, the viscosity of the RFMM emulsion (2.9 mPa·s at a shear rate of 200 s
-1

) was 

greater than the one of the LFMM emulsion (2.4 mPa·s). Typically, a higher viscosity results in a de-

layed disintegration of the jet during atomization, as the Reynolds number is reduced and the jet stabil-

ity is increased. Thus, an increased viscosity is to be expected to favor the formation of larger droplets 

(Lefebvre, 1989). Here, however, a converse trend was observed. It was consequently concluded that 

the presence of more fat reduced the intrinsic stability of the RFMM emulsion jet upon atomization.  

The emulsion might have been less stable against disintegration along the oil-water interfaces formed by 

the lipid globules. With a higher number of fat globules, the emulsions became virtually ‘perforated’ by 

these areas of lower cohesion, where the emulsion could disintegrate into droplets more easily. Such a 

perforation mechanism was also discussed in a study by Dombrowski and Fraser (1954), in which fan-

shaped flat sheets consisting of either pure water or a soluble oil-water emulsion were generated with a 

single-hole fan-spray nozzle and the film disintegration was observed by a rapid light flash photographic 

technique. In the presence of oil the films broke significantly closer to the nozzle. Zakarlan and King 

(1982) investigated similarly shaped flat sheets of an aqueous sucrose solution with a dispersed phase of 

peanut oil, and found that the point of disintegration was particularly sensitive to the fat content in a 

range of 0 to 0.1 % w/w fat. Though the atomization technique and emulsion types were different to the 
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present study, it seems likely that a comparable perforation mechanism was induced in the RFMM 

emulsion (lipid level of 6.2 % w/w), and also, at a less pronounced extent, in the LFMM emulsion (lipid 

level of 0.04 % w/w). 

4.5.2 Impact of Microfluidic Jet Atomization on Particle Surface Composition 

and Influence of Feed Composition  
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Figure 4.3: Estimated XPS particle surface composition for a MFMJSD with a 100 μmorificenozzle

under variation of the feed emulsions: (a) fresh whole milk, (b) RFMM, and (c) LFMM: Surface compo-

sition of particles that were spray-dried and of droplets that were flash-frozen directly after atomization 

and subsequently freeze-dried, in comparison to the dry matter feed compositions. 

Standard deviations of the relative atomic concentrations directly obtained from XPS hardly varied with 

an average deviation of 1.8 % in the main elements (nitrogen, oxygen, carbon). From this, the compo-

nent concentrations were estimated from a linearization approach as described in Section  4.4.6 and these 

values should hence be treated as semi-quantitative only. The RFMM emulsion proved to be a suitable 

model system for fresh whole milk in terms of surface formation behavior during spray drying, as 

shown in Figure  4.3a,b for the MFMJSD instrument equipped with a 100 μm nozzle. According to their 

similar dry matter feed compositions, the droplet and particle surface compositions of the RFMM and 

fresh whole milk were in good agreement as analyzed by XPS. Most notably it was found that the atom-

ized droplets’ surfaces were already covered almost completely by fat. The surface fat contents of the 

atomized droplets was approximately double that of the dry matter feed fat content, occupying between 

approximately 83 % and 92 % of the surface. Protein was underrepresented on the droplet surface with 

occupying only half as much volume as may be expected based on the feed compositions. The results 

agree with the decline in droplet size with increasing fat content, and further support the hypothesis that 

the presence of fat globules caused a perforation of the emulsion that resulted in easier jet disintegration 

along the oil-water interfaces during atomization. As the jet preferably broke up along the fat globules, 

the fat globules were immediately at the surface as soon as individual droplets had been formed. 

The component segregation observed in the flash-frozen particles was a direct result from the atomiza-

tion step, and was not formed in the time after leaving the nozzle and before entering the liquid nitrogen. 
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No substantial difference in surface composition was observed for a considerably longer travelling time 

when the distance between nozzle and liquid nitrogen was increased to 60 cm (Figure  4.3a). Moreover, 

water evaporation from the droplets, which could have induced a component segregation caused by 

different diffusivities, was negligible as the temperature between the nozzle and the collection tank was 

15 °C. In addition, the droplet residence time of less than 0.05 s between nozzle and liquid nitrogen 

prevented any appreciable component diffusion to or from the surface driven by, for instance, surface 

activity or concentration gradients formed during atomization. The diffusion time scales over a diffusion 

length of 10 μm were estimated to be of 18 and 71 seconds, respectively, for fat globules and protein at 

15 °C (refer to Table  4.1 in Appendix 3.B). 

Whereas the atomization stage considerably influenced the particle surface composition, no significant 

impact of the subsequent drying process on the chemical surface composition was observed for regular 

fat contents (changes smaller than 6 % v/v for every component as shown in Figure  4.3a,b). There was 

only a minor increase in fat on the RFMM particles. Lactose comprised very small proportions on the 

surfaces of both the atomized droplets and the spray-dried powders. This demonstrated that the atomiza-

tion step primarily determined the final surface composition of whole milk powder obtained with a 

MFMJSD, being responsible for a high fat overrepresentation, and thus strongly influenced the func-

tional product properties. The observation of a pronounced fat accumulation on the droplet surface dur-

ing atomization in microfluidic jet nozzles was consistent with the study on the atomization of skim 

milk conducted by Wu et al. (2014), where a feed of 33 % w/w solid content containing 35 % protein 

and 0.7 % fat in d.m. resulted in 40 % protein and 29 % fat on the surface of the atomized droplets. 

However, Wu et al. (2014) observed a significant change in surface composition during the following 

drying step with an increase in protein to 52 % and in fat to 38 %. This was in contrast to the here inves-

tigated whole milk and RFMM. In the drying whole milk and RFMM droplets, the dense surface fat 

layer presumably concealed any underlying component segregation. This was confirmed by spectro-

scopic analysis of the surface of atomized and spray-dried particles from the LFMM feed (Figure  4.3c). 

Again, an overrepresentation of surface fat in relation to the dry matter feed concentration was formed 

during atomization. Yet, due to the low feed fat content, this time the fat did not dominate the surface 

region analyzed by XPS with a surface proportion of approximately 13 %. This allowed the observation 

of a small overrepresentation of protein that already emerged during atomization. In course of the fol-

lowing drying stage, a pronounced rise in protein surface coverage from approximately 51 % to 74 % 

was found. 

4.5.3 Development of Component Distribution and Impact of Orifice Size in 

Microfluidic Multi-Jet Spray Drying 

To understand the mechanism that governed the protein migration to the surface during the drying stage 

of the microfluidic spray drying process, the influence of the droplet drying time was studied by using 
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nozzles with a smaller and a larger orifice size (Figure  4.4). The protein surface content rose only slight-

ly from 57 % after atomization to 65 % after spray drying for a 50 μm orifice. For a 150 μm orifice, the 

increase in protein was about double as high from 57 to 77 %. The initial droplet diameters generated 

with the 50 μm and 150 μm nozzles were 81.5 and 199.5 μm, respectively. The larger the droplets, the 

longer was the drying time as the drying air temperature profile was kept constant. The drying time 

 

 

Figure 4.4: Estimated XPS surface composition of LFMM under variation of the MFMJSD nozzle ori-

fice diameter, (a) 50 μmand(b)150 μm:Surfacecompositionofparticlesthatwerespray-dried and of 

droplets that were flash-frozen directly after atomization and subsequently freeze-dried, in comparison 

to the dry matter feed composition. 
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dependency of the extent of protein enrichment near the surface suggested that diffusion controlled the 

protein migration to the surface. At elevated droplet temperature, 100 °C for instance, such a segrega-

tion mechanism seems to be possible, given that the diffusion time scales of the fat globules, casein 

micelles, calcium caseinate molecules and lactose lied within the droplets’ residence time inside the 

spray dryer (refer to Table  4.1 in Appendix 3.B). Firstly, the protein diffusion to the surface is believed 

to be mainly driven by the surface activity of milk protein. At a diffusion-controlled rate the proteins 

travelled to the droplet surface, where they were adsorbed at the air/water interface (Graham and 

Phillips, 1979). Secondly, the surface accumulation of protein might have been enhanced by a slower 

diffusivity than the one of lactose. As water evaporates from the surface, the radial water gradient from 

the particle center to the surface was accompanied by component concentration gradients in opposite 

direction, causing the components to diffuse towards the center. There was a distinct difference in diffu-

sivities (Table  4.1 in Appendix 3.B), and hence the surface might have become enriched in the larger, 

slower diffusing species. As the diffusivity of lactose is one to two magnitudes greater than the one of 

protein, at the surface the protein concentration would increase with a simultaneous reduction of lactose. 

The fat globule diffusivity is approximately three orders of magnitude lower than the one of lactose, but 

there was no significant increase in fat surface content from atomized droplet to spray-dried product. A 

simple mass balance showed that this was because the surface region with 10-15 % v/v fat and a depth 

of 10 nm (i.e. the penetration depth of the XPS measurements) already comprised approximately the 

entire fat contained in a LFMM droplet. 

The XPS results were compared with the confocal laser scanning microscopy results, which allowed a 

qualitative insight into the internal component distribution. RFMM particles with labelled protein and 

lipid were investigated after atomization and after completed spray drying, and typical result images are 

presented in Figure  4.5. Illustrating the CLSM response intensities of labelled protein and fat in form of 

individual graphs as obtained from sequential excitation at 487 and 637 nm enabled a discussion of the 

individual protein and fat distributions. The pixel brightness represented a qualitative measure of the 

local concentration in each component. In the atomized droplets, a thin layer of fat was formed all 

around the surface and also underneath this layer the fat content was higher than in the droplet center, 

whereas the protein was homogeneously distributed throughout the whole droplets (Figure  4.5a,c). This 

agrees with the XPS observation of an atomization induced fat coverage on the droplet surfaces. The 

surface fat layer comprised small amounts of protein, which might have been entrapped inside the fat as 

it had been part of the membranes that surround the fat globules in the homogenized feed emulsions. 

Thus, the XPS analysis detected less than 100 % surface fat. During the spray drying stage, the fat gra-

dient was further increased with almost all the fat being eventually accumulated near the surface area 

(Figure  4.5d), which can be ascribed to the hydrophobicity and low diffusivity of the fat globules. The 

CLSM images indicated that the initial fat layer thickness already exceeded the penetration depth of the 

XPS analysis. Therefore, the surface fat content as measured by XPS did not increase appreciably from  
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Figure 4.5: CLSM images of protein and fat distribution in RFMM particles: Particles were (a,c) flash-

frozen directly after atomization and subsequently freeze-dried (cross-section through middle of parti-

cles); and (b,d,e) spray-dried (two cross-sections through three-dimensional image stacks as indicated 

by the dotted lines). (a)-(d) Split channels: the greater the pixel brightness, the higher the local concen-

tration in Nile Red (fat dye) and Fast Green FCF (protein dye), respectively. (e) Merged channels: Nile 

Red (fat dye) depicted in red and Fast Green FCF (protein dye) in green. 
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atomized droplets to spray-dried particles. Also a clear gradient in protein from high concentration close 

to the surface to very low levels in the particle center was developed during the drying stage 

(Figure  4.5b), concordant with the XPS measurements. Due to its high diffusivity, lactose dominated in 

regions far away from the surface inside the spray-dried particles (dark areas). The strong underrepre-

sentation of lactose in surface-near regions, as observed by XPS and CLSM for both model emulsions, 

presumably had a detrimental impact on the powder’s rehydration behavior, since lactose promotes the 

solubility in high-protein powders (Anema et al., 2006, Baldwin and Truong, 2007). In contrast, the 

surface fat film reduces the solubility rate of the particles as the wettability is lowered. Recent studies 

have shown that also a dominant amount of native casein, as present in milk protein concentrate and 

phosphocaseinate powders, negatively affects the rehydration behavior of aggregated powders in aque-

ous medium (Gaiani et al., 2007, Mimouni et al., 2010). These powders have been described to feature 

decelerated water penetration (Schuck et al., 2007) and poor dispersibility (Crowley et al., 2016, Havea, 

2006) due to a network of interconnected casein micelles. 

While the development of radial concentration gradients in both fat and protein can be seen in the split 

channel images, these images did not reveal which component is in fact dominating at the surface. For 

this purpose, the response channels of spray-dried RFMM particles were merged together with protein 

and fat being depicted in green and red, respectively (Figure  4.5e). Additionally, Video 1
2
 provides an 

animation of the cross-section stack in 1 μm depth steps from the top to about the middle of the parti-

cles. It can be seen that fat dominated at the outermost particle surface, as a thin film of fat had been 

formed around the particles. This corresponds well with the XPS analysis. The existence of a fat film 

rather than individual lipid islands on the atomized droplets indicated that the fat globules were ruptured 

during the atomization process, which caused a homogeneous spreading of fat over the particles. Maxi-

mal protein concentrations did not typically occur within the first few nanometers of the surface, but 

immediately underneath that fat film. For the RFMM and fresh whole milk emulsions, the XPS meas-

urements only captured the fat surface layer and thus no increase in protein throughout the drying stage 

was detected. Because there was only a very thin fat layer (smaller than the XPS penetration depth of 

10 nm) in case of the LFMM feed, the adjacent increase in protein was captured by the XPS measure-

ments.  

4.5.4 Impact of Conventional Atomization Techniques on Surface Composition 

The microfluidic jet nozzles did not represent a droplet generation technique that is typical for commer-

cial milk powder manufacturing. The jet was disintegrated by normal stress imposed via sinusoidal pul-

sation in the microfluidic jet nozzle type, as opposed to industrial-scale spray drying where shear stress 

significantly contributes to the dispersion of the emulsion films. Employing a spray dryer with a rotary 

disk atomizer, it was confirmed that a very high surface overrepresentation of fat is also formed under 

spray drying conditions comparable to industrial milk powder production (Figure  4.6). As the spray 

2
 Video 1: CLSM stack animation of protein and fat distribution from the top to about the middle of RFMM particles in 1 μm 

steps. Available online as supplementary data: dx.doi.org.ezproxy.lib.monash.edu.au/10.1016/j.colsurfb.2016.01.012 
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dryer did not include any integrated fluidized beds or other powder post-processing steps, the particle 

surface formation can be attributed to the actual spray drying process, and thus most likely occurred 

during the atomization stage. 

 

Figure 4.6: Estimated XPS particle surface composition of skim milk powder from a pilot-scale single-

stage spray dryer with rotary disk atomizer, in comparison to the dry matter feed composition. 

To study a third atomization technique, RFMM and LFMM droplets were generated with a pressure-

swirl single-fluid spray nozzle and afterwards were flash-frozen and freeze-dried for XPS analysis 

(Figure  4.7). The particle surface compositions were similar to the ones obtained from microfluidic jet 

atomization. The RFMM particle surface consisted of approximately 9 % v/v protein and 92 % v/v fat, 

and the LFMM particle surface was composed of approximately 63 % v/v protein and 5 % v/v fat. It can 

thus be concluded that atomization induced component segregation and fat surface coverage take place 

over a range of different atomization techniques.  

In contrast to the droplets and particles obtained from microfluidic jet atomization, the skim milk pow-

der produced with the pilot-scale rotary spray dryer had a wide size distribution of 26.3 ± 13.5 μm in 

diameter, and the RFMM and LFMM droplets that were atomized with the pressure-swirl nozzle also 

had a wide size distribution of 24.3 ± 12.2 μm in diameter (results not shown here). The investigated 

emulsion fat contents and orifice sizes did not have an impact on the mean droplet size generated with 

the pressure-swirl nozzle. Accordingly, the mean droplet drying time was similar and the droplet surface 

composition was independent from these two parameters, as depicted by the standard deviations in Fig-

ure  4.7. This agrees with the results of Fyfe et al. (2011), where the difference in surface composition 

between milk powders spray-dried in pilot and lab scale was found to be less than approximately 7 % 

and 2 % in any of the three main components for skim milk powder and whole milk powder, respective-
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ly, despite some differences in nozzle configuration and atomization pressure. Their observation of a 

discrepancy in comparison with commercial milk powder might be due to the post-processing steps 

following spray drying in industrial settings, such as fluidized beds, or the application of additives. 

 

 

Figure 4.7: Estimated XPS surface composition of droplets atomized with a pressure-swirl single-fluid 

spray nozzle in comparison with the dry matter feed compositions: (a) LFMM emulsion; and (b) RFMM 

emulsion. The standard deviations for different spray drying conditions with a feed pressure of 450 or 

600 kPa and a nozzle orifice diameter of 0.2 or 0.3 mm are shown. The droplets were flash-frozen di-

rectly after atomization and subsequently freeze-dried prior to analysis. 
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For the range of atomization techniques investigated, atomization induced fat accumulation on spray-

dried model milk powders with different fat contents occurred whatever atomization technique was 

used. Though protein enriched towards the surface region during the drying stage, a fat film always 

remained at the outmost surface. Therefore, an efficient lipid encapsulation in a shell consisting of pro-

tein by adjusting the spray drying conditions seems not to be achievable. Future work is hence needed to 

investigate whether the perforation mechanism during atomization can be prevented by a specific feed 

pre-treatment. Furthermore, a numerical multi-component simulation of drying milk droplets can help 

predicting the final chemical powder surface composition. In such models, the considerable influence of 

atomization on the material distribution prior to the actual drying step must be taken into account in the 

form of initial concentration conditions. 

4.6 Conclusions 

In the present study, a systematic investigation of the impact of atomization on the surface composition 

of spray-dried model milk powder was conducted on monodisperse particles using a microfluidic multi-

jet spray dryer. It was additionally demonstrated that the observed processes also occur in atomization 

techniques typically used on industrial scale. Cryogenic flash freezing of the droplets allowed the im-

pact of the atomization stage to be distinguished from the drying stage. For the range of emulsions and 

spray drying techniques investigated, the findings indicate that the component segregation and surface 

predominance of fat in spray-dried milk powder should not be attributed to the drying stage, but were 

already formed during atomization. For emulsion fat contents of 0.5 and 44.2 % v/v in d.m., surface fat 

coverages of 9-13 and 83-92 % v/v, respectively, were detected on the atomized droplets. Because the 

droplet surfaces were immediately covered by fat after atomization and the droplet size became smaller 

with higher fat content, it was concluded that a perforation along the oil-water interfaces formed by the 

fat globules made the emulsions less stable against disintegration with increasing lipid content. Howev-

er, further studies on the complex relation between the fat content in the presence of milk protein, the 

emulsion viscosity and the jet stability against disintegration upon atomization need to be conducted. In 

the following drying stage, the fat film remained on the surface and additional fat enriched near the sur-

face due to its hydrophobicity and low diffusivity. Also protein migrated from the droplet center to-

wards the surface, but accumulated underneath the fat layer and did not penetrate it. Because the protein 

migration was more distinct for larger droplet sizes and at accordingly longer drying times, it was pre-

sumably driven by the protein’s surface activity and differences in the component’s diffusivities. Be-

yond milk systems, the presented approach could be applied on other emulsions to investigate whether 

atomization also induces wanted or unwanted component segregation in other food or pharmaceutical 

spray drying applications. 
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4.7 Appendix  

4.7.1 Appendix 3.A: Droplet Diameters and Shrinkage in the MFMJSD 

In Figure  4.8, the mean particle diameters of powders produced in the MFMJSD with microfluidic jet 

nozzles of different orifice size and for high and low-fat content are presented together with the corre-

sponding initial droplet diameters immediately after atomization.  

 

Figure 4.8: Mean diameter and standard deviation of atomized droplets and the corresponding spray-

dried particles from the MFMJSD: The microfluidic jet nozzles had orifice diameters of 50, 100 and 

150 μm.Theatomizeddropletswereflash-frozen directly after atomization and then freeze-dried. For 

comparison, the theoretical diameters of dried particles under the assumption of perfect shrinkage are 

given for each atomized droplet diameter (bold lines). 

Both the spray-dried particles and the initial droplets had each small standard deviation in size. For the 

freeze-dried particles, the equivalent diameter calculated from the projection surface areas in the light 

microscope images reflected their actual volume due to their spherical shape. Because of the buckled 

shape of the spray-dried particles, however, their calculated equivalent diameter overestimated the actu-

al particle volume to some degree. A relative comparison between the sizes and shrinkage ratios of the 

different powders was still possible, nevertheless. The size and shape of the atomized particles could be 

assumed to be unaffected by the freeze drying step, which gives an accurate knowledge of the initial 

droplet size. This was useful for discussing the shrinkage behavior and the influence of drying time and 



The Impact of Atomization on the Surface Composition of Spray-Dried Milk Droplets      52 

 
     

 

rate on the resulting particle surface composition (Kim et al., 2009b, Pısecký, 1997). In previous studies, 

the initial droplet size could only be roughly deduced from the final particle size under assumption of a 

certain shrinkage model (Van Mil et al., 1987). For comparison, the hypothetical product diameters for 

perfect shrinkage behavior are included in Figure  4.8, which shows that shrinkage was less pronounced 

for smaller droplets. The measured equivalent diameters of the spray-dried low-fat particles were 28, 48 

and 56 % bigger than the corresponding values in case of perfect shrinkage for a 150, 100 and 50 μm 

orifice, respectively, and 48 % bigger for RFMM and a 100 μm orifice. Because the temperature profile 

of the drying air was kept identical for all spray drying runs, the smaller droplets reached a dried condi-

tion earlier and thus the air enclosed in the particles presumably experienced higher temperatures for the 

remaining time that the particles spent in the dryer, leading to greater inflation of the internal structures. 

4.7.2 Appendix 3.B: Diffusivities of Fat Globules, Protein and Lactose 

The diffusion time scales over a diffusion length 𝑥 of 10 μm were estimated by means of binary diffu-

sion coefficients obtained from Stokes-Einstein’s equation (Einstein, 1905): 

𝐷𝑖 =
𝑘𝐵𝑇

6 𝜋 𝜇 𝑅𝑖  
 ( 4.1) 

𝜏𝑖 =
𝑥2

𝐷𝑖
 ( 4.2) 

where 𝐷𝑖 was the binary diffusion coefficient [m
2
/s] of component i, 𝐾𝐵 the Boltzmann’s constant 

[1.381·10
−23

 J/K], 𝑅𝑖 the component radius [m], T the temperature [K], μ the dynamic viscosity of water 

[Pa·s], and 𝜏𝑖 the diffusion time [s].  

The resulting approximation of the components’ diffusivities and diffusion time scales are presented in 

Table  4.1. The values were calculated for 15 °C (temperature in the space between nozzle and liquid 

nitrogen in the atomization studies) and for 100 °C (estimate for mean particle temperature in spray 

dryer). The values only give a qualitative impression of the difference in diffusion speed between the 

three main milk components. The absolute values should be treated with caution considering the limita-

tions of Stoke-Einstein’s equation, such as an assumption of infinite dilution. 
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Table 4.1: Estimation of binary diffusion coefficients and diffusion time scales for 10 μm diffusion

length in water at infinite dilution: Values are based on the approximate radius of casein micelles, cal-

cium caseinate and fat globules as measured by dynamic light scattering and the mean radius of lactose 

in milk according to (Bylund, 2003). 

 

Mean radius [nm] Diffusivity [m
2
/s] Diffusion time scale [s] 

  

at 15 °C at 100 °C at 15 °C at 100 °C 

Fat globules 300 7.0 · 10
-13

 4.6 · 10
-12

 71 11 

Protein micelle/caseinate 75 2.1 · 10
-12

 2.7 · 10
-11

 18 3 

Lactose 0.5 4.2 · 10
-10

 2.7 · 10
-9

 0.1 0.02 
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5 Reduction of Surface Fat Formation 

on Spray-Dried Milk Powders 

through Emulsion Stabilization 

5.1 Preface 

In Chapter 4, and also in Chapter 6 for single droplet drying, it was learnt that the fat surface formation 

in drying milk particles should be ascribed to the atomization step for the range of atomization tech-

niques and model emulsions investigated. It was hence concluded that the surface fat layer on spray-

dried milk powder cannot be significantly reduced by adjusting the spray drying conditions or changing 

the atomization technique. In industry, the unfavorable powder properties that go along with surface fat 

are typically reduced be an additional coating step subsequent to spray drying. In the following study, it 

was explored if this processing step can be made obsolete by strengthening the network of RFMM 

emulsions prior to spray drying in order to reduce the fat globule size and the occurrence of the pro-

posed perforation mechanism for a reduction of the surface fat. The outcomes of the previous chapter 

indicated that fat was present at the droplet surface immediately after atomization because the emulsions 

preferably disintegrated along the oil/water-interface of the fat globules. Therefore, this hypothesis was 

to be tested and a rheological analysis was conducted in the following study to obtain a better under-

standing of the milk model emulsions’ disintegration behavior and how it was influenced by the pres-

ence of a dispersed fat phase. 

The following work will be published by Elsevier B.V.: 

Foerster, M., Liu, C., Gengenbach, T., Woo, M.W., Selomulya, C., Reduction of surface fat formation on 

spray-dried milk powders through emulsion stabilizationwithλ-carrageenan, Food Hydrocolloids, ac-

cepted for publication on 4 April 2017 

5.2 Abstract 

The appearance of surface fat during the atomization process in spray drying of milk particles often 

impairs the functional powder properties. To investigate a possible approach that could minimize the 

surface fat formation, the interaction between a whole milk model emulsion and λ-carrageenan at vari-

ous concentrations was studied, as well as how it influences the atomization behavior and the resulting 

particle characteristics. Carrageenan can stabilize emulsions in the presence of milk protein by adsorp-
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tion on the milk fat globule membranes. If too little or too much of the polysaccharide was added, bridg-

ing flocculation or depletion flocculation, respectively, occurred inside the emulsions. The best stability 

and minimal fat globule size were obtained for a carrageenan content of 0.3 % w/w. Rheological inves-

tigation indicated that the extensional viscosity can be an important factor influencing the emulsion 

disintegration behavior during atomization. The λ-carrageenan stabilized emulsions featured a signifi-

cantly increased extensional viscosity and a better fat encapsulation in the corresponding spray-dried 

particles, promoting solubility and oxidative stability. Surface fat extraction showed that the most stable 

emulsion lead to particles with the least amount of surface fat. Though the surface of these particles was 

still covered by fat according to spectroscopic analysis, this surface fat layer was very thin in compari-

son to carrageenan-free powder as observed by confocal microscopy. Yet, the addition of carrageenan 

was also found to have one adverse effect on the intended powder properties, as the strengthened emul-

sion network translated into denser particles and thus into a deterioration of the powder’s reconstitution 

behavior. 

5.3 Introduction 

Whole milk, skim milk and infant formula emulsions are spray-dried to powder form at large industrial 

scale in order to accomplish better preservation, reduced bulk volume for economy of transportation and 

easier processing as food ingredients. However, during spray drying usually an unwanted layer of fat 

occurs on the particles’ surface and this leads to detrimental effects on the powder properties, including 

reduced solubility in water (Fäldt and Bergenståhl, 1996b, Millqvist-Fureby et al., 2001), faster expira-

tion due to lipid oxidation (Granelli et al., 1996, Hardas et al., 2000, Keogh et al., 2001a) and greater 

stickiness (Kim et al., 2005a, Nijdam and Langrish, 2006). This can mean a deteriorated product quality 

for the end user and a reduction in efficiency during manufacturing due to significant product loss and 

the necessity of additional processing steps, such as lecithination. For this reason, it is important to iden-

tify the driving forces that cause the formation of surface fat during spray drying of milk powder. A few 

studies previously speculated that the actual drying stage of the spray drying process might not be pri-

marily responsible, but rather an atomization induced mechanism would already determine the eventual 

chemical surface composition (Fyfe et al., 2011, Kim et al., 2009b, Xu et al., 2013). The hypothesis was 

supported by recent studies differentiating the impact of the atomization stage from the drying stage 

(compare to Chapter 4 and Wu et al. (2014)). By comparing the surface composition of the spray-dried 

particles with the atomized droplets, which were cryogenically flash-frozen immediately after leaving 

the nozzle, it was learnt that the freshly generated droplets were already covered by a fat film and that 

this surface fat coverage remained relatively unchanged throughout the following drying process. It was 

concluded that the surface fat content is hence not significantly reducible by modifying the spray drying 

conditions. Also, for the range of atomization nozzles investigated, the atomization triggered fat accu-
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mulation on the droplet surfaces was independent of the atomization technique. Instead, a promising 

way to reduce the amount of surface fat seems to modify the emulsion prior to spray drying in order to 

moderate the segregation between the lipid and the aqueous phase during atomization. Further, it is cru-

cial to understand the actual mechanism that causes the emulsions to disintegrate in a way that results in 

the fat being present at the surface as soon as individual droplets are formed. 

Therefore, the objectives of the present study were, firstly, to contribute towards a better insight into this 

mechanism and, secondly, to investigate a potential method to improve the properties of milk powder by 

modifying the emulsion to be spray-dried. Towards the first aim, milk model emulsions of different 

compositions were investigated in terms of their break-up behavior under shear and extensional stress. 

There are various possible approaches to address the second aim. As studies have shown, adding a sur-

factant, such as polysorbate 80 or lecithin, to milk emulsions or oil/milk protein emulsions and subse-

quent co-spray drying enhanced the product powders’ wettability (Fonseca et al., 2011, Lallbeeharry et 

al., 2014, Millqvist-Fureby and Smith, 2007). Yet, it was also argued that successive spray drying and 

lecithin coating, as typically done on industrial scale, still remains more efficient (Tian et al., 2014).  

Instead, milk emulsion could be modified in a way that strengthens their stability in order to bring about 

a greater fat encapsulation upon spray drying, thus making subsequent coating redundant. Firstly, by 

emulsion stability analyses of milk protein containing oil/water emulsions, heat treatment at tempera-

tures above 60 °C (Millqvist-Fureby et al., 2001), a pH value reduction (Dalgleish, 1997) and addition 

of calcium ions (Agboola and Dalgleish, 1996a, Agboola and Dalgleish, 1996b) were all shown to be 

not successful in this regard. However, through thermal pre-treatment at 80 °C Wang et al. (2016) at-

tained a cross-linked emulsion of whey protein isolate and fish oil, whose corresponding spray-dried 

powders featured improved inhibition of lipid oxidation. Secondly, the fat globule size inside oil/water 

emulsions, as for instance reduced by mechanical treatment during homogenization via microfluidiza-

tion or ultrasonication, also influences the emulsion stability and thus the amount of surface fat. Yet, the 

ideal size depends on the type of oil, homogenization technique and spray-dried particle diameter (Jafari 

et al., 2008, Munoz-Ibanez et al., 2016, Soottitantawat et al., 2003). Thirdly, it has been demonstrated 

that the adsorption of certain polysaccharides on the membranes around the fat globules of various 

emulsions can enhance the stability against environmental influences, such as thermal and mechanical 

stress (Drusch et al., 2007, Gharsallaoui et al., 2010, Guzey et al., 2004). A prominent example is pec-

tin, which was for instance found to improve the storage stability of sunflower oil emulsion with whey 

protein isolate and sodium caseinate as emulsifiers (Einhorn-Stoll et al., 2005). Serfert et al. (2013) ob-

tained enhanced fish oil encapsulation and oxidative stability of powders from an emulsion that com-

prised of glucose syrup, whey protein and pectin at pH 4. However, while this polysaccharide with its 

negatively charged carboxylate groups can adsorb at casein below the latter’s isoelectric point (pH of 

approximately 4.6) and is thus used in stabilization of acid dairy drinks, it is not effective at the pH of 

milk itself (6.4-6.7) (Kravtchenko et al., 1995, Surh et al., 2006). In contrast, carrageenan, a linear sul-
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phated polysaccharide, also undergoes attractive electrostatic interaction with κ-casein at neutral milieu 

(Dalgleish and Morris, 1988, Dickinson, 1998) and therefore is used as stabilizer in pH neutral dairy 

beverages that are commercially available (Bixler et al., 2001, FAO, 1987, Yanes et al., 2002). The Eu-

ropean Food Safety Authority and the US Food & Drug Association, for instance, have concluded that 

carrageenan as a food additive is considered as safe (FDA, 2016, SCF, 2003). 

Carrageenan is a natural hydrocolloid extracted from red algae and is widely used in food applications 

to form gels and stabilize beverages. It features one, two or three sulphate groups per disaccharide in its 

kappa (κ), iota (ι) and lambda (λ) form, respectively. Singh et al. (2003) observed an improvement in 

creaming stability of a soya oil emulsion that contained 3 % w/w sodium caseinate with increasing κ-

carrageenan content from 0 to 0.4 % w/w. For a caseinate content of 0.5 % w/w, however, addition of κ-

carrageenan impaired the stability due to flocculation. An emulsion containing flaxseed oil and whey 

protein reached substantially better stability when mixed with any of the three main carrageenan types, 

with the best result for λ-carrageenan (Stone and Nickerson, 2012). In skim milk emulsions, ι- and κ-

carrageenan were found to induce depletion flocculation at temperatures above their coil-helix transition 

temperature (which is below 60 °C), because only the charge density of their helix structure was great 

enough to allow adsorption at the casein membranes (Langendorff et al., 2000). Yet, λ-carrageenan re-

mains an active stabilizer at elevated temperature, which might be particularly beneficial for spray dry-

ing applications. Furthermore, the higher density of anionic sulphate groups in the λ-form brings along 

the advantage of gel inhibition and good water solubility even at lower temperature (room temperature).  

A few reports have been published about the stabilization of oil/water emulsions in the presence of car-

rageenan and one type of milk protein. However, there is a lack of investigation hitherto on the impact 

of carrageenan for a more complete model system that is representative of whole milk, comprising of all 

its main components (lactose, whey protein, casein and fat). In addition, carrageenan’s subsequent effect 

on the atomization behavior during spray drying and thus the powder properties, particularly in respect 

to surface fat formation, is still to be studied. In the first part of the present study, a milk model emul-

sion was investigated to find the optimum λ-carrageenan content in terms of fat globule size and emul-

sion stability. In the second part, it was studied whether the stabilization with λ-carrageenan translated 

into optimized powder properties after spray drying. For this purpose, the powders (and selected atom-

ized emulsion droplets) were analyzed in respect to their component distribution via X-ray photoelec-

tron spectroscopy, confocal laser scanning microscopy and surface fat extraction. Powder properties 

including morphology, solubility, wettability and oxidative stability were compared for different carra-

geenan concentrations. An important connecting link between modified emulsions and spray-dried par-

ticle properties was the emulsions’ behavior during atomization. Shear and extensional viscosity 

analyses gave new insights into the disintegration process and how it is influenced by fat and hydrocol-

loid content. 
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5.4 Material and Methods 

5.4.1 Emulsion Preparation 

Stabilization of a milk model emulsion, which resembled the composition of bovine whole milk, was 

attempted with λ-carrageenan at various concentrations. The emulsion contained 40.8 % w/w lactose, 

31.1 % w/w fat and 27.0 % w/w protein in dry matter and featured a solid content of 20 % w/w. It was 

prepared by dissolving lecithin free, commercial skim milk powder (home brand from Coles Supermar-

kets Australia Pty Ltd, Australia) in Milli-Q purified water (Merck KGaA, Germany) with stirring at 

47 °C for 1 h. Subsequently, sustainably sourced refined Elaeis guineensis palm fruit oil (Auroma Pty 

Ltd, Australia), with a slip melting point of 37-39 °C and a free fatty acid content (as palmitic) of less 

than 0.09 %, was added. Following prehomogenization in a high-speed colloid mill (WiseMix Homoge-

nizer HG-15D, Daihan Scientific, South Korea) at 1000 rpm for 1 min, different amounts of λ-

carrageenan (Melbourne Food Depot Pty Ltd, Australia) were added to form carrageenan contents of 0, 

0.1, 0.2, 0.3, 0.4 and 0.5 % w/w in respect to the total emulsion mass. The emulsions were stirred for 

further 30 min at 47 °C and then were homogenized in a high pressure homogenizer (EmulsiFlex-C5, 

Avestin, Canada) with three passes at 1,350 bar and two subsequent passes at 650 bar. The homogeniza-

tion temperature was not directly controlled, but the sample temperature was measured to be between 

45 °C at the beginning of the homogenization process and 35 °C at the end. The emulsions were stored 

at room temperature and were spray-dried and analyzed by the following procedures within 3 h after 

preparation if not stated otherwise. 

5.4.2 Emulsion Analysis 

5.4.2.1 Turbiscan Emulsion Stability, Emulsion Microstructure and pH Value 

24 h instability tests of each emulsion were conducted with a Turbiscan Classic MA2000 multiple light 

scattering instrument (Formulaction SA, France) with a pulsed near-infrared light source (wavelength of 

850 nm). The backscattering fraction as a function of the emulsion height inside a cylindrical glass 

measurement cell was determined every 30 min. These results were compared with the microstructure 

of original emulsion samples that were stored at 6 °C for up to ten days. Images were taken at various 

locations inside emulsion drops that were contained between a glass microscope slide and a cover slip 

under 10× magnifications with a conventional optical microscope (B1-211A, Motic, P.R. China). The 

pH value was measured with a pH meter (H4212, Hanna Instruments, USA) after homogenization. 

5.4.2.2 Fat Globule Size Distribution inside Original Emulsions and after Atomization Process 

The emulsion droplet size, henceforth described as fat globule size in order to distinguish from the drop-

let size of the sprays after atomization in the spray dryer nozzle, was analyzed by laser light scattering 

using a Mastersizer 2000 apparatus (Malvern Instruments, UK) equipped with a Hydro 2000G wet cell. 
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Approximately 250 ml of the pre-diluted emulsions (oil content of 0.01 % w/w) were added to the wet 

cell, which was filled with about 1 l of Milli-Q purified water, to establish a laser obscuration level of 

5.2-5.5 % to avoid multiple scattering effects. The instrument operated at laser wavelengths of 633 and 

466 nm. The pump and stirrer speeds were set to 1000 rpm and 500 rpm, respectively. The physical 

properties of the fat globules were described with a refractive index of 1.462 and an absorbance index of 

0.1. Four samples were taken from each emulsion to conduct individual measurements of 20 s duration, 

the standard deviation was determined from this and the average was reported as the mean diameter 

over volume D(4,3) [m]: 

𝐷(4,3) = 𝛴(𝑛𝑗𝑑𝑗
4)/𝛴(𝑛𝑗𝑑𝑗

3) ( 5.1) 

where the particle diameter and number of particles in each size class are expressed by dj [m] and nj [-], 

respectively. The size distribution and the corresponding volumetric mean diameters were determined 

for the original emulsions after homogenization. In addition, they were also measured for the same 

emulsions after they had been passed through a spray drying atomization nozzle. The nozzle was oper-

ated outside of the spray dryer and the atomized emulsions were collected immediately after leaving the 

nozzle, and thus no contact with drying air occurred. Two different atomization techniques were inves-

tigated: a pressure-swirl single-fluid spray nozzle (MT Brass Series, AmFog Nozzle Technologies Inc, 

USA) with an orifice of 0.2 mm in diameter at a feed pressure of 500 kPa, and a microfluidic jet nozzle 

that is described in Section  5.4.3.1. 

5.4.2.3 Shear Viscosity and Extensional Viscosity of the Emulsions 

Dynamic shear viscosities were measured at 25 °C with a cone and plate rheometer (Haake Mars, 

Thermo Fisher Scientific, USA), which was equipped with a MP60 measuring plate and a C60/1 cone 

rotor. Each sample’s viscosities were investigated at six different shear rates in the range of 50-500 1/s, 

and the average of three samples taken from the same emulsion was determined together with the re-

spective standard deviation. Also the dynamic shear viscosities of a pure carrageenan solution with a 

carrageenan/water ratio similar to the emulsion with 0.5 % w/w carrageenan were measured.  

The extensional viscosity was of special interest for interpretation of the jet disintegration mechanism of 

the microfluidic jet nozzle described in Section  5.4.3.1. For a fluid that does not follow Newtonian be-

havior, such as the emulsions investigated in this study (see Figure  5.3b), no assumption can be made 

about the relationship between its viscosity under shear stress and its viscosity under extensional stress. 

The viscosity of the milk model emulsion was too low for standard capillary-breakup extensional rhe-

ometry, however. Therefore, acoustically-driven microfluidic extensional rheometry was employed, 

which is designed to capture the extensional viscosity of low-viscosity samples (McDonnell et al., 

2015a, McDonnell et al., 2015b). These measurements were conducted at room temperature (25 °C) at 

the School of Engineering, RMIT University in Melbourne, Australia. The rheometer and the mathemat-
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ical analysis procedure have been described elsewhere (Bhattacharjee et al., 2011). In brief, a sessile 

droplet of 1 µl in volume (i.e. approximately 1.2 mm in diameter) was placed onto the piezoelectric 

substrate surface of a surface acoustic wave (SAW) device. A pulse of SAW energy was then applied to 

the droplet, causing it to elongate and to form a stable liquid bridge between the substrate and a parallel 

opposing surface at a gap length of 1.5 mm. At this point the SAW pulse was terminated, allowing the 

liquid bridge to thin under capillary forces and thus creating a uniaxial extensional flow. The diameter 𝑑 

[m] at the neck of the thinning emulsion filament was recorded with a high-speed camera until it had 

decreased to half of its initial value (𝑑0) (see Figure  5.1a as well as Video 2
3
). The evolution of the fil-

ament diameter with respect to time was determined with standard image analysis techniques. From this, 

the Ohnesorge number 𝑂ℎ [-] could be determined by comparison with a series of Newtonian reference 

samples of a wide range of viscosities, allowing calculation of the extensional viscosity µ𝑒𝑥𝑡 [Pa∙s] by 

the following expression: 

µ𝑒𝑥𝑡 = 3 ∙ 𝑂ℎ ∙ √𝜌 ∙ 𝛾 ∙ 𝑑0/2  ( 5.2) 

where ρ was the emulsion density [kg/m
3
] and γ the initial surface tension of the emulsion [N/m] at 

25 °C as taken from Bertsch (1983). Every sample was analyzed by measurement of three individual 

droplets with ten runs per droplet, and from these the average value was taken and the standard devia-

tion was calculated. As the intention of this analysis was to study the impact of the fat globules on the 

film disintegration, the emulsion preparation was slightly modified for the purpose of the extensional 

viscosity measurements. A mixture of lactose, calcium caseinate and whey protein powder was used 

instead of skim milk powder. Otherwise it would not have been possible to prepare emulsions with very 

low fat content, as skim milk powder itself still contains a significant amount of fat. Thus, a low-fat 

emulsion that contained hardly any fat (0.3 % w/w in d.m.) could be compared with regular-fat emul-

sions featuring 31.1 % w/w fat in d.m. (and 0 or 0.3 % w/w carrageenan). All of these emulsions had a 

solid content of 20 % w/w, and their ratio of lactose to protein as well as their proportion between ca-

seinate and whey protein were equivalent to the earlier described standard emulsions. 

5.4.3 Powder Analysis 

5.4.3.1 Powder Production with Microfluidic Multi-Jet Spray Dryer 

A microfluidic jet spray dryer, comprehensively described in Section  4.4.2, was used to dry the emul-

sions under production of monodisperse particles with uniform drying history. In short, the utilized at-

omization nozzle consisted of a glass tube with an orifice of 100 μm in diameter. A piezoelectric 

ceramic jacket surrounded the nozzle tip to impose a sinusoidal pulse of 12 kHz, causing disintegration 

of the feed emulsion jet into individual droplets with uniform size (see Figure  5.1b). The feed was 

pushed through the nozzle by pneumatic pressure of 34-53 kPa for respective carrageenan contents of 0-

0.5 % w/w, accounting for the increasing viscosity. The nozzle was either operated detached from the 

3
 Video 2: Thinning emulsion bridge during microfluidic extensional viscometry of a milk model emulsion with 31.1 % w/w 

fat in d.m. and no carrageenan. Available online as supplementary data: dx.doi.org/10.1016/j.foodhyd.2017.04.005 
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spray drying apparatus for cryogenic flash freezing of the atomized droplets (described in Sec-

tion  5.4.3.2) or was positioned onto the drying tower for spray drying. The tower was 3.2 m in height 

and contained a concurrent drying air flow. The temperatures of the drying air at the top and bottom of 

the drying chamber were 200 °C and 88 °C, respectively. 

 

Figure 5.1: Visual comparison of elongational disintegration processes: (a) time sequence of an emul-

sion bridge during extensional viscometry from commencement of thinning until break-up, and (b) 

break-up of emulsion jet from microfluidic jet nozzle. 
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5.4.3.2 Cryogenic Flash Freezing of Atomized Droplets 

To facilitate the study of the chemical surface composition and internal component distribution of emul-

sion droplets as present immediately after atomization, a modified methodology of Rogers et al. (2008) 

was applied. Milk model emulsion droplets with 0.3 % w/w carrageenan content were flash-frozen in 

liquid nitrogen at a distance of 10 cm from the microfluidic jet nozzle, which was operated outside of 

the spray dryer. Afterwards, the droplets were kept in frozen state by cooling with dry ice until freeze 

drying was carried out for 48 h at 0.1 mbar and with a collector temperature of -80 °C in a FreeZone 

2.5 l benchtop freeze-dryer (Labconco Corp, USA). As the microfluidic atomization technique generat-

ed monodisperse particles, the mean size of the atomized droplets as well as of the corresponding spray 

dried particles could be determined by simple image analysis of a small powder sample (100 particles) 

with a light microscope (B1-211A, Motic, P.R. China) under 4× magnification. 

5.4.3.3 Surface Fat Extraction 

A modified method of the gentle surface fat extraction method proposed by Wang et al. (2016) was 

applied. This approach avoided fat removal from the inner part of the particles by limiting the time ex-

posed to the solvent medium. While the free fat on the surface of a powder particle is quickly dissolved 

by organic solvents, the free fat in the inner part of the particles is extracted considerably slower (Kim et 

al., 2005b). 1 g of powder was weighed out on a filter paper with a pore size of 2.5 µm (Grade 1803, 

Filtech Pty Ltd, Australia), which was subsequently transferred into a Büchner funnel. The funnel was 

filled with 30 ml of petroleum ether (boiling point of 40-60 °C, Sigma-Aldrich Pty Ltd, Australia), 

wherein the powder rested for 2 min. Afterwards, vacuum filtration was commenced and the powder 

was washed three times with 20 ml of petroleum ether per pass. The powder filled filter paper was then 

kept in a drying oven at 33 °C for 24 h for evaporation of any remaining ether residue, prior to a second 

weighing to determine the extracted amount of surface fat. The study was conducted immediately after 

spray drying and the original powder samples were also stored at 33 °C ahead of the weighing and fat 

extraction process to eliminate any impact of adsorbed air humidity on the mass measurements. The 

surface fat content was determined for three powder samples that were collected for about 20 min each 

during the same spray drying run at 40, 60 and 80 min after a steady column temperature profile had 

been reached, and the standard deviation was determined. The amount of extracted free fat was present-

ed as percentage relative to the particles’ original total fat content. 

5.4.3.4 Spectroscopic Surface Composition Measurements 

The chemical surface composition of selected powders was estimated by XPS investigation with an 

AXIS Nova spectrometer (Kratos Analytical Inc., UK). The spray-dried particles of all carrageenan 

contents were analyzed, as well as the atomized droplets with 0.3 % w/w carrageenan after cryogenic 

flash freezing/freeze drying and the spray-dried powders from emulsions with 0.1 and 0.3 % w/w carra-

geenan after surface fat extraction. The instrument was equipped with a monochromated Al Kα X-ray 
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source and a hemispherical analyzer that was operated in the fixed analyzer transmission mode with the 

standard aperture (0.3 mm × 0.7 mm analysis area). The pressure inside the main vacuum chamber was 

of the order of 10
-8

 mbar. Shallow wells of a custom-built sample holder contained the powders, and two 

different locations were analyzed for each sample at a nominal photoelectron emission angle of 0º with 

respect to the surface normal. The actual emission angle is ill-defined in the case of particles (ranging 

from 0º to 90º), and hence the sampling depth ranged from 0 nm to approximately 10 nm. All detected 

elements were identified from survey spectra. The respective relative atomic concentrations were de-

termined from the integral peak intensities and sensitivity factors provided by the manufacturer. The 

concentrations in lactose, protein and fat can be interpreted as linear combination of the atomic surface 

composition (Fäldt et al., 1993). Each component’s fraction at the surface, expressed in atomic concen-

tration, was thus estimated by linearization based on the representative structural formulas of lactose, 

milk protein and milk fat, as elaborated by Chew et al. (2014). 

5.4.3.5 Confocal Laser Scanning Microscopy 

The protein and fat distributions inside particles obtained from spray drying of milk model emulsions 

with 0, 0.3 and 0.5 % w/w carrageenan content were investigated by CLSM. The microscopy technique 

and the preceding labelling process with hydrophilic Fast Green FCF (bonded to protein) and hydropho-

bic Nile Red (bonded to the fat phase) have been described in Section  4.4.5. 

5.4.3.6 Scanning Electron Microscopy 

The morphology of the spray-dried particles was imaged with a field-emission scanning electron micro-

scope (FEI Nova NanoSEM 450 FE-SEM, FEI Corp, USA) using a 5 kV electron beam. The internal 

features and porosity of particles that had been intentionally cleaved asunder with a thin razor blade 

were studied as well as the exterior morphology before and after surface fat extraction. The samples 

were coated with a 2 nm thick Iridium layer to prevent them from electrical charging. 

5.4.3.7 Powder Dissolution and Wetting Behavior 

Two studies to evaluate the reconstitution behavior of the spray-dried powders were undertaken. First, 

focused beam reflectance measurement (FBRM) was carried out to monitor in situ the dissolution as a 

function of time. FBRM uses the measured particle chord lengths and their corresponding count rates to 

quantify the decreasing particle size in the course of dissolution. The working principle of the FBRM 

device (Lasentec D 600 L-C22-K, Mettler Toledo Ltd, Australia) and the detailed experimental proce-

dure have been described by Fang et al. (2010). In brief, 0.500 g of sample were added on the surface of 

25 °C warm water that was contained in a flat 250 ml beaker. The FBRM laser probe was immersed into 

the water at a well-defined location and an angle of 45 °, and a magnetic stirrer operated at 900 rpm. 

The measurements had been executed for 20 min with data collection intervals of 2 s. The FBRM meas-

urements were conducted in triplicate with three powder samples that were collected for about 10 min 
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each during the same spray drying run at 10, 20 and 30 min after a steady column temperature profile 

had been obtained. 

Second, a modified approach of the Niro Analytical Method No. A5a (GEA, 2005) was used to deter-

mine the powders’ wettability. The wettability, expressed in time in seconds, defines a dried powder’s 

ability to penetrate a still water surface. For this, 0.500 g sample were passed through a funnel onto the 

quiet surface of Milli-Q purified water (25 °C), which had been filled into a 100 ml measuring cylinder 

up to the 90 ml mark. A camera (DCR-HC36, Sony Corp, Japan) recorded the wetting process from the 

time of powder addition until the last particle had overcome the water surface tension and consequently 

sunk down. The wettability study was run in duplicate with two powder samples that were collected for 

about 10 min each during the same spray drying run at 100 and 110 min after a steady column tempera-

ture profile had been established. 

5.4.3.8 Peroxide Value Analysis for Oxidative Stability Study 

The oxidative stability of the fat contained in the spray-dried particles of different carrageenan concen-

trations was compared by means of their peroxide values at intervals of seven days. The powders were 

stored for 35 days at accelerated storage conditions of 33 °C and ambient air in a drying oven. The per-

oxide value measurements were carried out following the guidelines given in the Official Methods of 

Analysis by the Association of Official Analytical Chemists (AOAC, 1990). In short, 2 g of sample 

were swirled for 30 s in 30 ml of a freshly prepared acetic acid (Univar Inc, USA)/chloroform (Merck 

KGaA, Germany) mixture (3:2 by volume) that contained 1 ml of a saturated potassium iodate (Sigma-

Aldrich Pty Ltd, Australia) solution. The mixture was then kept in dark environment for 5 min prior to 

addition of 30 ml of water. Subsequently, titration with a 0.002 molar sodium thiosulfate (Sigma-

Aldrich Pty Ltd, Australia) solution was conducted under stirring until the yellow color had disappeared. 

Lastly, 1 ml of an aqueous one per cent starch indicator solution was added and it was further titrated 

under stirring until the blue color had vanished. For each set of measurements, a blank control without 

powder was also carried out. The peroxide value PV in [milliequiv. peroxide/kg fat] was calculated by 

the following expression: 

𝑃𝑉 = 𝑆 ∙ 𝑁 ∙ 1000/𝑚𝑓𝑎𝑡 ( 5.3) 

where S was the blank corrected titration volume in [ml], N the normality of the sodium thiosulfate solu-

tion in [mol/l] and mfat the mass of fat comprised by 2 g of sample in [g]. The analysis was run in du-

plicate with samples that were collected for about 40 min each during the same spray drying run at 120 

and 160 min after a steady column temperature profile had been reached. 
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5.5 Results and Discussion 

5.5.1 Impact of λ-Carrageenan Content on Emulsion Properties 

5.5.1.1 Stability of the Model Emulsions 

The preparation of the model emulsions, as described in Section  5.4.1, resulted in complete dissolution 

of all components. The good water solubility of λ-carrageenan in comparison to the less charged κ and ι 

forms (Langendorff et al., 2000) permitted its dissolution at a relatively low temperature, which can 

mean better cost efficiency in industrial applications and the avoidance of protein denaturation leading 

to reduced emulsion stability (Millqvist-Fureby et al., 2001). 

Turbiscan emulsion stability measurements (Figure  5.2) were performed to evaluate the capability of λ-

carrageenan to alter the stability of the milk model emulsions at different concentrations as an indicator 

for the network strength between the oil and water phase. The homogeneity and stability or instability of 

the emulsions was evaluated by analyzing the Turbiscan backscattering data over sample height as a 

function of time. The more precisely the scans at different times overlapped, the more stable were the 

emulsions. The low backscattering values at a sample height of less than 0.6 cm and above 6 cm for 

even the most stable samples were ascribed to light scattering at the glass bottom of the measurement 

cell and more light transmission at the very sample top due to the meniscus curvature. 

The emulsions without carrageenan and 0.1 % w/w carrageenan were least stable. They featured an 

increasing backscattering percentage over time throughout the sample height due to larger fat globules 

as a result of flocculation, and displayed a concomitant appearance of cream at the surface, as was ob-

served from the more pronounced backscattering at the sample top (height > 6 cm) in comparison to the 

other samples. 

The flocculation could be inhibited by the addition of more polysaccharide. According to the width of 

the backscattering bands, the stability of the emulsion with 0.2 % w/w carrageenan was improved in 

comparison to lower concentrations and greatest stability was reached for 0.3-0.4 % w/w carrageenan. 

This indicated that the λ-carrageenan bonded onto the protein of the fat globule membranes and thus 

stabilized the oil/water interface by preventing coalescence of the fat globules due to their increased 

electrostatic repulsion. There might have been an electrostatic attraction between carrageenan and whey 

protein, as suggested by Stone and Nickerson (2012). More often, though, the stabilization of milk 

emulsions has been attributed to interaction between carrageenan and casein (Dickinson, 1998, Gu et al., 

2005, Langendorff et al., 2000), with the latter representing 80 % of the protein contained in bovine 

milk. The pH values of the milk model emulsions were measured to be in the range of 6.44 ± 0.03, ex-

ceeding the casein’s isoelectric point of 4.6. While the casein thus carried a negative net charge, the κ-

casein molecules still featured positive amino acid residue regions, as generally believed  
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Figure 5.2: Model milk emulsionstabilitiesdependingonλ-carrageenan content: Turbiscan backscat-

tering measurements over time, and corresponding representative microscope images of the microstruc-

tures in the freshly prepared emulsions. 
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(Snoeren et al., 1975). This allowed absorbance of the negatively charged sulphate groups of the carra-

geenan at the positively charged patches of the membranes that surrounded the fat globules. The com-

plexation increased the overall charge of the fat globule membranes towards more negative values. 

Dalgleish and Morris (1988) found from ζ-potential measurements using micro-electrophoresis that the 

negative charge density on casein/λ-carrageenan complexes in strongly diluted skim milk approximately 

doubled with very low carrageenan contents from about 0.001 to 0.01 % w/w. Higher concentrations 

lead to a further, though less sharp increase in charge density within the range investigated (maximum 

of approximately 0.02 % w/w). The flattening of the charge curve at greater carrageenan concentrations 

was ascribed to the cationic protein surfaces reaching saturation coverage, and it was presumed that this 

would have led to cross-linkage and depletion flocculation if the total solid content had been higher. 

In agreement with the work by Dalgleish and Morris (1988), in the present study further carrageenan 

addition (from 0.4 to 0.5 % w/w) resulted in physical emulsion destabilization. The backscattering pro-

file of the emulsion with 0.5 % w/w carrageenan resembled the one of 0.2 % w/w, being more constant 

over time than for 0 and 0.1 % w/w. However, the emulsion was less stable than for 0.3 and 0.4 % w/w, 

which presumably was as a result of depletion flocculation upon saturation surface coverage of the posi-

tively charged protein areas (see Appendix 4.B for a supporting theoretical calculation of the saturation 

concentration). Depletion flocculation is often observed in colloidal systems when the droplets of the 

dispersed phase are surrounded by an adsorbed layer of polymer, which simultaneously exists in excess 

inside the continuous phase. As discussed by Langendorff et al. (2000), if the carrageenan concentration 

exceeds the saturation level to a certain degree, the free carrageenan will repulse the carrageenan-

covered surfaces of the fat globules and protein aggregates and will consequently induce coalescence of 

the lipid phase. 

The Turbiscan stability results were compared with the corresponding microstructures of the freshly 

prepared emulsions as visualized by the microscopic images in Figure  5.2. The emulsion with 

0.5 % w/w carrageenan had relatively large patches of darker shade, suggesting phase separation 

throughout the emulsion with the dark patches being interconnected areas of flocculated fat globules. 

These patches were not observed at concentrations of 0.3-0.4 % w/w carrageenan, where the microstruc-

ture appeared most homogeneous amongst all samples. Here only a few dark spots were observed, be-

cause the majority of the flat globules did not coalesce and thus were so finely dispersed inside the 

continuous phase (the brighter, grey regions in the images) that they were not visible under the micro-

scope at the given magnification. In comparison, at lower polysaccharide contents the appearance of the 

emulsion microstructure was more heterogeneous with substantially more and larger dark spots, proba-

bly due to the formation of more and larger clusters by coalescence of fat globules. These most likely 

further coalesced over time, leading to the observed creaming. It was confirmed that the visual homoge-

neity of the microstructure correlated with the emulsion stability by tracking the changes over several 

days in an emulsion (0.3 % w/w carrageenan content), which was stored at 6 °C (Figure  5.8 in Appendix 
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4.A). While being relatively homogeneous initially, after the first 24 h larger coalesced lipid globules 

became visible and after ten days some grey patches had eventually emerged, similar in their appearance 

to what was observed for the fresh model emulsion of 0.5 % w/w carrageenan content. It can thus be 

concluded that the microstructure images supported the Turbiscan stability results. 

5.5.1.2 Fat Globule Size Distribution and Shear Viscosity of the Model Emulsions 

First and foremost, Figure  5.3a compares the impact of the λ-carrageenan concentration on the size dis-

tribution of the fat globules together with the free casein micelles inside the original, untreated model 

emulsions. At the lowest polysaccharide concentration of 0.1 % w/w, the fat globules featured maximal 

size with a mean emulsion diameter of 1.09±0.01 µm, which was slightly larger than in case of the car-

rageenan-free model emulsion. This observation was explained by bridging flocculation, where the pol-

ysaccharide chains are only loosely adsorbed on the protein of the fat globule membranes and hence 

may develop bridges between the fat globules, leading to physical instability. Such a bridging floccula-

tion has also been reported for other emulsions at low polysaccharide concentration, such as by Serfert 

et al. (2013) for a fish oil/β-lactoglubin emulsion at 0.05-0.15 % w/w pectin concentration and by Dick-

inson and Pawlowsky (1997) for a n-tetradecane/bovine serum albumin emulsion at 0.001-0.04 % w/w 

ι-carrageenan concentration. In the present study, doubling the λ-carrageenan concentration to 

0.2 % w/w prevented bridging flocculation and thus resulted in a sharp decline in fat globule size. The 

emulsion size was further reduced by adding more carrageenan of up to 0.4 % w/w, although the mean 

volumetric diameters for 0.3 and 0.4 % w/w only differed slightly. A minimal emulsion size of 

0.66±0.0019 µm in diameter was thus achieved.  

This minimum coincided with the previously described saturation surface coverage concentration and an 

establishment of optimum emulsion stability at 0.3-0.4 % w/w carrageenan (Appendix 4.B and Sec-

tion  5.5.1.1). The physical stabilization with carrageenan prevented coalescence of the fat globules. As 

can be seen in Appendix 4.A (Figure  5.9), the volumetric size distribution of the emulsions was bimod-

al, consisting of two main peaks at approximately 0.2 and 1.5 µm. The first peak of the fat globule size 

distribution overlapped with the peak of the free casein micelles with their aforementioned volumetric 

mean diameter of 0.14 µm. The first peak was not representing the casein micelles alone, because its 

volume was closely related to the volume of the second peak as influenced by the carrageenan content. 

From 0.1 to 0.3 % w/w, the volume of the second peak decreased more and more (decrease in height 

from approximately 6.5 % to 4.5 % and 3.5 %). The mass of the fat phase was conserved with a corre-

sponding increase in volume of the first peak (increase in height from approximately 5.5 % to 8.7 % and 

9.6 %). This occurred because coalescence of the smaller fat globules was inhibited by greater electro-

static repulsion due to λ-carrageenan adsorption. Comparing the emulsion of 0.1 % w/w with the carra-

geenan-free emulsion, the size distribution shifted towards the larger fat globules of the second peak due 

to bridging flocculation. 
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Additionally, Figure  5.3a also illustrates the changes in fat globule size during film disintegration in the 

two investigated atomization nozzles. In both cases and independent from the carrageenan concentra-

tion, the fat globules did not coalesce during atomization, but underwent a decrease in mean diameter by 

6 % in average. The mechanical stress inside the nozzles caused a break-up of some of the larger fat 

globules, as can be deduced from a slight reduction of the second peak in all atomized emulsions in 

comparison to the size distribution of the original emulsions (see Figure  5.9 in Appendix 4.A). 

 

Figure 5.3: Properties of the model milk emulsionsatdifferentλ-carrageenan contents: (a) mean volu-

metric particle sizes in original emulsion and in collected emulsion after disintegration by one of the 

two atomization nozzles as measured with laser light scattering, and (b) dynamic shear viscosities ob-

tained from cone and plate rheometer measurements (25 °C), including pure carrageenan solution with 

carrageenan/water ratio being similar to the emulsion with 0.5 % w/w carrageenan.  
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Aside from the observed reduction in droplet size of the dispersed phase, hydrocolloids can primarily 

enhance emulsion stabilities by means of their thickening effect. Despite λ-carrageenan being non-

gelling, the dynamic shear viscosity of the model emulsions increased considerably with carrageenan 

content, particularly in the range of 0.2 to 0.4 % w/w (Figure  5.3b). An increase in carrageenan concen-

tration to 0.5 % w/w lacked a further appreciable rise in shear viscosity. The increasing shear viscosity 

with higher carrageenan content presumably was a consequence of the increasing presence of adsorbed 

carrageenan on the milk fat globule membranes. Bridging flocculation at low carrageenan concentration 

(0.1 % w/w) is believed to be the reason why there was only a minor rise in dynamic shear viscosity in 

comparison to the carrageenan-free emulsion. At higher carrageenan concentrations, the shear viscosity 

increased simultaneous with improving emulsion stability until the saturation level of the protein surface 

areas of the fat globule membranes and casein micelles had been reached at about 0.4 % w/w carragee-

nan content. From 0.4 to 0.5 % w/w, the shear viscosity did not increase further to any significant ex-

tent, which can be explained by depletion flocculation. This is supported by comparison with the 

dynamic shear viscosity of the pure carrageenan solution, which had a water/carrageenan ratio similar to 

the emulsion with 0.5 % w/w. The shear viscosity of that solution was appreciably greater than the one 

of the 0.5 % w/w emulsion (for instance, 0.049 mPa·s in comparison to 0.028 mPa·s at a shear rate of 

50 1/s), because there was no flocculation in the carrageenan-water solution and all of the carrageenan 

was unabsorbed, forming a network free of a dispersed phase. Variation of the shear rate revealed non-

Newtonian, shear thinning behavior, being more distinct at greater carrageenan concentrations. As such, 

the viscosity under extensional stress was not computable from the shear viscosity, but had to be deter-

mined experimentally. 

5.5.1.3 Impact of Fat and Carrageenan Content on Shear and Extensional Viscosities 

It was hypothesized that the extensional viscosity can be a crucial factor of influence on the atomization 

behavior of emulsions during spray drying. The atomization technique of the microfluidic nozzle em-

ployed in this study was not based on shear stress, but it imposed a normal stress on the emulsion jet via 

a sinusoidal contraction of the orifice. Figure  5.1 visualizes the similarities between the microfluidic jet 

atomization and the acoustically-driven microfluidic extensional viscometry. In either case, the emul-

sion film was forming a fine thread that thinned more and more with distance from the nozzle orifice or 

with measurement time, respectively. At some point, depending on the viscous forces, excess surface 

energy was then reached, causing the thread to break up into an individual droplet to regain minimal 

surface energy. To better understand the impact of a dispersed fat phase and the emulsion stabilization 

with carrageenan, the extensional and shear viscosities of selected emulsions were compared 

(Table  5.1). The extensional viscosities were determined according to Eq. ( 5.2) from the data illustrated 

in Appendix 4.C (Figure  5.10). 

The low-fat emulsion with a lipid content of only 0.3 % w/w in d.m. and the regular-fat emulsion with a 

fat content similar to the standard model emulsions (31.1 % w/w in d.m.) were compared to evaluate the 
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impact of the fat globules. Their presence caused a strong decrease in extensional viscosity to less than 

half the value of the low-fat emulsion (from 25.9 to 11.5 mPa∙s). There was also a drop in dynamic 

shear viscosity, which, however, was marginal by comparison with 15 % from 3.75 to 3.17 mPa∙s. The 

sharp decrease in extensional viscosity provides an explanation for the reduction in milk droplet size 

with higher fat content upon atomization with a microfluidic jet nozzle as observed in a previous study 

(Chapter 4), where similar emulsions were investigated. While the regular-fat emulsion had a solid con-

tent of 20 % w/w in the aforementioned study, the low-fat emulsion contained only 14 % w/w solids and 

thus featured a lower shear viscosity (2.4 mPa∙s) than the regular-fat emulsion. Therefore, consideration 

of the shear viscosities could not explain the measurement of smaller droplet sizes in the presence of fat, 

as a greater viscosity typically favors the formation of bigger droplets (Lefebvre, 1989). In light of Ta-

ble  5.1, not only the shear viscosity but in particular the extensional viscosity needs to be taken into 

account to describe the droplet disintegration mechanism during atomization in spray drying..  

Table 5.1:Rheologicalimpactoffatphaseandλ-carrageenan: composition, dynamic shear viscosity (at 

shear rate of 199.1 s
-1

) and uniaxial extensional viscosity of a low-fatemulsionwithoutλ-carrageenan, 

a regular-fatemulsionwithoutλ-carrageenan and similar fat content to the standard model emulsions, 

andastandardmodelemulsionwith0.3%w/wλ-carrageenan. 

Carrageenan     

content [% w/w] 

Fat content            

[% w/w in d.m.] 

Solid content        

[% w/w] 

Shear viscosity 

[mPa∙s] 

Extensional viscosity 

[mPa∙s] 

0   0.3 20 3.75 ± 0.07  25.9 ± 1.5  

0 31.1 20 3.17 ± 0.02 11.5 ± 0.8 

0.3 31.1 20 10.20 ± 0.05 30.7 ± 2.8 

 

A perforation mechanism induced by the fat globules is proposed to explain the observed sharp drop in 

extensional viscosity with the existence of a significant lipid content. The intrinsic milk emulsion stabil-

ity might be locally reduced along the oil-water interfaces formed by the fat globules. With more fat 

globules being dispersed throughout the regular-fat emulsion, the emulsion became perforated by these 

areas of lower stability. During atomization under elongational stress, the film hence disintegrated pref-

erably along the fat globules, following the lowest viscous resistance, figuratively speaking, like the 

‘zipper of a jacket’. Such a perforation mechanism had already been briefly discussed several decades 

ago, when Dombrowski and Fraser (1954) and Zakarlan and King (1982) undertook photographic stud-

ies of the disintegration of fan-shaped, flat liquid sheets that were generated with a single-hole fan-spray 

nozzle. The films broke earlier, that is at greater film thickness, in the presence of a dispersed oil phase. 

Furthermore, recent investigations reported that during the spray drying of milk emulsions surface lay-

ers of fat existed on the droplets immediately after atomization for various kinds of atomization tech-

niques: microfluidic jet nozzles of different orifice size, pressure swirl nozzles of different orifice size 
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and operated at different feed pressures, and droplet generation with a micro-volumetric syringe (com-

pare to Chapter 4, Chapter 6 and Wu et al. (2014)).  

A film disintegration localized along the dispersed fat phase would explain why the droplet surfaces 

were covered by fat as soon as individual droplets had been formed. If the emulsion preferably breaks 

up along the interface of the fat globules, the fat globules were immediately present on the surface of the 

formed droplets, presumably in form of a more or less consistent monolayer of fat globules that might 

either rupture or stay intact until completion of the spray drying process. In view of that, it was antici-

pated that the amount of surface fat on spray-dried milk particles should be reducible by decreasing the 

size of the fat globules inside the emulsions with the addition of λ-carrageenan. Also, the emulsion sta-

bilization with carrageenan was hoped to shift the disintegration mechanism away from the fat globules.  

 Investigation of the impact of λ-carrageenan (0.3 % w/w) on the viscosity of the standard regular-fat 

emulsion showed that the carrageenan increased the extensional viscosity significantly (Table  5.1). The 

milk model emulsion with 0.3 % w/w λ-carrageenan featured an extensional viscosity of 30.7 mPa∙s, 

which was by a factor of 2.7 greater than the one of the polysaccharide-free emulsion of identical fat 

content. The loss in extensional viscosity due to addition of the lipid phase was consequently overcome 

and the extensional viscosity was even greater than the one of the low-fat emulsion. Accordingly, the 

diameter of the monodisperse droplets immediately after atomization was slightly larger for 0.3 % w/w 

(122 ± 2 µm) in comparison to the carrageenan-free emulsion droplets (115 ± 2 µm). This indicated that 

the stabilized emulsions might have less preferably disintegrated along the dispersed fat phase. 

5.5.2 Impact of λ-Carrageenan Content on the Spray-Dried Particles’ Properties 

5.5.2.1 Chemical Surface Composition 

The amount of surface fat on the spray-dried particles was significantly reduced at certain carrageenan 

concentrations, as determined by surface fat extraction (Figure  5.4a). The surface fat amounted to 4.7 % 

for 0.3 % w/w carrageenan, in contrast to 13.8 % for the carrageenan-free powder. The extent of surface 

fat formation during spray drying was approximately inversely proportional to the emulsion stability, as 

the lowest amount was observed at intermediate carrageenan concentrations. Being at 0.2-0.3 % w/w, 

this was slightly offset from the optimum emulsion stability and fat globule size values at 

0.3-0.4 % (Figure  5.2 and Figure  5.3a). In agreement with this finding, a more efficient fat encapsula-

tion with decreasing fat globule size inside the emulsions to be spray-dried, indicating greater emulsion 

stability, was also reported in other studies (Jafari et al., 2008, Sarkar et al., 2016). A strengthened net-

work between the lipid and aqueous phases through stabilization of the milk fat globules by adsorption 

of λ-carrageenan, as also reflected by the substantial increase in extensional viscosity, possibly led to a 

reduction of the in Section  5.5.1.3 discussed perforation mechanism. As the network along the fat glob-

ules was reinforced, it is believed that the emulsion film disintegrated less preferably along the phase 
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interfaces and thus a less fat emerged on the surfaces upon droplet formation. The emulsion stability 

seemed to entail a decisive influence, since the fat proportion at the surface went up again to 10.0 % for 

the emulsion with the highest carrageenan concentration of 0.5 % w/w, which presumably was subject 

to depletion flocculation. Other than that, the reduction in fat globule size in the stabilized emulsions 

(discussed in Section  5.5.1.2) possibly contributed directly to the observation of less surface fat. 

From the fat extraction data, the thickness of the surface fat was roughly estimated under the assumption 

of a continuous fat layer that had the same composition as measured for the first few nanometers of the 

surface by XPS (albeit this is not the case in reality). Surface fat thicknesses of 1.0, 0.9, 0.4, 0.4, 0.6 and 

0.6 µm were calculated for the respective powders from emulsions with 0-0.5 % w/w carrageenan. In-

terestingly, these estimations approximately corresponded to the respective sizes of the fat globules as 

measured inside the emulsions (Figure  5.3a). This suggested that about a monolayer of fat globules, 

albeit presumably to some extent in ruptured form, might have been present on the spray-dried particle 

surfaces. This is in conformity with the proposed surface fat formation mechanism in consequence of 

preferred disintegration along the dispersed fat phase during atomization. In view of this, a smaller fat 

globule size led to less thick surface fat on the generated droplets and thus on the spray-dried particles.  

The analysis of the surface concentration (Figure  5.4b) only showed minor differences between the 

powder samples. As the XPS surface concentration in lactose, protein and fat on the various spray-dried 

powders was a linear estimation derived from the atomic concentrations, the small differences between 

the samples were not statistically significant. More generally, the XPS results showed that the powders 

consisted almost completely of fat (approximately 88-94 % v/v) at the outmost surface layer and addi-

tion of carrageenan could not inhibit the creation of a dominant fat coverage along the outmost particle 

surface. As such, XPS analysis did not reflect the strong influence of the carrageenan content on the 

extent of surface fat that was revealed by surface fat extraction. Protein took up the remaining volume of 

the analyzed surface layer, which was depleted in lactose.  

For 0.3 % w/w carrageenan inside the model emulsion, Figure  5.4b also compares the surface concen-

tration of spray-dried powder particles with the one of the corresponding droplets immediately after 

atomization for 0.3 % w/w carrageenan. Apparently, a surface fat layer had already been formed during 

atomization (77 % v/v fat) and the XPS surface concentration did not change significantly throughout 

the succeeding drying stage. It was concluded that at least some of the fat globule membranes got rup-

tured at the droplet surfaces by mechanical or thermal stress during atomization or drying, and the free 

fat could spread over wide areas of the droplet surface. If the majority of the membranes was still intact, 

the XPS measurement would most likely have indicated greater protein surface concentrations, because 

the thickness of the adsorbed casein layers in homogenized milk model emulsions are typically in the 

range of approximately 5-11 nm (Dalgleish et al., 1995, Fang and Dalgleish, 1993), which coincides 

with the XPS measurement depth of less than about 10 nm. Instead, as a result of the presumed mem-

brane rupture of at least some of the fat globules at the surface, primarily the lipid phase was detected by 
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Figure 5.4:Impactofλ-carrageenan content of the model milk emulsions on the corresponding spray-

driedparticles’surfacecomposition:(a)freesurfacefatfromextractionstudy,and(b)estimatedXPS

surface composition of the spray-dried particles for all carrageenan concentrations, of the droplets with 

0.3 % w/w directly after atomization and of the spray-dried particles from emulsions with 0.1 and 

0.3 % w/w after surface fat extraction. 
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Figure 5.5: CLSM images of distribution of protein (signal from Fast Green FCF visualized in green) 

and fat (signal from Nile Red in red): (a,b) cross-section of spray-driedparticleswithλ-carrageenan 

contents of 0 and 0.3 % w/w, and (c) cross-section of atomized droplet (after flash freezing and freeze 

drying) with 0.3 % w/wλ-carrageenan. 
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XPS. The fat surface concentration did not reach 100 % v/v, nevertheless, because not all globules got 

ruptured at the surface (see Section  5.5.2.2) and some protein of the original membranes might have 

remained near the surface or other protein diffused to the surface during the drying stage due to its sur-

face activity. Regarding the extent of globule rupture, the adsorbed carrageenan layers presumably had 

an indirect influence on the membrane stability: the membranes of the smaller fat globules, as for in-

stance obtained by emulsion stabilization with carrageenan at intermediate concentrations, were less 

susceptible to rupture than the ones of the largest globules (Xu et al., 2013). 

The protein and fat distributions obtained from confocal laser scanning microscopy showed that the 

surfaces of all spray-dried particles were covered by a fat layer (Figure  5.5a,b). Moreover, the thickness 

of the fat surface layers strongly varied with carrageenan content. For 0 % w/w, the signal of the surface 

fat was stronger and reached further into the inner of the particle in comparison to 0.3 % w/w (also 

compare to Video 3
4
 and Video 4

5
). The component distribution in the atomized droplets of 0.3 % w/w 

carrageenan content appeared to already feature a hardly visible fat surface layer (Figure  5.5c). The low 

visibility of this thin surface layer was ascribed to the limited resolution of the CLSM image and the 

porous surface structure of the atomized droplets after freeze drying. The variation of the thickness of 

the surface fat observed from CLSM thus explained why the surface fat extraction demonstrated a 

strong dependence of the amount of surface fat on the carrageenan content. Additionally, as even for 

low surface fat contents the outmost surface was comprised predominantly by fat, the CLSM images 

also explained why the XPS measurements, which accounted only for the composition at the very parti-

cle surface due to the short sampling depth, detected a fat dominance at the surfaces throughout all 

spray-dried powders and on the atomized droplets. 

5.5.2.2 Particle Morphology and Porosity 

In addition to the chemical surface composition, also the particle morphology and porosity can affect the 

functional properties of milk powder. SEM investigation showed that the particle surfaces obtained from 

emulsions without carrageenan or with low concentration thereof featured convex bumps of 2-4 µm in 

diameter (Figure  5.6a,b). With more polysaccharide, the particle surfaces became smoother 

(Figure  5.6d,e). Comparing the particle surfaces at 0.1 % w/w before and after surface fat extraction 

(Figure  5.6b,c), the convex bumps had disappeared after the extraction process and instead concave 

dimples of approximately similar size and distribution density remained. It was hence concluded that the 

bumps consisted of fat and were formed during spray drying under coalescence of fat globules on the 

drying particles’ surfaces. Accordingly, it appears that not all of the fat globule membranes that were 

located at the droplet surfaces underwent rupture (compare to Section  5.5.2.1). With the addition of λ-

carrageenan, the negative charge of the fat globules’ membranes rose and thus coalescence of fat glob-

ules on the surfaces was inhibited and less to no bumps were observed.  

4.5
 Video 3 and Video 4: CLSM stack animations of protein (green) and fat (red) distribution inside spray-dried particles from 

emulsions without carrageenan and 0.3 % w/w carrageenan, respectively, from the top to about the middle in 1 μm steps. 

Available online as supplementary data: dx.doi.org/10.1016/j.foodhyd.2017.04.005 
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Comparing the CLSM images before and after the drying stage (Figure 5b,c), it appears that protein 

clusters had been formed during drying or storage, at least in the protein-rich inner of the particles. It is 

well known that in spray-dried high-casein powders the casein has a tendency to form networks of inter-

connected micelles with low solubility in aqueous media (Crowley et al., 2016, Schuck et al., 2007). 

Also, it has been suggested in literature that, at elevated temperature of sufficient height and duration, 

whey protein exposes hydrophobic amino acid residues that then undergo linkage with casein micelles, 

leading to hydrophobic aggregate formation (Corredig and Dalgleish, 1999). The reported protein ag-

gregate formation occurred for particles that were very high in protein, whereas in the present study the 

particle surfaces were dominated by fat. It is hence doubtful whether here such hydrophobic protein 

aggregates could have developed at the particle surfaces.  

Although the external surfaces of all powder samples were non-porous, the internal cross-sections con-

tained macro-porous structures, which were more pronounced at lower carrageenan content 

(Figure  5.6f-i). It is hence believed that the strengthening of the emulsion network by addition of carra-

geenan translated into denser particles upon spray drying. This also explains why the spray-dried parti-

cles from emulsions with 0 and 0.3 % w/w carrageenan were of similar size (91 ± 4 and 90 ± 3 µm in 

diameter, respectively), despite the atomized droplets being about 7 µm larger for 0.3 % w/w (see Sec-

tion  5.5.1.3). Thus, both the amount of surface fat as well as the particle porosity is to be taken into ac-

count when discussing the impact of carrageenan on the functional powder properties. 

 

Figure 5.6: Morphology and porosity of spray-driedparticlesasinfluencedbyλ-carrageenan content: 

(a-e) particle surfaces with (c) being after surface fat extraction, and (f-i) cross-sections. 
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5.5.2.3 Functional Powder Properties 

Figure  5.7a illustrates the results of the dissolution and wettability studies. At the end of the FBRM 

dissolution test, the particle size, as represented by the median chord length, was generally larger for 

any λ-carrageenan concentration in comparison to the carrageenan-free powder. 

 

Figure 5.7: Functional properties of spray-driedpowdersindependenceofλ-carrageenan content: (a) 

wetting time on a quiescent water surface as well as median of the final particle chord length at the end 

of the FBRM dissolution analysis, and (b) peroxide value for quantification of the oxidative stability 

over storage time. 
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In the range of 0.1-0.5 % w/w, there was a local minimum in particle size at an intermediate carragee-

nan content of 0.3 % w/w. The curves of chord length over full dissolution time were in agreement with 

this and are provided in Appendix 4.D (Figure  5.11). The wettability study revealed that the samples 

containing 0.3 % w/w polysaccharide completed the penetration of the water surface the fastest in a time 

of about 17 min. The wetting times of the other samples (0, 0.1, 0.2 and 0.4 % w/w), defined as total 

time required for the last particle of each sample to penetrate the water surface, did not vary significant-

ly from each other, lying between 23 to 25 min. No wetting time for powder samples obtained from 

spray drying of an emulsion with 0.5 % w/w carrageenan are displayed in the chart, because the majori-

ty of those particles had still not penetrated the water surface after one hour. The results of the wetting 

time were in line with photographic monitoring at 20, 60, 120 and 300 s, which also showed a superior 

wettability for 0.3 % w/w and a particularly limited wettability for 0.5 % w/w (Figure  5.12 in Appen-

dix 4.D). For interpretation of these results, the dissolution and wettability studies need to be discussed 

in relation to each other.  

The powder wettability seemed to influence the powder solubility, as the wettability curve over carra-

geenan content was similar in shape to the dissolution curve with a minimum at 0.3 % w/w carrageenan. 

The minimal value in chord length and wetting time at 0.3 % w/w is believed to be a consequence of the 

powders’ different surface fat contents. As the amount of hydrophobic surface fat decreased from 0 to 

0.3 % w/w of added carrageenan, the thereby improved wettability in aqueous medium counteracted, to 

some extent, the detrimental impact of the declining porosity that was observed from SEM imaging. 

Presumably as a result of lower particle porosities with greater carrageenan content, the powder dissolu-

tion rate was lowered by any carrageenan content in comparison to the polysaccharide-free powder. 

Therefore, an unwanted deterioration of the powder rehydration behavior was caused by emulsion stabi-

lization with carrageenan.  

Furthermore, the internal porosity of the powders also affected their peroxide values (Figure  5.7b). 

These were used as a measure of the extent to which the lipid’s unsaturated fatty acid chains had under-

gone primary oxidation. Directly after spray drying (0 days), no difference in the degree of oxidation 

was observed between any sample (color of the initial analyte solutions was already similar to the blank 

tests prior to titration). Apparently, the fatty acids had not been appreciably oxidized during emulsion 

preparation or spray drying for any powder sample, and the peroxide values hence were approximated 

as being 0 milliequiv/kg. The most significant changes in peroxide value and the most distinct differ-

ences between the individual powder samples were found to occur during the first seven days. The 

greater the carrageenan content of each sample was, the less strongly increased the corresponding per-

oxide value, indicating an improved oxidative stability by the addition of carrageenan. This was ex-

plained by the decreasing internal powder porosity at higher carrageenan concentration, which impeded 

oxygen diffusion inside the particles. Therefore, the peroxide values of the 0.5 % w/w powder samples 

were by far the lowest (6-17 milliequiv/kg) over the whole storage study. 
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It should be noted that the difference in powder dissolution rate and wettability might have also affected 

the peroxide value measurement itself by influencing the accessibility of the titrant and the sample solu-

tion into the particles. In addition, a smaller amount of surface fat most likely supported lower peroxide 

values, too. For instance, there was a considerable difference in the peroxide values at the end of the 

storage study (35 days) between powders with a carrageenan content of 0 or 0.1 % w/w (approximately 

33 milliequiv/kg) and 0.2-0.4 % w/w (27-22 milliequiv/kg). This corresponded well with the sharp drop 

in extracted surface fat from 0.1 to 0.2 % w/w (Figure  5.4a). That the lipid contained in particles can be 

protected from a high rate of oxidation by reducing the amount of surface fat was previously demon-

strated by Granelli et al. (1996). 

5.6 Conclusions 

This study gave an understanding about the effect of λ-carrageenan, a linear sulphated polysaccharide, 

on milk model emulsions in terms of stability and disintegration behavior during spray drying for the 

purpose of improved milk powder properties by a reduction of surface fat.  

From investigation of emulsions at different carrageenan concentrations, it was learnt that coalescence 

of the dispersed lipid phase can be inhibited by adsorption of λ-carrageenan’s sulphate groups on the 

milk fat globule membranes and a consequent increase in negative charge of these oil-water interfaces. 

Optimum electrostatic emulsion stabilization and minimum fat globule size were obtained within a cer-

tain range of carrageenan concentrations (0.3-0.4 % w/w) for the given model emulsions, which agreed 

with a theoretical estimation of the saturation coverage of the cationic casein surface area.  

The emulsion stabilization translated into a considerably thinner surface fat layer on the spray-dried 

particles. The fat in powders obtained from a carrageenan-free emulsion consisted of 13.8 % free sur-

face fat, in contrast to only a third of this (4.7 %) for a carrageenan content of 0.3 % w/w. These fat 

extraction results were confirmed by confocal laser scanning microscopic images. It was concluded that 

the emulsion stabilization with carrageenan possibly reduced the proposed perforation mechanism along 

the dispersed fat phase and decreased the volume of the fat globules that appeared at the droplet surface 

through this disintegration process, contributing to the observation of less surface fat at intermediate 

carrageenan concentrations.  

Rheological data suggested that during atomization the milk emulsions preferably disintegrated along 

the dispersed fat globules. The extensional viscosity was very sensitive to the addition of oil and λ-

carrageenan. While the addition of a significant fat phase at constant total solid content resulted in a 

decrease from 25.9 to 11.5 mPa∙s, the presence of carrageenan (0.3 % w/w) averted this trend by raising 

the extensional viscosity up to 30.7 mPa∙s. The new insights into the connection between emulsion 

properties, atomization behavior and resulting surface composition of the corresponding particles is of 
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importance for industrial spray drying applications, since surface fat coverage affects the functional 

powder properties detrimentally. In light of these results, and as carrageenan is already being used in 

commercially available dairy drinks, the addition of carrageenan into milk emulsions for reduction of 

the powder surface fat coverage upon spray drying seems to be feasible from an economical and con-

sumer point of view.  

Besides a reduction in surface fat, the emulsion stabilization with λ-carrageenan also induced a decrease 

in internal particle porosity. With regard to the rehydration behavior in water, a trade-off was noted 

between the positive impact of reduced surface fat and the negative influence of a greater particle densi-

ty with carrageenan. Since the effect of increased density was more dominant on the water solubility, 

methods to avoid a loss in powder porosity should be explored in future studies for the purpose of ideal 

functional milk powder properties in industrial applications. Yet, the higher powder density appeared to 

also have a favorable effect, as the powder’s oxidative rancidity after storage was reduced with greater 

carrageenan content.  

In a future study, it could be investigated how the improved emulsion stability and increased extensional 

viscosity by addition of carrageenan impacts the disintegration behavior and fat encapsulation efficiency 

in spray drying techniques that are commonly applied in industrial milk powder production. The charge 

density in emulsions containing skim milk powder and different λ-carrageenan concentrations could be 

investigated by ζ-potential measurements to also study how the electrostatic carrageenan/casein interac-

tion is influenced by a variation in sodium or calcium cation concentrations. 
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5.7 Appendix 

5.7.1 Appendix 4.A: Fat Globule Size Distributions and Changes in Emulsion 

Microstructure over Time 

 

Figure 5.8: Emulsion homogeneity as a function of time: microscope images of the microstructure of a 

model emulsion (0.3 % w/w carrageenan) that was stored at 6 °C. 
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Figure 5.9: Volumetric size distribution in model milk emulsions of different carrageenan contents ob-

tained from laser light scattering measurements: in the original emulsions (first column) and after at-

omization in a microfluidic jet nozzle (second column). 

5.7.2 Appendix 4.B: Estimation of the Saturation Coverage of the Protein Surfaces by 

Carrageenan 

The emulsion stability investigation (Section  5.5.1.1) indicated that saturation coverage of the cationic 

surface areas of the protein of the casein micelles and around the fat globules, and as such optimum 

stability that deteriorates again for higher concentrations presumably due to depletion flocculation, oc-

curred at approximately 0.4 % w/w carrageenan. This value was about 30 times greater than the values 

reported by Dalgleish and Morris (1988). This seemed reasonable, because the emulsions investigated in 

the present study contained a much higher fat content, leading to a greater protein surface area around 

the lipid globules, and a significantly higher concentration in protein (5.4 % w/w, in comparison to 

about 0.025 % w/w). Theoretical calculation, comparable to Dalgleish and Morris (1988), was under-

taken to provide further supporting evidence that flocculation occurred due to excess carrageenan at a 

carrageenan concentration above 0.4 % w/w.  

For this consideration, it was supposed that at saturation level the positively charged regions of the pro-

tein at the surface of the fat globules and the casein micelles were completely covered by a monolayer 

of carrageen. The fat globules featured a volumetric mean diameter of around 650 nm (Figure  5.3a), and 

their surface area was thus about 0.64 m
2
/g emulsion for the given lipid concentration inside the model 

emulsions. Estimating a surface casein concentration on the fat globules of 1.50∙10
-3

 g/m
2
 according to 

analyses by Srinivasan et al. (1996) of a soya oil/caseinate emulsion homogenized at high pressure, the 

non-adsorbed amount of casein was 5.30∙10
-2

 g/g emulsion. Together with the volumetric mean diame-

ter of the casein micelles being previously measured as approximately 140 nm, this amounted to a sur-

face area of casein micelles of about 1.82 m
2
/g emulsion. Hence, the combined surface area available 

for carrageenan adsorption was 2.46 m
2
/g emulsion. The carrageenan molecules were assumed to span 

an area of 6.0∙10
2
 m

2
/g as adapted from Dalgleish and Morris (1988). This meant an absolute surface 

area of 0.60, 1.20, 1.80, 2.40 or 3.00 m
2
/g emulsion held by the polysaccharide molecules for respective 

concentrations of 0.1, 0.2, 0.3, 0.4 or 0.5 % w/w. Consequently, the surface area of casein micelles and 

fat globules was approximately commensurate with the present carrageenan surface area for a carragee-

nan content of 0.4 % w/w, and at 0.5 % w/w there was more carrageenan inside the emulsion than could 

undergo electrostatic interaction with the positively charged protein regions. 

The theoretical calculation thus agreed well with the observed emulsion stabilities (Section  5.5.1.1) and 

the results about the fat globule sizes as a function of carrageenan concentration (Section  5.5.1.2). The 

calculated saturation surface coverage corresponded to an adsorbed carrageenan amount of 1.62∙10
-

3
 g/m

2
. 
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5.7.3 Appendix 4.C: Time Curves of Neck Diameter during Extensional Viscosity 

Analysis 

 

Figure 5.10: Extensional viscosity measurements: bridge neck diameter over time for low-fat emulsion, 

regular-fat emulsion, regular-fat emulsion with carrageenan (0.3 % w/w) and pure water for compari-

son. 
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5.7.4 Appendix 4.D: Full Results of FBRM Dissolution Study and Images Taken 

during Wettability Study 

 

Figure 5.11:Impactofλ-carrageenan concentration on powder dissolution rate: median diameter of the 

particles’chordlengthsasafunctionofdissolutiontime. 
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Figure 5.12: Impactofλ-carrageenan concentration on powder wettability: photographs taken at 20, 

60, 120 and 300 s after addition of powder onto the water surface.  
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6 The Influence of the Chemical 

Surface Composition on the Drying 

Process of Milk Droplets 

6.1 Preface 

In the spray drying study of Chapter 4, a fat surface layer was observed on the regular-fat model emul-

sion droplets from immediately after atomization throughout the whole drying process until completed 

drying. With regards to an accurate CFD simulation of drying milk droplets for optimization of spray 

dryer designs and prediction of product characteristics, it was of interest how this droplet surface cover-

age by fat affects the droplets’ drying and shrinkage rates. The suspended single droplet drying tech-

nique facilitates an accurate determination of the drying kinetics from measurement of the changes in 

diameter, temperature and mass of the drying milk droplets (see Section  2.3). To ensure that the single 

droplet drying process was comparable with spray drying, however, it needed to be validated that the 

chemical surface composition as a function of drying progress was similar to each other for both con-

vective drying methods. For this reason, the conventional suspended single droplet drying method was 

extended by a new approach, where the changes in surface composition could be tracked over drying 

time. Thus, the impact of the chemical surface formation of low-fat and regular-fat emulsion droplets on 

the drying and shrinkage kinetics could be compared with each other. 

The following study (Section 6.2-6.5) has been published by Elsevier B.V.: 

Foerster, M., Gengenbach, T., Woo, M. W., Selomulya, C. The influence of the chemical surface compo-

sition on the drying process of milk droplets, Advanced Powder Technology, 2016, Vol. 27, p. 2324–

2334, DOI: dx.doi.org/10.1016/j.apt.2016.07.004 

This study was amended by numerical simulation work. The experimental results were compared with a 

mathematical model that was used for simulation of the radial concentration profiles of lactose, protein 

and fat in a low-fat model milk emulsion droplet during single droplet drying. It was endeavored to ap-

ply a suitable modelling approach by eliminating some weaknesses of previously published models of 

this kind (see Section  2.2.5). By means of this, it was expected to obtain an improved understanding of 

the component migration during drying to verify some hypotheses that have been made in the first part 

of Chapter  6. The experimentally measured drying and shrinkage kinetics were implemented into the 

numerical model for the purpose of a more realistic description of the impact of the forming crust on the 

water concentration profile and droplet diameter. Moreover, an improved validation method was 
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demonstrated by utilizing the knowledge about the changes in surface composition over time, which had 

been acquired from the experimental study. 

Presented in Section 6.6 is a condensed and reworded form of the simulation work that has been pub-

lished by John Wiley & Sons, Inc.: 

Putranto, A., Foerster, M., Woo, M.W., Chen, X.D., Selomulya, C., A continuum-approach modelling of 

surface composition and ternary component distribution inside low fat milk emulsions during single 

droplet drying, AIChE Journal, in press, DOI: dx.doi.org/10.1002/aic.15657 

At the end of this chapter, the conclusions of both studies are presented in combined form. 

6.2 Abstract 

The functional properties of multi-component particles are strongly affected by their chemical surface 

composition, for instance in pharmaceutical and food applications. The powders are often produced 

from emulsions and solutions by convective drying, such as spray drying. A detailed understanding of 

the drying and shrinkage kinetics of the material is hereby crucial to optimize process design and prod-

uct characteristics. In this study, a modified analysis technique was implemented into filament single 

droplet drying to observe the changes in component distribution of two milk model emulsions with dry-

ing time as well as the impact thereof on the water evaporation resistance and shrinkage behavior. The 

drying droplets were cryogenically flash-frozen at discrete drying times and, subsequent to freeze dry-

ing, investigated in terms of their chemical surface composition and internal fat and protein distribution. 

The droplets of a regular-fat milk model emulsion were covered by a continuous fat film throughout the 

whole drying process, whereas the droplets of a low-fat model emulsion featured a surface overrepre-

sentation of protein in comparison to the bulk concentration. The protein further enriched near the sur-

face with increasing drying time. In the regular-fat system, the lipid surface film reduced the extent of 

particle shrinkage and impeded the drying process. 

6.3 Introduction 

A high content of fat on the surface of spray-dried milk particles, which greatly exceeds the bulk fat 

content, is typically encountered independent of the atomization process. This surface dominance of fat 

causes detrimental effects on the powder particles’ oxidative stability (Granelli et al., 1996, Hardas et 

al., 2000, Keogh et al., 2001a), affinity to caking (Kim et al., 2005a, Nijdam and Langrish, 2006) and 

dispersibility as well as wettability during reconstitution in water (Fäldt and Bergenståhl, 1996b, 

Millqvist-Fureby et al., 2001). As a result, post-processing steps, such as coating with lecithin, are often 
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used in industry for further processing and to prolong storage. Various potential mechanisms have been 

proposed to describe the component segregation mechanism between lipid, protein and lactose that leads 

to this fat accumulation at the surface during convective drying of milk droplets. Previously, it has often 

been attributed to the components’ different physical properties that come into effect during the actual 

drying process subsequent to film disintegration. These include surface activity (Adhikari et al., 2009, 

Fäldt and Bergenståhl, 1996a, Gaiani et al., 2006), diffusivity (Fu et al., 2011a, Kim et al., 2003, 

Meerdink, 1994, Nikolova et al., 2015a) and solubility (Charlesworth and Marshall, 1960, Kim et al., 

2009b, Wang and Langrish, 2009). Yet, it has previously been shown that it was, in fact, the atomization 

process that induces the fat surface coverage (Chapter  3). Immediately after atomization, the surfaces of 

milk model droplets were found to have fat contents of 9-13 and 83-92 % v/v, respectively, for 0.5 and 

44.2 % v/v of fat on dry matter basis in the feed emulsions. In the subsequent drying stage, the layer of 

fat remained on the surface, while protein accumulated underneath the fat layer as drying proceeded. 

The comparison between atomized droplets and fully spray-dried particles was made possible by flash 

freezing the atomized droplets. However, no information could be obtained on the droplet surface com-

position at intermediate drying times inside the drying tower. Moreover, the impact of the forming crust 

and of the corresponding surface composition on the drying and shrinkage kinetics of the droplets would 

be of great interest for optimization of industrial dryer design and operation. 

In contrast to spray drying experiments, single droplet drying facilitates a direct monitoring of the con-

vective drying of a solution or emulsion droplet at any point of the drying process (Sadek et al., 2014b, 

Walton, 2004). The filament single droplet drying technique, where an individual droplet is suspended 

at a thin filament and dried in a conditioned air stream, has often been applied for this purpose, for in-

stance the drying of aqueous droplets containing fruit pulp, milk and lactose (Chen et al., 2001, Chen 

and Lin, 2005, Lin and Chen, 2006). Parameters such as relative air velocity, drying air humidity and 

temperature can be adjusted to observe the resulting changes in droplet mass, diameter and temperature 

in situ. Chen and Xie (1997) introduced a semi-empirical model, the Reaction Engineering Approach, to 

process this experimental data for description of the ‘apparent activation energy of evaporation’ as a 

measurement of the evaporation resistance of the emerging crust as a function of the droplet moisture 

content. Evaporation is hereby treated as an activation process that has to overcome a certain energy 

barrier. The single droplet drying technique does not allow for the complex droplet-droplet and droplet-

air interactions encountered within spray dryers and the droplet size is significantly larger than in spray 

drying. It offers, however, a practical way of replicating the actual drying process of an individual drop-

let to determine the characteristic convective drying behavior of a certain material system. This infor-

mation can then be fed into CFD simulations to predict the changes in moisture content and droplet size 

for the given material system in a spray dryer environment. In this way, the evaporation and shrinkage 

kinetics, even for complex solidification processes, are described with high accuracy (Putranto et al., 

2011, Woo et al., 2008, Zhu et al., 2011).  
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Mezhericher et al. (2007) proposed an incorporation of REA into a numerical model of the mass and 

temperature change in drying skim milk droplets for a more realistic account of the water diffusion re-

sistance caused by crust formation. Chew et al. (2014) undertook an investigation of the surface compo-

sition of fully dried milk protein concentrate particles subsequent to completion of the single droplet 

drying. The dried particles were analyzed regarding to their chemical surface concentration via X-ray 

photoelectron spectroscopy, and it was found that smaller droplet sizes as well as higher temperatures 

resulted in a decreasing fat content on the particle surface, although there was always a significant 

overrepresentation of fat on the surface. Fu et al. (2011a) conducted a wetting and dissolution study of 

fresh whole and skim milk particles obtained from single droplet drying to qualitatively classify the 

surface as hydrophobic or hydrophilic. After certain drying times, the air flow was stopped and a solvent 

droplet (ethanol or water) was attached to the (semi-)dried droplet. Based on the wetting behavior ob-

served with a camera, conclusions about the nature of the developed surfaces were drawn. Interpreta-

tion, however, was limited to a relative comparison between whole and skim milk, and the wettability 

until about 35 s from drying commencement could not be studied because of too high moisture contents. 

In order to gain a better understanding of the component segregation process that occurs in convective 

drying of milk droplets, the final surface concentration alone or ambiguous dissolution test videos are 

insufficient. To date, single droplet drying has not yet been applied for quantitative analysis of the sur-

face composition at intermediate drying stages and directly after droplet generation. The aim of the pre-

sent study was to widen the hitherto employed extent of single droplet drying analyses to also monitor, 

for the first time, the changes in surface composition and internal component distribution over drying 

time and over the corresponding droplet moisture content. Single droplet drying of low and regular-fat 

milk model emulsions was interrupted at discrete drying times by cryogenic flash freezing, and, follow-

ing freeze drying, the particles were analyzed in terms of surface composition by XPS and internal 

component distribution by CLSM. The data were compared with drying and shrinkage kinetics obtained 

from conventional single droplet drying experiments for a better understanding of surface formation and 

its impact on the convective drying behavior of milk droplets. A requirement for these results to be rep-

resentative for the surface composition and drying characteristics in a spray dryer were comparable ini-

tial droplet states. It was hence to be validated that the component distribution in the droplets generated 

for single droplet drying matched the one of droplets atomized during conventional spray drying. 

6.4 Material and Methods 

6.4.1 Emulsion Preparation 

Two model milk emulsions of different fat contents were investigated, as summarized in Table  6.1. A 

regular-fat model milk emulsion featured a composition typical for both bovine whole milk and com-
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mercially sold fat filled milk powder. It contained 40.8 % w/w lactose, 31.1 % w/w fat and 27.0 % w/w 

protein in d.m. A low-fat model milk emulsion resembled the composition of the RFMM in terms of 

protein-lactose ratio and solid content, whereas the fat content was significantly reduced to 0.3 % w/w. 

The emulsions were prepared by dissolving α-lactose monohydrate (Sigma-Aldrich Co., USA), calcium 

caseinate isolate (Nutrients Direct Pty Ltd, Australia) and whey protein isolate (Nexius Pty Ltd, Austral-

ia) with a caseinate/whey ratio of 4:1 in water. For the RFMM emulsion, sustainably sourced refined 

Elaeis guineensis palm oil fat (Auroma Pty Ltd, Australia) was added. Both emulsions were mixed with 

deionized water at 45 °C for 1 h, prior to pre-homogenization in a high-speed colloidal mill (WiseMix 

Homogenizer HG-15D, Daihan Scientific, South Korea) at 1000 rpm. This was followed by three passes 

at 1,000 bar and two subsequent passes at 500 bar through a high pressure homogenizer (EmulsiFlex-

C5, Avestin, Canada). The fat globule size distributions of each emulsion were measured by dynamic 

light scattering (Zetasizer Nano ZS, Malvern Instruments Ltd, UK) to ensure consistency (volume 

weighted mean diameter had to be 𝐷(4,3)  =  1.0 µ𝑚 ± 0.05 µ𝑚). 

Table 6.1: Volumetric composition of the solid contents in the LFMM and RFMM emulsions. 

 

Abbreviation Solid concentra-

tion [% w/w] 

Fat content 

(d.m.) [% v/v] 

Protein content 

(d.m.) [% v/v] 

Lactose content 

(d.m.) [% v/v] 

Low-fat LFMM 20.0 0.5 41.8 57.7 

Regular-fat RFMM 20.0 44.2 23.5 32.4 

6.4.2 Changes in Component Distribution over Drying Time via Cryogenic Flash 

Freezing 

Information about changes in the internal and surface distribution of lactose, protein and fat with pro-

ceeding drying time was acquired from single droplet drying experiments conducted inside a suspension 

rig with well-defined drying environment. Compressed air flowed through a dehumidifying column 

(KF-DDF-125, Knight Pneumatics, Australia) and was electrically heated before entering the drying 

chamber from the bottom and leaving it through its top. The conditioned air stream had a temperature of 

70 °C, a velocity of 0.75 m/s and a humidity of 0.0001 kg/kg. Individual RFMM and LFMM droplets of 

3 μl (± 0.05 μl standard deviation) were generated by means of a 5 μl micro-volume syringe (5FX, SGE 

Analytical Science, Australia) and were then suspended at the tip of a thin, vertically mounted glass 

filament. The tip of the filament consisted of a knob which had a hydrophilic coating at its lower half 

and a hydrophobic one at its upper half. The beginning of the drying process was controlled with a by-

pass slider separating the chamber from the air stream. The drying process was stopped abruptly after 

certain drying times to virtually freeze the component distribution. At 0, 20, 50, 100 and 200 s, the dry-

ing droplets were flash-frozen directly inside the drying chamber by immersing them in cryogenic vials 

that were filled with liquid nitrogen and that were raised from the chamber bottom up towards the drop-
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let (Figure  6.1a). The frozen droplets were then immediately taken out of the drying chamber together 

with their glass filament by pulling the filaments down from the filament holder, to which they had been 

connected loosely with adhesive tape. For a drying time of 0 s, the generated droplets were directly im-

mersed from the syringe into liquid nitrogen. The flash-frozen droplets were stored in the liquid nitrogen 

filled vials, which were kept sufficiently cool by dry ice, until freeze drying. Freeze drying was per-

formed with a FreeZone 2.5 l benchtop freeze dry system (Labconco Corp., USA) at -80 °C and 

0.1 mbar for 24 h. The component distribution in particles dried for 420 s was also analyzed, but did not 

require flash freezing, because the drying process of those particle was already completed. All of these 

singe droplet drying runs were performed in duplicate. 

 

Figure 6.1: Schematic illustration of the experimental single droplet drying set-ups: (a) component dis-

tribution analysis; (b) diameter change analysis; (c) mass change analysis; (d) temperature change 

analysis. 

6.4.3 Spectroscopic Surface Composition Analysis 

XPS was employed to analyze the chemical surface compositions of the flash-frozen and fully dried 

particles of both model emulsions. Analyses were performed either on an AXIS Ultra DLD or an AXIS 
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Nova (Kratos Analytical Inc., UK), both spectrometers equipped with a monochromatic Al Kα source, a 

hemispherical analyzer operating in the fixed analyzer transmission mode and using the standard aper-

ture (analysis area of 0.3 mm × 0.7 mm). The particles were mounted on custom-built sample holders by 

taping their glass filaments to the holder so that the particles themselves remained suspended in space, 

without coming into contact with the holder. Each particle was analyzed at a nominal photoelectron 

emission angle of 0º with respect to the surface normal. As the actual emission angle is ambiguous in 

the case of particles, varying between 0º and 90º, the sampling depth varied between 0 nm and approxi-

mately 10 nm. The pressure in the main vacuum chamber during analysis was of the order of 10
-8

 mbar. 

All detected elements were identified from survey spectra. Their relative atomic concentrations were 

computed from the integral peak intensities and the sensitivity factors provided by the manufacturer. 

The concentrations in lactose, fat and protein can be assumed to be linear combinations of the atomic 

surface composition (Fäldt et al., 1993). The fraction of each component at the surface, expressed in 

atomic concentrations, was hence estimated by linearization based on the representative structural for-

mulas of lactose, milk fat and milk protein, as elaborated elsewhere (Chew et al., 2014). For duplicate 

measurements, two particles for each drying time were analyzed and the respective standard deviations 

were calculated. 

6.4.4 Confocal Laser Scanning Microscopy 

The protein and fat distribution in flash-frozen as well as fully dried RFMM particles were analyzed via 

CLSM. Based on the procedure described by Taneja et al. (2013), dual labelling with fluorescent dyes 

was performed during emulsion preparation. The molten fat and the reconstituted protein powder were 

stained with 0.02 % w/w hydrophobic Nile Red and 0.01 % w/w hydrophilic Fast Green FCF, respec-

tively (Sigma Aldrich Co., USA). Similar to the above described procedure, the constituents were then 

mixed and the emulsion was homogenized. The labelled droplets were subsequently dried in the single 

droplet drying rig for discrete drying times, followed by freeze drying to remove the remaining mois-

ture, if applicable. The resulting particles were mounted on a microscope slide with DPX (Sigma Al-

drich Co., USA) and investigated by CLSM with a Nikon A1+ confocal microscope (Nikon Corp., 

Japan). Nile Red, attached to the fat, and Fast Green FCF, attached to the protein, were sequentially 

excited by respective laser lights from a helium-neon (637 nm) and an argon (487 nm) source. The im-

ages were taken through a 4× magnification lens with a resolution of 2048×2048 pixels in the x-y plane 

at different z-depths inside the particles. 

6.4.5 Change in Droplet Diameter, Mass and Temperature over Drying Time 

In addition to the component distribution study, single droplet drying was also conducted in the conven-

tional way to obtain information about the temperature, mass and diameter profiles of the model milk 

droplets. The experimental procedure followed the methodology described by Fu et al. (2011b), and a 
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schematic illustration is given in Figure  6.1b-d. In brief, droplets with an initial volume of 1, 2 or 3 µl 

were generated and attached to vertical glass filaments inside the drying chamber, similar to the above 

described procedure. In this case, however, the drying process was not interrupted by flash freezing. 

Instead, in situ analyses were conducted simultaneously to the drying process. The profiles of droplet 

diameter, mass and temperature changes were obtained from separate single droplet drying runs. Firstly, 

as illustrated in Figure  6.1b, the projected droplet areas were recorded with a camcorder (DCR-HC36, 

Sony Corp., Japan) equipped with five 4× close-up lenses (Marumi Optical Co. Ltd., Japan) to estimate 

the droplet volume and thus the equivalent droplet diameter over time. Secondly, the changes in droplet 

mass during drying were monitored by attaching the droplets at the tip of an elastic glass filament 

(Figure  6.1c). The displacement of a marker at the filament was recorded with the camera and the corre-

lating mass change was derived from a previously performed calibration with standard weights consist-

ing of agglomerated glass beads. Thirdly, changes in temperature over drying time were measured by 

inserting a type K thermocouple (Omega Engineering Inc., USA), which was attached to a Picolog 

TC-08 data logger (Pico Technology, United Kingdom), into the droplets (Figure  6.1d). The videos of 

the droplet diameter and mass change analyses were rendered into a sequence of individual images with 

Blender 2.69 (Stichting Blender Foundation, The Netherlands) and processed using ImageJ 1.48 (Na-

tional Institutes of Health, USA). Each of these single droplet drying runs was run in triplicate. The 

obtained data was processed according to the hereafter described REA methodology. 

6.4.6 Drying and Shrinkage Kinetics from Single Droplet Drying Data 

Data about the changes in droplet diameter, mass and temperature, which had been obtained from single 

droplet drying experiments as described above, was processed according to the Reaction Engineering 

Approach. The REA describes convection drying as a result of differences in the vapor density between 

drying air and droplet surface, as will be briefly described in the following and outlined in detail else-

where (Chen and Xie, 1997). The drying rate dmw/dt as loss in water content mw [kg] over time t [s] 

was calculated by: 

𝑑𝑚𝑤 𝑑𝑡⁄ =  −ℎ𝑚 · 𝐴 · (𝜌𝑣,𝑠 − 𝜌𝑣,𝑏) ( 6.1) 

where ℎ𝑚 was the convective mass transfer coefficient [m/s], 𝐴 the surface area of the droplet [m
2
], and 

𝜌𝑣,𝑠 and 𝜌𝑣,𝑏 the vapor density at the droplet surface and of the bulk air, respectively [kg/m
3
]. The con-

vective mass transfer coefficient was computed with a modified Ranz-Marshall correlation (Lin and 

Chen, 2002, Ranz and Marshall, 1952a, Ranz and Marshall, 1952b), which is well suited for high vapor 

fluxes as they occur in single droplet drying. The surface vapor density changed with drying time, and 

was correlated with the saturated surface vapor density 𝜌𝑣,𝑠𝑎𝑡  by means of the fractionality coefficient 𝜓 

[-]: 
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𝜌𝑣,𝑠 = 𝜓 · 𝜌𝑣,𝑠𝑎𝑡(𝑇𝑠)  ( 6.2) 

where 𝑇𝑠 was the temperature at the interface [K]. The fractionality coefficient depended on the appar-

ent activation energy of water evaporation ∆𝐸𝑣𝑎𝑝 [J/mol], as described by the following formulation of 

an Arrhenius equation: 

𝜓 = 𝑒𝑥𝑝{−∆𝐸𝑣𝑎𝑝/(ℛ · 𝑇𝑑)} ( 6.3) 

where ℛ was the universal gas constant [8.314 J/(mol·K)]. Since the Biot number lies well below unity 

in single droplet drying applications (Patel et al., 2005), the temperature gradient inside the droplet 

could be neglected and the surface temperature could be approximated with the internal droplet tem-

perature 𝑇𝑑 [K]. The activation energy reflected the vapor concentration depression at the interface of 

the droplet as a result of a reduction in free surface water due to influences such as component precipita-

tion and crust formation. Eq. ( 6.2) and Eq. ( 6.3) substituted into Eq. ( 6.1) lead to the following expres-

sion of the drying rate: 

𝑑𝑚𝑤 𝑑𝑡⁄ = −ℎ𝑚 · 𝐴 · [𝜌𝑣,𝑠𝑎𝑡 · 𝑒𝑥𝑝{ −∆𝐸𝑣𝑎𝑝/(ℛ · 𝑇𝑑)} −  𝜌𝑣,𝑏] ( 6.4) 

For a given convective drying condition, the drying rate can hence be predicted if the activation energy 

is known as a function of droplet moisture content. This correlation was determined via single droplet 

drying experiments by recording the changes in droplet mass, droplet temperature and droplet surface 

area, as rearrangement of Eq. ( 6.4) shows: 

∆𝐸𝑣𝑎𝑝 = −ℛ · 𝑇𝑑 · 𝑙𝑛[(−(𝑑𝑚𝑤/𝑑𝑡) · (1/(ℎ𝑚 · 𝐴)) + 𝜌𝑣,𝑏)/𝜌𝑣,𝑠𝑎𝑡] ( 6.5) 

The experimentally established activation energy over droplet moisture content was described in nor-

malized form by its maximum value ∆𝐸𝑣𝑎𝑝,𝑚𝑎𝑥, which eventuated when the vapor densities at the sur-

face and in the bulk air of temperature 𝑇𝑏 reached equilibrium: 

∆𝐸𝑣𝑎𝑝,𝑚𝑎𝑥 = −ℛ · 𝑇𝑏 · 𝑙𝑛 (𝜌𝑣,𝑏/𝜌𝑣,𝑠𝑎𝑡(𝑇𝑏))  ( 6.6) 

The normalized activation energy over the free moisture content (X̅  − 𝑋𝑒) of the overall droplet volume 

was to be described with the fitting parameters a,b,c [-] in the following form: 

∆𝐸𝑣𝑎𝑝 ∆𝐸𝑣𝑎𝑝,𝑚𝑎𝑥⁄ = 𝑎 · 𝑒𝑥𝑝{𝑏 · (�̅� − 𝑋𝑒)𝑐 − 1} + 1 ( 6.7) 

where �̅� was the global droplet moisture content and 𝑋𝑒 the equilibrium moisture content [kg/kg]. The 

latter one was found via the Guggenheim–Anderson–de Boer desorption isotherm following Chen and 

Lin (2005). In addition, an empirical relationship for the normalized droplet diameter was determined 

from the same single droplet drying experiments with fitting parameter B [-]: 
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rs/r0 = 𝐵 + (1 − 𝐵) · (�̅� − 𝑋𝑒)/𝑋0 ( 6.8) 

where 𝑋0 was the initial global droplet moisture content and 𝑟𝑠/𝑟0 the ratio between the droplet radius 

during drying and the initial radius. In the first approximation, linear correlations usually describe the 

droplet shrinkage with sufficient accuracy for food drying applications (Rahman, 2009).  

6.5 Results and Discussion 

6.5.1 Qualitative Distribution of Fat and Protein in the Particles 

Figure  6.2 illustrates the qualitative fat and protein distribution in drying RFMM droplets of 3 µl initial 

volume by taking the example of a fully dried RFMM particle. The component distributions after an 

earlier interruption of the drying process were found to be similar to the one presented here in case of 

the RFMM emulsion. The fat and the protein of the RFMM emulsion could be stained individually prior 

to mixing of both phases, and thus the two components were clearly distinguishable in the CLSM analy-

sis. Yet, the image quality of the LFMM particles was not satisfying, since the fat phase could not be 

visualized. The fat content of the LFMM emulsion originated directly from the protein isolates and thus 

the fat globules were not available in isolated form without a surrounding protein membrane, which 

inhibited penetration by the Nile Red stain. In Figure  6.2, the response channels obtained from sequen-

tial excitation of the RFMM particle were superimposed. The signal emitted from Nile Red, being at-

tached to the lipid phase, is depicted as brownish red and the signal from Fast Green FCF, which 

attached to the protein, is represented in green color. Areas of relatively high concentrations in both 

protein and fat appear yellow. 60 high resolution images were taken at a step size of 35 µm from the 

very particle surface towards the inner of the particle at a location far away from the contact point of the 

glass filament. From both the x-y and the z-y plane, it can be seen that the outermost particle surface 

was dominated by fat, as a consistent fat film encased the whole particle. The pixel size of the CLSM 

images was 1.6 µm, and hence in the same order of magnitude than the individual fat globules present in 

the emulsions. The existence of a fat film rather than individual lipid islands suggested that, in case of 

the RFMM, the globules were ruptured by mechanical stress during the droplet generation process and 

thus spread over the whole droplet surface. Directly underneath the fat surface film, there was generally 

a high accumulation of protein. With an average of about 30-60 µm, the radial thickness of the transition 

region from the surface fat film to protein domination was very thin in relation to the total droplet and 

particle radii (approximately 600-800 µm). 

Below the outer fat film and the subjacent protein, no fluorescent signal was received from the inside of 

the particles (large black internal space in Figure  6.2). Theoretically, this could mean that that region 

was completely free of fat and protein, being filled with lactose and/or voids only. However, it was cal-
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culated by simple mass balance that the volume of the ‘surface shell’ that was visible in the CLSM im-

ages accounted for only about 30-35 % of the total fat and protein volume contained in a 3 µl RFMM 

droplet. Also, scanning electron microscopic analysis of sliced particles (not shown here) showed that 

the particle centers did not consist of any significant voids or hollows, but the whole particle matrix was 

interspersed with a network of small pores due to the freeze drying step. Therefore, it was concluded 

that at a certain radial depth the exciting laser light and the emitted fluorescent signal had become too 

weak to produce a detectable response. Limited penetration depths due to low signal strength is a typical 

problem in conventional confocal microscopy, since scattered light is not detected by the spatial pinhole 

(Helmchen and Denk, 2005). Accordingly, as can be seen in the z-y plane of Figure  6.2 by the thinning 

‘surface shell’ with increasing depth, the fluorescent response signal became weaker in z-direction with 

increasing distance from the instrument’s laser source and detector until vanishing completely. In the 

x-y plane, this effect was enhanced by the relatively low protein and fat concentrations in the inside of 

the particles. Since there was an overrepresentation of these components neat the surface, it is realistic 

to consequently assume a stoichiometric overrepresentation of lactose in the particle middle.  

 

Figure 6.2: Fat and protein distribution in a RFMM particle after completed single droplet drying 

(420 s) as obtained by CLSM: two cross-sections through the three-dimensional image stack as indicat-

ed by the dotted lines, Nile Red (fat dye) and Fast Green FCF (protein dye) are depicted in red and in 

green, respectively. 

Despite the different size scale and generation technique of the droplets, the existence of a surface fat 

layer with adjacent protein accumulation agrees well with the analysis of the CLSM images of spray-

dried milk particles and their corresponding freshly atomized droplets from a microfluidic multi-jet 

spray dryer (Chapter  3). For detailed discussion of the potential reasons for the observed component 
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segregation mechanism that occurred during the single droplet drying process, the quantitative surface 

composition analysis via XPS needs to be taken into account. 

6.5.2 Chemical Surface Composition of the Regular-Fat Emulsion Droplets at Discrete 

Drying Times 

Figure  6.3 illustrates the surface composition of the drying RFMM and LFMM droplets, obtained from 

XPS analysis, as a function of the free moisture content (�̅� − 𝑋𝑒). Defined as total water content over 

total solid content [kg/kg], the moisture content �̅� was calculated from the experimentally obtained 

mass change data. It decreased from 4 kg/kg until approximating the calculated equilibrium moisture 

content, and the equilibrium moisture content was taken as the final moisture content. In addition, also 

the corresponding drying time is given for each analysis point. After 7 min the droplets were fully dried 

and could be directly analyzed, whereas for any shorter drying time (0, 20, 50, 100 and 200 s) the drop-

lets were flash-frozen and subsequently freeze-dried prior to XPS. The standard deviations in the rela-

tive atomic concentrations were relatively small and are depicted in Figure  6.3. The absolute values in 

lactose, protein and fat surface concentration should nonetheless be treated as estimates only, because 

some uncertainty might have been introduced by the linearization step. 

Most notably was for the RFMM droplets that their surface consisted almost exclusively of fat 

(Figure  6.3a). The fat accounted for a concentration of 90 to nearly 100 % v/v throughout the whole 

drying process, which was more than double as high as the overall fat concentration in the emulsion. 

This corresponds well with the CLSM observation of a consistent fat film, which appeared thicker than 

the maximum XPS sampling depth of approximately 10 nm. The fat concentration did not reach a total 

100 % v/v, however, owing to small amounts of protein. These presumably had been part of the protein 

membrane around the fat globules in the emulsion and hence became entrapped inside the fat surface 

film. The fat is believed to have already emerged at the droplet surface at the time of droplet generation, 

as the initial fat concentration of 92.6 % v/v indicates. Due to its hydrophobicity, the lipid phase might 

have accumulated at the droplet surface while the droplet was formed with the micro-volume syringe. 

Transport to the surface might have occurred by means of convection currents and circulation inside the 

droplet upon its generation. It is interesting that a similar atomization induced fat surface accumulation 

has also been reported in Chapter  3, although the droplets were generated with a microfluidic jet nozzle, 

a pressure swirl nozzle and a rotary disc nozzle and their size was substantially smaller. Further study of 

the droplet formation process will be required in order to better understand the underlying mechanisms 

that led to the observed initial surface composition independent from the type of film disintegration. In 

the case of 0 s drying time, approximately two to three seconds elapsed until the droplet was immersed 

in liquid nitrogen following the droplet generation. Droplet generation typically took about one to two 

seconds. This duration was most likely not sufficient to allow a considerable amount of fat globules to 

travel towards the droplet surface by diffusion, given their relatively slow diffusivity at room tempera- 
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Figure 6.3: Estimated XPS particle surface composition in protein, lactose and fat for certain drying 

times and the corresponding free moisture contents, in comparison with the overall dry matter composi-

tions of the feed emulsions: (a) RFMM droplets; (b) LFMM droplets. Droplets were flash-frozen and 

freeze-dried prior to analysis for drying times of 0-200 s. 
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ture as shown in Table  6.2. The presented diffusion time scales 𝜏𝑖 over a diffusion length 𝑥 of 50 μm 

were approximated with the aid of binary diffusion coefficients, which were calculated with the Stokes-

Einstein’s equation (Einstein, 1905): 

𝜏𝑖 = 𝑥2 𝐷𝑖⁄   ( 6.9) 

𝐷𝑖 = 𝑘𝐵 · 𝑇 (6 · 𝜋 · 𝜇𝑤 · 𝑅𝑖)⁄  ( 6.10) 

The resulting values only represent qualitative comparison of the relative diffusivities between fat glob-

ules, protein and lactose. The absolute values must be treated with caution, considering the uncertainty 

about the exact diameter of the species during drying and the very limited validity of the Stoke-

Einstein’s equation, particularly due to an infinite dilution assumption. 

Table 6.2: Binary diffusion coefficients of fat globules, caseinate and lactose: in water at infinite dilu-

tion from Eq. (6.10) together with the corresponding diffusion time scales for a lengthof50μmfrom

Eq. (6.9). The radii were determined by dynamic light scattering for fat and protein and taken from 

Bylund (2003) for lactose. 

 
Mean radius 

[nm] 

Diffusivity [m
2
/s] Diffusion time scale [s] 

 
 at 25 °C at 50 °C at 25 °C at 50 °C 

Fat globules 1000 2.2 · 10
-13

 1.2 · 10
-12

 5724 1056 

Protein (caseinate) 75 2.9 · 10
-12

 1.6 · 10
-11

 429 79 

Lactose 0.5 4.4 · 10
-10

 2.4 · 10
-09

 2.9 0.53 

 

In the drying process subsequent to droplet generation, the droplet surface remained covered by the fat 

film due to its hydrophobicity. There was, however, a trend of increasing protein content at the surface 

from 4.4 to 7.5 % v/v. 

6.5.3 Chemical Surface Composition of the Low-Fat Emulsion Droplets at Discrete 

Drying Times 

The investigation of the LFMM emulsion behavior during single droplet drying (Figure  6.3b) gave a 

better insight into the protein migration process. Also in this case the fat was highly overrepresented at 

the surface in comparison to the bulk composition. With a fat concentration of 0.5 % v/v in d.m. in the 

feed emulsion, a multiple thereof was present at the droplet surface, starting with 18.5 % v/v and then 

declining marginally to approximately 13.5 % v/v. However, this time the fat did not dominate at the 

surface. Again, the surface compositions of the droplets generated with the micro-volume syringe were 
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similar to droplets of the same milk model emulsion after atomization in different spray dryers as re-

ported in Chapter  3. Consequently, the observed surface formation and drying kinetics could be consid-

ered as representative for droplets in a spray dryer. On a general note, however, such an agreement in 

initial droplet surface state between single droplet drying and spray drying is not guaranteed, because 

the droplet generation process in single droplet drying is different to the disintegration mechanism in an 

atomization nozzle. This hence needs to be validated case-by-case.  

Due to the lower fat content at the surface in comparison to the RFMM droplets, a significant rise in 

protein surface concentration with proceeding drying time could be observed. This protein migration to 

the surface was presumably governed by diffusion, since the diffusion time of the caseinate molecules 

possibly lay within the range of the singe droplet drying time scale (Table  6.2). The cause of this diffu-

sion could have been twofold. First, the drying process induced a radial gradient in water concentration 

from the inner of the droplet towards the surface, where water was continuously removed as a result of 

evaporation. Consequently, concentration gradients in fat, lactose and protein developed in reverse di-

rection from the surface towards the droplet center and induced inward diffusion. As there was a con-

siderable difference in the diffusivities of the components (Table  6.2), they diffused at dissimilar speeds. 

The diffusivity of lactose exceeded the one of caseinate by about two orders of magnitude. This might 

have led to enrichment of protein, in comparison to the lactose concentration, at the outer droplet re-

gions. Second, caseinate molecules are surface active and therefore a part of them could adsorb at the 

air/water interface of the droplets (Graham and Phillips, 1979). As such, the adsorption at the surface 

reduced the concentration gradient in free diffusing protein molecules and thus counteracted the above 

described protein movement towards the droplet center.  

While an efficient encapsulation of the fat phase in the particle middle is desired in industrial applica-

tions for optimum functional properties, high amounts of protein at the particle surface can also imply 

detrimental effects. For instance, it has been shown that native casein micelles are prone to form an 

interlinked network between the surfaces of aggregated powders, hence reducing the dispersibility and 

water penetration ability (Crowley et al., 2016, Schuck et al., 2007). Figure  6.3b further shows that, 

concomitant with the increase in protein concentration, the lactose surface concentration declined from 

34.0 to 18.3 % v/v. The comparatively low lactose surface content potentially influenced the particles’ 

solubility in aqueous medium adversely (Anema et al., 2006, Baldwin and Truong, 2007).  

Although the diffusivity of the fat globules was even about one order of magnitude smaller than the one 

of caseinate, the surface of the LFMM droplets did not further enrich in fat over drying time. The reason 

for this might be that the high protein-to-fat ratio in the low-fat emulsion, in combination with the low 

fat globule size of 1 µm in diameter, lead to an extensive encapsulation of the fat globules by thick pro-

tein membranes that were bound to them. Thus, despite a potential concentration of the slow diffusing 

fat globules at the droplet surface, the surface fat content did not exceed a certain threshold. The com-

prehensive protein membranes were also believed to prevent rupture of the fat globules and consequent 
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spreading of a consistent fat film over the droplet surface, unlike the observations made for the RFMM 

droplets. 

The results of this modified single droplet drying technique were compared with the study conducted by 

Fu et al. (2011a), where the same single droplet drying rig at identical drying air temperature and flow 

rate was used for 2 µl skim and whole milk droplets. In agreement with the results discussed in respect 

to Figure  6.2 and Figure  6.3, after a drying time of 50-80 s both investigated emulsions featured semi-

dried droplets with hydrophobic shells, which were less water-wettable for whole milk in comparison to 

skim milk. Yet, they concluded an increasing surface fat content with drying time from a rise in repul-

sion of attached water droplets, which does not correspond with the outcomes of this study. The wetta-

bility might have been impaired by a proceeding crust formation rather than by a supposed increase in 

fat content on the surface of that crust. The interpretation of the dissolution study was ambiguous due to 

overlapping influences between different rates of crust formation for whole and skim milk and the actu-

al difference in composition between those crusts. In conclusion, the advantage of the proposed single 

droplet drying technique over such a dissolution study seems to be that it allows to, firstly, investigate 

droplets immediately subsequent to their generation at any moisture content and, secondly, to observe 

the change in the components’ surface concentration itself. 

6.5.4 Changes in Droplet Mass, Temperature and Size 

How the observed changes in component distribution near the surface of drying RFMM and LFMM 

droplets influenced their drying and shrinkage characteristics was evaluated on the basis of the other 

single droplet drying measurements. Excerpts of the corresponding data about the droplet mass, temper-

ature and diameter behavior over drying time are shown in Figure  6.4. The evaporation rate was identi-

fied to be considerably faster in the early drying stage (Figure  6.4a,b). The curve shapes agreed well 

with mass change data from literature for 20 % w/w skim milk droplets of 1.6 μl initial volume at 

91.4 °C drying air temperature (Chen and Lin, 2005). The final particle masses were proportional to the 

initial droplet volumes. The mass changes at early drying were most rapid, as with proceeding drying 

the crust formation built up an increasing mass transfer resistance for moisture movement towards the 

surface. This was also reflected in the horizontal axes of Figure  6.3: for instance, the free moisture con-

tent of the 3 µl RFMM droplets had been reduced from 4.0 to 1.55 kg/kg after the initial 100 s of drying, 

whereas it only altered by about 1.0 kg/kg to 0.52 kg/kg in the following 100 s. In comparison, during 

the first 100 s of drying of the 3 µl LFMM droplets, the free moisture content sank more significantly to 

1.17 kg/kg. This indicated that a lower fat content (at equal total solid content) favored water transport 

to the surface and hence evaporation from the surface. 

It can be seen from Figure  6.4c,d that the temperature profiles approached asymptotically the bulk tem-

perature of the drying air (70 °C). Slight dips in the temperature rise took place at the wet bulb tempera-

ture of around 25-30 °C after 15-40 s drying time. There were no distinct temperature plateaus as for 
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Figure 6.4: Experimental results from single droplet drying for RFMM and LFMM droplets with differ-

ent initial volumes over drying time: (a), (b) droplet mass; (c), (d) droplet temperature; (e), (f) normal-

ized equivalent spherical droplet diameter. 
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example found during single droplet drying of lactose solutions by Fu (2012), since lactose is not shell 

forming and thus allowed free surface water during most of the drying. The immediate formation of a 

hydrophobic fat film on the surfaces of both model emulsions presumably further contributed to the 

very low free surface water and the consequent lack of a temperature plateau at wet bulb temperature.  

The shape of the droplets remained almost spherical (circular projected cross-section) throughout the 

drying process for all initial droplet volumes and both samples until some buckling occurred in the final 

drying stages. As such, the reported equivalent spherical diameter can practically be considered as ap-

proximate true diameter of spherical droplets. The observed profiles of the normalized droplet diameters 

over drying time (Figure  6.4e,f) corresponded well with the results obtained by Chew et al. (2013), 

where skim milk droplets of 40 % w/w initial solid content were investigated in the same single droplet 

drying rig at various drying air conditions. Yet, the shrinkage was less pronounced in the experiments 

conducted by Chew et al. (2013) due to a higher solid content. The bigger the initial droplet volume 

was, the longer was the existence of an appreciable change in diameter and the larger was the final nor-

malized diameter of the dried particle. For larger initial droplets, it is believed that full crusts at the sur-

face had been developed earlier relative to the remaining total amount of moisture inside the droplets. 

These solidified shells decelerated the moisture transport to the droplet surfaces and inhibited the degree 

of shrinkage relative to the initial diameter. Furthermore, comparison between Figure  6.4e and Fig-

ure  6.4f revealed that more considerable shrinkage occurred for a lower fat content. In consideration of 

that, the fat content seemed to also have a significant influence on the shrinkage kinetics and the final 

particle size, as will be discussed in the following in respect to the REA outcomes.  

6.5.5 Shrinkage Kinetics 

The temperature, mass and diameter data were processed by means of REA to produce correlations be-

tween the normalized diameter and the free moisture content as well as between the normalized activa-

tion energy of evaporation and the free moisture content. As can be seen in Figure  6.5a, the normalized 

diameter curves for the different initial droplet sizes of RFMM emulsions lied close together and fea-

tured a proportional relationship between normalized diameter and free moisture content. The r
2
 value 

and the fitting parameter B of the corresponding linear trend line, which was expressed in accordance to 

Eq. ( 6.8), are given in Table  6.3. In contrast, the normalized diameter curves of the LFMM droplets 

varied appreciably with their initial volumes of 1, 2 and 3 µl, as reflected by the considerably lower r
2
 

value of the linear fitting curve of all LFMM points. In particular once the moisture contents came be-

low 0.5 kg/kg, the curves of the different initial LFMM droplet sizes deviated significantly. For the 

smallest initial size, the droplets experienced a significant further shrinkage at low moisture content, 

whilst the diameter hardly changed anymore for droplets with an initial volume of 2 and 3 µl. This was 

in agreement with a study conducted by Chew et al. (2015), where out of three milk model emulsions 

the one with the highest fat content featured the least shrinkage, particularly at low moisture content. In 
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addition, also at intermediate moisture contents (3.5-1 kg/kg) the normalized diameter curves described 

different trends, in particular comparing the drying droplets of 1 and 3 µl initial volume. 

 

Figure 6.5: From single droplet drying experiments derived drying and shrinkage kinetics: RFMM and 

LFMM droplets with different initial volumes over free moisture content, including one trend line fitting 

for all volumes of each sample and propagated error bar,: (a) normalized droplet diameter and (b) 

normalized activation energy of evaporation. 

Comparing the normalized diameter profiles of the two model emulsions, the low-fat droplets experi-

enced more shrinkage relative to the initial diameter owing to a more significant decrease in diameter in 
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the second drying half (2.0-0 kg/kg free moisture content). All these described differences in the nor-

malized diameter curves for different initial droplet sizes (in case of the LFMM emulsion) and for dif-

ferent fat contents were clearly greater than the depicted standard deviations. It was therefore concluded 

that the different fat contents and the surface composition of the drying droplets exerted crucial impact 

on the shrinkage characteristics. As a result of water evaporation from the surface, the droplets became 

enriched in their non-aqueous components near the surface with an increase in water concentration to-

wards the center. The RFMM droplets were covered by a fat film throughout the whole drying process. 

Consequently, the crust that was forming in the surface region featured hydrophobic properties and, as 

such, inhibited shrinkage of the drying droplet due to repulsion towards the moisture in the droplet cen-

ter. In comparison, the shells of the LFMM droplets underwent more contraction, because they did not 

contain a dominating amount of fat in their peripheral areas. Instead, 48-68 % v/v of the surface was 

occupied by protein (Figure  6.3b). Because of attractive forces between the hydrophilic groups of the 

protein and the water contained inside the droplets, the surface shell presumably was less resistive to 

changes in diameter in comparison to the RFMM droplets.  

The complex impact of various kinds of protein on the shell behavior in drying droplets is an area of 

high interest for various applications. The physical properties, such as sol-gel transition, molecular 

weight and conformation behavior, can vary widely, even for the different protein types encountered in 

milk. For instance, native casein micelles tend to arrange in soft, flexible shells. In contrast, whey pro-

tein has been shown to form hard, brittle shells with higher restraint to deformation at high concentra-

tion regimes (Sadek et al., 2014a, Sadek et al., 2015). In the present study, the protein component 

consisted to 80 % w/w of calcium caseinate and to only 20 % w/w of whey protein. As such, the protein 

shell of the LFMM droplets was relatively flexible. Though caseinate molecules do not assemble in 

micelle structures like native casein, they feature strong hydration ability and a dynamic molecule struc-

ture, in particular in comparison to the denser, hydrophobic fat phase. In view of that, it is proposed that 

with advancing solidification at the droplet surface, the caseinate molecules were able to pack into a 

denser configuration under dehydration and reconfiguration. As a result, the shells of the LFMM drop-

lets, which were high in caseinate, remained more deformable than the high-fat shells and exhibited a 

plastic behavior at low moisture contents. Accordingly, despite ongoing solidification with longer dry-

ing time, the shell of the LFMM droplets still possessed relatively high water permeability and flexibil-

ity in terms of shrinkage at low moisture contents, as the protein surface content was rising 

simultaneously (for instance from 59.5 % v/v at a moisture content of 0.42 kg/kg to 68 % v/v at com-

pleted drying). This could have allowed the above described considerable extent of shrinkage at a late 

drying stage. Possibly, a less rigid shell was also responsible for the LFMM droplets being more prone 

to shell expansion and collapse as subject to vapor pressure in the droplet center (if internal evaporation 

occurred) and capillary force. This is believed to have led to the above described, distinct deviations in 

the normalized diameter curves for 1, 2 and 3 µl initial droplet volume. For example, the rise in protein 

surface concentration might have been more pronounced for a shorter diffusion length and hence the 
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normalized diameter curve of the 1 µl LFMM droplets showed stronger deviation from linear behavior 

in comparison to 2 µl and 3 µl LFMM droplets. 

Table 6.3: Correlations of the normalized activation energy of evaporation and the normalized droplet 

diameter over free moisture content: fitting constants a, b, c, B and coefficients of determination r
2
 with 

regard to Eq. (6.7) and Eq. (6.8), respectively. 

 

Norm. activation energy Norm. diameter 

 

a b c r
2
 B r

2
 

RFMM 1.092 -1.130 0.575 0.952 0.720 0.962 

LFMM 1.104 -1.256 0.471 0.951 0.677 0.700 

 

6.5.6 Drying Kinetics via Reaction Engineering Approach 

The activation energy of evaporation was calculated as a function of moisture content according 

Eq. ( 6.5) and its maximum value ∆Ev,max was determined by Eq. ( 6.6) in order to plot Figure  6.5b. The 

standard deviations of the normalized activation energy points were reasonably low, except from the 

low moisture content region below 0.5 kg/kg. At slow evaporation rates the mass changes tended to go 

towards zero and so, along with a significant standard deviation in mass change relative to the absolute 

mass change, the propagated error in activation energy became large in this region. The normalized 

activation energy of evaporation increased exponentially with smaller free moisture content for both 

model emulsions. The reason for this was a rise in the apparent resistance to evaporation, as the vapor 

pressure at the droplet surface and the effective water diffusivity declined the further the crust formation 

had been advanced. Therefore, the water movement to the surface and the evaporation rate decelerated 

with preceding drying. Furthermore, the activation energy of the RFMM droplets was slightly higher 

than the one of the LFMM droplets at moisture contents of around 2.0 kg/kg and below.  

Because of the previously discussed hydrophobic character of the fatty surface shell that occurred in the 

RFMM droplets, the water movement to the droplet surface was additionally repelled in the drying 

RFMM droplets. Whereas the shell of the RFMM droplets was dominated by lipids throughout the 

whole single droplet drying process, the shell of the LFMM droplets contained less than a quarter of this 

fat amount and protein enriched more and more with declining moisture content. In view of that, it was 

concluded that the higher fat content slowed down the drying process and concurrently limited the parti-

cle shrinkage. The obtained activation energy data did not scatter significantly between the different 

initial droplet volumes, and thus one trend curve for all RFMM and another trend curve for all LFMM 

points could be applied (r
2
 value of 0.952 and 0.951, respectively). The mathematical expression of the 

trend curves followed Eq. ( 6.7), and the fitting parameters are presented in Table  6.3. This agreed with 

the results from previous studies of a range of solutions and emulsions with initial solid contents below 
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40 % w/w, where the normalized activation energy curves were also approximately independent from 

the initial droplet volume (Chen, 2008, Fu et al., 2011b). In industry, such correlations for the activation 

energy of evaporation and droplet diameter can be implemented into CFD simulations to optimize pro-

cess conditions, and to predict the moisture content and particle size of resulting powders, in response to 

fluctuations in the feed properties. In combination with component distribution data obtained from the 

modified single droplet drying analysis, the approach should allow a better understanding of a range of 

process conditions to control functional powder properties, such as stickiness. 

6.6 Modeling Approach for Validation of Concepts 

6.6.1 Spatiotemporal Simulation of the Component Distribution 

A numerical model was developed to validate the concepts that were employed in Chapter  6.5 to explain 

the experimentally measured formation of the chemical surface composition of drying milk droplets. 

The purpose of the model was a prediction of the concentration profiles of the three main milk compo-

nents (lactose, protein and fat) as a function of drying time. As opposed to the capability of the previous 

modeling approaches that are available in literature (see Section  2.2), this model allowed for protein 

surface activity and the influence of the solidification process on the component and water diffusivities 

as well as on the evaporation rate. Equations describing the conservation of heat, momentum and mass 

transfer were coupled with the semi-empirical drying and shrinkage kinetics that had been described by 

REA correlations as obtained from the above single droplet drying experiments. The simulation was 

performed for a LFMM droplet with an initial volume of 3 µl under drying conditions similar to the 

experimental investigation (drying air temperature of 70 °C, velocity of 0.75 m/s and humidity of 

0.0001 kg/kg). Radial symmetry and no interaction between the species were assumed. Spatially re-

solved profiles of moisture content, temperature and concentration of lactose, protein and fat were com-

puted over time by solving a set of partial differential equations, which will be summarized in the 

following, with the Method of Lines in MATLAB R2013a (MathWorks, United States). 

6.6.1.1 Heat and Momentum Balances 

The heat balance was expressed as: 

𝜌 · 𝑐𝑝 · (
𝜕𝑇𝑑

𝜕𝑡
+ 𝑣𝑟 ·

𝜕𝑇𝑑

𝜕𝑟
) =

1

𝑟2
(

𝜕

𝜕𝑟
(𝑘 · 𝑟2 ·

𝜕𝑇𝑑

𝜕𝑟
)) 

( 6.11) 

where 𝜌 was the droplet density [kg/m
3
], 𝑐𝑝 the specific heat capacity of the droplet [J/(kg·K)], 𝑡 the 

drying time [s], 𝑣𝑟 the shrinkage velocity of the droplet [m/s], 𝑘 the thermal conductivity [W/(m·K)] 

and 𝑟 the radial coordinate [m]. The thermal conductivity was derived from a modified Ranz-Marshall 

correlation (Ranz and Marshall, 1952a, Ranz and Marshall, 1952b) according to Lin and Chen (2002). 
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The momentum balance was written as: 

𝜌 · (
𝜕𝑣𝑟

𝜕𝑡
+ 𝑣𝑟 ·

𝜕𝑣𝑟

𝜕𝑟
) = µ · (

𝜕

𝜕𝑟

1

𝑟2

𝜕(𝑟2 · 𝑣𝑟)

𝜕𝑟
) ( 6.12) 

where µ was the droplet’s dynamic shear viscosity [Pa∙s]. 

The initial and boundary conditions for Eq. ( 6.11) and Eq. ( 6.12) were: 

𝑡 = 0:     𝑇 = 𝑇0,   𝑣𝑟 = 𝑣0 ( 6.13) 

𝑟 = 0:   
 𝑑𝑇

𝑑𝑟
= 0,   𝑣𝑟 = 0 ( 6.14) 

𝑟 = 𝑟0:  𝑘 ·
𝜕𝑇

𝜕𝑟
= ℎℎ · (𝑇𝑏 − 𝑇𝑠) − ℎ𝑚 · (𝜌𝑣,𝑠 − 𝜌𝑣,𝑏) · 𝛥𝐻𝑣 ( 6.15) 

where ℎℎ was the convective heat transfer coefficient [W/(m
2
·K)], 𝑇𝑠 the droplet surface temperature 

[K] and 𝛥𝐻𝑣𝑎𝑝 the enthalpy of evaporation [J/kg]. 

6.6.1.2 Incorporation of REA for Drying and Shrinkage Kinetics 

In order to account for the resistance to evaporation and diffusion of water imposed by the crust for-

mation, the reduction in surface vapor density (from saturated density 𝜌𝑣,𝑠𝑎𝑡 to a lower density 𝜌𝑣,𝑠) was 

incorporated by the fractionality coefficient 𝜓 as per Eq. ( 6.2). The fractionality coefficient was com-

puted as a function of the global droplet moisture content, as described in Eq. ( 6.3), by means of the 

empirically determined REA activation energy of evaporation ∆Evap. The activation energy of evapora-

tion was defined by Eq. ( 6.7) with the kinetic parameters (a, b, c) for LFMM droplets presented in Ta-

ble  6.3. Likewise, the droplet shrinkage was expressed by the REA shrinkage correlation of Eq. ( 6.8) 

with the corresponding kinetic parameter (B) taken from Table  6.3. Thereby, the assumption of perfect 

shrinkage, which is typically made in comparable models, could be omitted and a reliable expression for 

the retardation of water diffusion to the surface and vapor transfer from the surface to the drying air was 

implemented. 

6.6.1.3 Water and Component Mass Balances and Diffusion Coefficients 

The water mass balance was formulated in the following way: 

𝜕(𝐶𝑠 · 𝑋)

𝜕𝑡
=

1

𝑟2
(

𝜕

𝜕𝑟
(𝐷𝑤 · 𝑟2 ·

𝜕(𝐶𝑠 · 𝑋)

𝜕𝑟
)) ( 6.16) 

where 𝑋 was the radius dependent moisture content [kg/kg], 𝐶𝑠 the solids concentration [kg/m
3
] and 𝐷𝑤 

the water diffusivity [m
2
/s]. 
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The initial and boundary conditions of the water mass balance were: 

𝑡 = 0:     𝑋 = 𝑋0 ( 6.17) 

𝑟 = 0:     
𝑑𝑋

𝑑𝑟
= 0 ( 6.18) 

𝑟 = 𝑟0 :   − 𝐶𝑠 · 𝐷𝑤 ·
𝑑𝑋

𝑑𝑟
= ℎ𝑚 · (𝜌𝑣,𝑠 − 𝜌𝑣,𝑏) ( 6.19) 

The change in concentration of a component 𝑖 (lactose, protein or fat) over time at a certain radial posi-

tion was expressed by a combination of the convective mass flux and the diffusive mass flux according 

Fick’s second law of diffusion, following Gardner (1965): 

𝜕𝐶𝑖

𝜕𝑡
+ 𝑣𝑟 ·

𝜕𝐶𝑖

𝜕𝑟
=

1

𝑟2
(

𝜕

𝜕𝑟
(𝐷𝑖 · 𝑟2

𝜕𝐶𝑖

𝜕𝑟
)) ( 6.20) 

where 𝐶𝑖 was the concentration of component i [kg/m
3
] and 𝐷𝑖 its diffusivity [m

2
/s]. 

The component diffusivities were calculated depending on the moisture content by means of a modified 

Stokes-Einstein equation. When simulating a full drying process where the component concentrations 

vary from diluted until almost dry, it needs to be accounted for the influence of the solids concentration 

on the medium viscosity and hence on the diffusivities. As suggested by Chen et al. (2013), this crowd-

ing effect can be described by Quemada’s model (Quemada, 1982) with a correction factor f: 

𝐷𝑖 =
𝑘𝐵 · 𝑇

6 · 𝜋 · 𝜇𝑤 · 𝑅𝑖
· 𝑓 ( 6.21) 

𝑓 = (1 −
𝛷

𝛷𝑚𝑎𝑥
)

2

 ( 6.22) 

where 𝜇𝑤 was the dynamic water viscosity [Pa∙s], 𝑅𝑖 the component radius according Table  6.2 [m], 𝛷 

the global volume fraction of all three components combined [m
3
/m

3
], and 𝛷𝑚𝑎𝑥 the theoretical maxi-

mum packing volume fraction [m
3
/m

3
]. Using the Quemada’s value for the maximum packing volume 

fraction under the assumption of perfect uniformly sized spheres, values of approximately 0.7 were ob-

tained. Though a value of 0.95 would be more realistic, the ratio 𝛷/𝛷𝑚𝑎𝑥 will still be accurate.  

6.6.1.4 Boundary and Initial Conditions of the Component Mass Balances (Case 1 and Case 2) 

In its standard form, the model’s initial surface ratio between lactose, protein and fat was set to be 

equivalent to the experimentally measured initial surface composition directly after droplet generation, 

which was implemented by means of a step change near the surface (case 1). Also a second scenario 

was studied where the bulk composition was set as initial surface composition (case 2). 
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Initial conditions of Eq. ( 6.20) - case 1: 

𝑡 = 0, (𝑟0 − 25 𝜇𝑚) < 𝑟 < 𝑟0:   𝐶𝑖 = 𝐶𝑖,𝑒𝑥𝑝 ( 6.23) 

𝑡 = 0, 𝑟 < (𝑟0 − 25 𝜇𝑚):   𝐶𝑖 = 𝐶𝑖,𝑏𝑢𝑙𝑘,𝑐𝑜𝑟𝑟 ( 6.24) 

where 𝑐𝑖,𝑒𝑥𝑝 was the experimentally determined initial surface concentration and 𝑐𝑖,𝑏𝑢𝑙𝑘,𝑐𝑜𝑟𝑟 the corre-

sponding bulk concentration after correction by the relative excess or shortfall of component 𝑖 due to 

accumulation or depletion in the surface layer [kg/m
3
]. 

Initial conditions of Eq. ( 6.20) - case 2: 

𝑡 = 0:    𝐶𝑖 = 𝐶𝑖,𝑏𝑢𝑙𝑘 ( 6.25) 

where 𝐶𝑖,𝑏𝑢𝑙𝑘 was the bulk concentration [kg/m
3
].  

In either case, the protein mass balance was complemented by a description of adsorption at the 

air/water interface. The boundary conditions of Eq. ( 6.20) thus were: 

𝑟 = 𝑟𝑠:  𝐷𝑙𝑎𝑐 ·
𝑑𝐶𝑙𝑎𝑐

𝑑𝑟
= 𝐶𝑙𝑎𝑐 · 𝑣𝑠    ,       𝐷𝑓𝑎𝑡 ·

𝑑𝐶𝑓𝑎𝑡

𝑑𝑟
= 𝐶𝑓𝑎𝑡 · 𝑣𝑠    ,                                      

              𝐷𝑝𝑟𝑜𝑡 ·
𝑑𝐶𝑝𝑟𝑜𝑡

𝑑𝑟
= 𝐶𝑝𝑟𝑜𝑡 · 𝑣𝑠 + 𝑘𝑎 · 𝐶𝑝𝑟𝑜𝑡 − 𝑘𝑑 · 𝑄𝑝𝑟𝑜𝑡   ( 6.26) 

𝑟 = 0:  
𝑑𝐶𝑖

𝑑𝑟
= 0  ( 6.27) 

where the subscript 𝑖 = 𝑙𝑎𝑐, 𝑓𝑎𝑡, 𝑝𝑟𝑜𝑡 denoted lactose, fat and protein, respectively. As further elabo-

rated in Appendix 5.A, 𝑘𝑎 was the kinetic adsorption parameter [m/s], 𝑘𝑑 the kinetic desorption parame-

ter [1/s] and 𝑄𝑝𝑟𝑜𝑡 the concentration of adsorbed protein at the surface [kg/m
2
]. 

6.6.2 Comparison of Simulation Results with Experimental Data (Case 1 and Case 2) 

Model validation was performed in two ways. Firstly, validation by means of the change in droplet tem-

perature or drying rate has been the method of choice employed in many studies on comparable droplet 

drying models (see Table  2.4 in Section  2.2). Therefore, in this work, the simulated changes in global 

droplet temperature and global droplet moisture content over drying time (using case 1 for the initial 

conditions of the component mass balances) were compared with the results observed during experi-

mental single droplet drying (see Figure  6.9 in Appendix 5.B). Good agreement between the simulated 

and experimental profiles was found, indicated by r
2
 values of 0.998 for each profile. It was hence con-

cluded that the model computed accurately both droplet moisture content and temperature with proceed-

ing drying. The temperature profiles were found to be uniform over the droplet radius at any given 

drying time (data not presented here, see publication for further information) as a result of a relatively 

slow temperature change at the surface in comparison to the heat conduction inside the droplet. 
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Secondly, a small number of numerical models on the chemical surface formation of drying droplets 

were validated by comparison with the XPS surface composition of spray-dried particles (Chen et al., 

2011, Wang et al., 2013). Although this approach is of particular value for modeling applications that 

investigate the component segregation during drying, the comparability between simulation and experi-

ments was limited, because the drying environment of the model did not precisely replicate the spray 

drying environment, and only evaluation of the surface compositions after completed spray drying was 

possible. In the present study, the development of the above described single droplet drying technique 

coupled with cryogenic flash freezing allowed for experimental surface composition data at various 

drying times under single droplet drying conditions that were similar to the model. These experimental 

results (presented in Figure  6.3) were compared with the simulation outcomes utilizing the initial condi-

tions according to either case 1 or case 2 for the component mass balances (see Section  6.6.1.4). 

In literature, it is typically reported that the bulk composition was used for the initial surface concentra-

tions. This simplifies the methodology, as no experimental analysis of the droplet surface composition 

after droplet generation is required. It was therefore tested if the bulk composition of lactose, protein 

and fat can be employed as initial surface condition of the component mass balances according to Ta-

ble  6.1 (case 2, Eq. ( 6.25)). As presented in Figure  6.6a, the protein surface composition corresponded 

reasonably well with the experimental data (difference of -2.4, -5.6, -8.0, -1.6 and 5.2 % v/v after re-

spective drying times of 20, 50, 100, 200, 420 s). However, the model significantly over-predicted the 

lactose surface concentration (Figure  6.6b) throughout the whole drying process (difference of 22.4, 

23.8, 20.2, 13.9, 8.4 % v/v after 20, 50, 100, 200, 420 s, respectively). Particularly deficient was the 

simulation of the fat surface content, where the predicted values were a manifold of magnitudes smaller 

than the experimental results (Figure  6.6c). Whereas the lowest experimentally determined fat surface 

concentration was 12 % v/v (at a corresponding drying time of 200 s), the simulation predicted values of 

0.5 % w/w or lower at any drying time. This consequently demonstrated that the simulation under appli-

cation of case 2 did not capture the overrepresentation of fat on the surface of drying milk droplets. 

Figure  6.6 further illustrates the results obtained when case 1 was employed for the initial conditions of 

the component mass balances (Eq. ( 6.23) and Eq. ( 6.24)). The simulated surface concentrations in pro-

tein after various drying times were in good agreement with the experimental study, as well as with the 

simulation when applying case 2 (Figure  6.6a). The reason for this was that the experimentally deter-

mined initial surface concentration did not differ significantly from the bulk composition (6 % v/v 

overrepresentation, see Figure  6.3) and both modeling scenarios accounted for the protein surface activi-

ty. Regarding the lactose surface concentration (Figure  6.6b), simulation utilizing case 1 led to a strong-

ly improved accuracy (difference of 11.8, 14.5, 11.4, 5.0, 0.5 % v/v after 20, 50, 100, 200, 420 s, 

respectively), as compared to case 2. The reason for this was that the experimental study showed a sig-

nificant underrepresentation of lactose at the surface after droplet generation in relation to the bulk 

composition (by about 24 % v/v), which was only accounted for by the initial surface conditions of case 
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1. While an appreciable deviation from the experimental data was formed during the first 20 s of drying, 

the lactose surface concentrations agreed progressively better with proceeding drying. Figure  6.6c high-

lights that simulation under utilization of the experimentally determined initial surface composition still 

underestimated the amount of surface fat (difference of -7.8, -8.7, -3.7, -4.6, -7.7 % v/v after 20, 50, 

100, 200, 420 s, respectively), but featured a considerably better accuracy than when neglecting the 

atomization induced enrichment of fat at the droplet surface.  

While the absolute values agreed reasonably well with each other, in relative terms the simulated values 

were already 40 % below the experimental results after the first 20 s of drying. The discrepancy in fat 

surface composition remained throughout the remaining drying time due to a monotonic decrease in 

simulated fat surface concentration with longer drying time. This can be explained by the hydrophobic 

nature of the fat phase, which had not been accounted for in the model. Due to the distinct overrepresen-

tation of fat at the surface of the freshly generated droplet and the much lower fat concentration in the 

bulk, the model predicted a strong diffusive flux of fat towards the inner of the droplet along this gradi-

ent. In reality, however, the repulsion between the water inside the droplet and the hydrophobic fat layer 

inhibited this diffusion process and caused the surface fat to remain at the air/water interface to greater 

extent than computed by the model. Qualitatively, nevertheless, the model described the surface fat 

content reasonably well and with considerably greater precision than when the bulk composition was 

used as initial condition. This highlights that coupling single droplet drying experiments with cryogenic 

flash freezing to track the change in the chemical surface composition of drying droplets can be very 

useful for application in a corresponding mathematical model in two respects; for finding suitable initial 

conditions and for validation of the model. 
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Figure 6.6: Simulated surface concentrations after certain times during single droplet drying of a 

LFMM droplet with an initial volume of 3 µl: comparison with experimentally obtained values (green) 

for (a) protein, (b) lactose, and (c) fat. Either the experimentally measured initial surface composition 

(case 1, blue) or the bulk composition (case 2, orange) was used as initial surface condition. 
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6.6.3 Simulated Component Segregation at the Droplet Surface (Based on Case 1) 

Using case 1, the numerical model was demonstrated to be applicable for the estimation of the surface 

composition during single droplet drying of milk. Under consideration of its limitations regarding the 

simulation of the fat concentration as discussed in Section  6.6.2, it thus can be utilized to verify the as-

sumptions about the component segregation process made from the experimental observations in Sec-

tion  6.5. In Figure  6.7, the spatial profiles of the moisture content at different drying times are presented 

for increasing radius from the droplet center (0 mm) to the surface (approximately 0.9 mm initially). 

The simulation data confirmed the existence of a declining concentration in water from the surface to-

wards the center because of evaporation from the surface. During the early drying stages the gradients 

were particularly distinct, whereas they decreased with proceeding drying until the end of drying. The 

slopes of the moisture profiles were more pronounced in proximity to the droplet surface than near the 

droplet center. As such, component segregation as a result of the strong variance in diffusivity of lac-

tose, protein and fat (compare to Table  6.2) can be expected to be particularly significant close to the 

surface. In addition, the concentration gradients of protein and especially of fat near the surface were 

enhanced by the difference between initial surface composition and bulk composition. 

 

Figure 6.7: Simulated moisture content profiles at certain times during single droplet drying. The ex-

perimentally measured initial surface composition was used as initial surface condition (case 1). 

Figure  6.6 shows that the surface concentration of every component experienced significant changes 

over drying time. As lactose featured the smallest hydrodynamic radius amongst the three components, 

it underwent strong depletion at the surface (Figure  6.6b), which was in line with the experimentally 

obtained surface composition. In addition, the decrease in lactose surface composition with proceeding 

drying time was amplified by the protein’s surface activity. Protein enriched at the surface (Figure  6.6a), 
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attracted by its adsorption at the air/water interface. The model also predicted a significant decline in fat 

overrepresentation at the surface (Figure  6.6c). Already ahead of the actual drying process, a fat 

overrepresentation existed at the droplet surface, whose origin will be discussed in Section  6.6.4. Con-

sequently, the concentration gradient in fat was more pronounced than for the other two components, 

causing a relatively fast inward diffusion process, despite the lower diffusivity of fat in comparison to 

lactose and protein. Furthermore, the transport of protein to the surface due to its surface activity en-

hanced the decrease in fat surface content. As such, the model confirms that during the drying process 

the component distribution is influenced by the protein surface activity and, to lesser extent, by the dif-

ferences in the component diffusivities. However, a decisive impact on the final particle surface was 

also exerted by atomization induced component segregation, particularly in respect to the surface fat 

formation. As discussed before, the model did not accurately describe the retention of the surface fat, 

whilst this had been observed in the experimental analysis (presumably due to the fat’s hydrophobicity). 

6.6.4 Diffusion Controlled Segregation between Droplet Generation and Flash 

Freezing 

As Figure  6.3 highlights, the experimentally measured surface composition of the LFMM droplets al-

ready differed significantly from the bulk composition ahead of the drying process (0 s). As such, it was 

concluded that component segregation must have occurred prior to drying. This segregation could either 

have been taking place during droplet formation or during the time that elapsed between droplet genera-

tion and commencement of drying (or flash freezing of the sample, respectively). To examine the latter 

possibility, the change in component distribution in a LFMM droplet without drying was simulated. In 

the experiments, the droplets were not exposed to a drying air flow during their transfer from the syringe 

to the suspension filament or into the liquid nitrogen bath, but only to quiescent air at room temperature. 

The equations that described the evaporation of water and the heating of the droplet (Eq. ( 6.11) - 

Eq. ( 6.19)) were therefore omitted for this simulation. The initial surface composition was set to equal 

the bulk composition (case 2 in the component mass balances). If the experimentally obtained surface 

concentrations were primarily caused by diffusion during the time between droplet generation and 

commencement of drying or flash freezing, the model should predict a similar surface composition 

within the first few simulated seconds when implementing the bulk composition as initial condition. 

As can be seen from Figure  6.8, the simulation predicted that the protein and lactose components would 

need an approximate time of 50 s and 200 s, respectively, to reach the experimentally measured initial 

surface contents. Throughout the full simulated time of 7 min, the computed fat concentration at the 

droplet surface stayed well below the initial surface fat content that had been determined in the single 

droplet drying experiments. Moreover, the model predicted a decline in surface concentration of the fat 

due to replacement by surface active protein. As a result, a diffusion controlled segregation process 

cannot be considered to be responsible for the experimentally observed surface fat. In addition, con- 
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Figure 6.8: Simulated surface concentrations at certain times after droplet generation without evapora-

tion: (a) protein, (b) lactose, and (c) fat. The bulk composition was used as initial surface condition 

(case 2). 
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sidering the relatively short duration between commencement of droplet generation and cryogenic flash 

freezing in comparison to the time necessary for lactose and protein to attain the experimentally meas-

ured surface concentrations, also the surface composition in lactose and protein cannot be ascribed to a 

diffusion controlled process. The droplet generation process took only 1-2 s and the subsequent transfer 

of the droplet into liquid nitrogen for flash freezing required 2-3 s. Convection, which could have been 

formed during droplet generation, might have accelerated the transport of the hydrophobic fat or surface 

active protein to the surface during this time. In light of the previous results about the segregation pro-

cess in spray-dried milk droplets (compare to Chapter  3 and Chapter  5), however, it seems most likely 

that a similar, atomization induced mechanism also took place during droplet generation in the single 

droplet drying experiments and that this mechanism was primarily responsible for the observed surface 

fat. The simulation results strengthen the hypothesis made in Section  6.5.2 that the difference between 

the bulk and measured initial surface composition was a result of the previously proposed disintegration 

mechanism. As a consequence thereof, the fat phase covered the droplet surface immediately after drop-

let formation, independent from diffusion or convection controlled transport phenomena. 

6.7 Conclusions 

The drying behavior of droplets from two milk model emulsions with different fat contents was studied 

in a filament single droplet drying rig. The study demonstrated the modification of suspended single 

droplet drying by a flash freezing approach to interrupt the drying process at certain times in order to 

record the changes in component distribution and chemical surface composition. This new analysis 

method facilitated two complementary studies: an experimental observation of the connection between 

droplet surface composition and drying kinetics, and a mathematical simulation of the drying process 

with accurate initial surface conditions and a robust validation technique. 

Firstly, the influence of the composition of the developing surface shell on the drying characteristics 

was experimentally investigated. The initial surface composition during single droplet drying of the 

investigated milk model emulsions was found to be consistent with the one of spray-dried milk droplets 

directly after atomization, which was reported in Chapter  3. Therefore, the observed surface formation 

and its impact on the drying and shrinkage kinetics with proceeding single droplet drying could be con-

sidered as representative for a spray drying process under comparable conditions. For the higher fat 

content emulsion, the droplet shrinkage was less distinct and the evaporation process was slower. This 

was explained by the existence of a hydrophobic fat film, which had occurred at the surface immediate-

ly after droplet generation and remained until completion of the drying process. The surface of the low-

fat model emulsion droplets also featured an overrepresentation of fat in respect to the bulk composi-

tion, but the absolute surface concentration was lower than the one of protein. The protein further en-

riched near the surface with increasing drying time, presumably by diffusion due to its surface activity 
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and its lower diffusivity in comparison to lactose. It thus imposed a more hydrophilic, flexible character 

of the surface shell. This caused the shell of the low-fat model emulsion droplets to be more susceptible 

to shrinkage and more permeable for evaporating moisture. 

Secondly, the measured change in surface concentration during single droplet drying of low-fat milk 

model droplets was applied on a numerical simulation model for computation of the spatiotemporal 

distribution of lactose, protein and fat. It was demonstrated that the choice of the initial surface compo-

sition was critical for accurate simulation of the component segregation in drying milk droplets. Fur-

thermore, the experimentally obtained surface composition data was valuable for validation of the 

simulation results. Also the experimentally derived drying and shrinkage kinetics, which had been 

shown to be characteristic for each milk model emulsion, were incorporated into the model for a reliable 

description of the forming crust’s influence on the evaporation rate and droplet shrinkage. Diffusion 

processes as well as protein surface activity were included into the model, and both exercised an im-

portant influence over the component distribution. The results confirmed the hypothesis that the pro-

tein’s surface activity was responsible for its enrichment at the air/water interface. The strong diffusivity 

of lactose in comparison to the other components additionally contributed to a depletion of lactose near 

the surface. Component segregation during droplet generation was identified as the reason for the ob-

servation of highly overrepresented surface fat from the beginning of drying onwards until completed 

drying. A modified simulation model without evaporation and with the bulk composition as initial sur-

face condition in the component mass balances was applied, which suggested that the initial difference 

between bulk and surface composition cannot be ascribed to diffusion induced component segregation. 

This finding supported the previously suggested concept of a disintegration mechanism along the dis-

persed fat globules inside the milk emulsions that causes the fat phase to be accumulated at the surface 

as soon as a droplet has been formed.  

As a future study, it is recommended to apply and test the here proposed simulation model at smaller 

droplet sizes under spray drying conditions in order to predict the surface composition of industrially 

produced milk powder. In conjunction with this, phenomena associated with surface properties such as 

stickiness, crystallinity, flow and rehydration behavior are expected to be predictable by utilization of 

this model. It should also be attempted to further develop the model’s mathematical description to ac-

count for precipitation and the influence of the fat phase’s hydrophobicity. Furthermore, the here de-

scribed experimental methodology of coupling single droplet drying with cryogenic flash freezing can 

be adopted for other milk emulsions and other food or pharmaceutical particle systems to better under-

stand their respective behavior during convective drying. Applicability of the obtained results on an 

industrial spray drying process will yet depend on whether the surface composition of the generated 

droplets agrees with the initial state of droplets produced with the corresponding atomization nozzle that 

is utilized on industrial scale. 
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6.8 Appendix 

6.8.1 Appendix 5.A: Parameters for Protein Adsorption and Temperature Dependent 

Physical Properties 

A formulation for the kinetic adsorption and desorption parameters of albumin at an air/water interface 

(Hansen and Myrvold, 1995) was utilized for estimation of the protein surface activity (Eq. ( 6.26)). 

Considering that several types of protein are present in milk and that these have a complex dependency 

on pH, protein bulk concentration and temperature (Hansen and Myrvold, 1995), the kinetic parameters 

had to be fine-tuned to achieve good agreement with the experimental data. It was found that the data 

was best represented by increasing the reported value of the kinetic adsorption parameter by 30 % and 

retaining the reported value of the desorption parameter. This seemed reasonable since surface tension 

measurements have indicated that casein is more surface active than bovine albumin (Fäldt and Ber-

genståhl, 1994). 

Equations for the temperature dependency of the density and thermal conductivity of water, lactose, 

protein and fat were derived from data by Choi (1986). Temperature correlations for the dynamic vis-

cosity of water and the saturation vapor pressure were obtained from Haynes (2012). A regression curve 

fit for the diffusion coefficient of water vapor in air was provided by Bolz and Tuve (1976). The change 

in enthalpy of water evaporation with temperature was correlated from data published by Sabbah et al. 

(1999). 
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6.8.2 Appendix 5.B: Simulation of Global Droplet Temperature and Moisture Profiles 

 

 

Figure 6.9: Simulated global properties during single droplet drying: volumetric averages over droplet 

radius of (a) free droplet moisture content, and (b) droplet temperature. The experimentally measured 

initial surface composition was used as initial surface condition (case 1). 
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7 Conclusions and Recommendations 

7.1 Conclusions 

Detailed insights into the component segregation that takes place in drying milk droplets were obtained 

by a systematic investigation using two convective drying methods and modifying these with cryogenic 

flash freezing techniques. This gave a new understanding of the mechanism that is responsible for the 

formation of surface fat on spray-dried milk powder, how this influences the drying kinetics and how 

the chemical surface composition can be improved for more desirable functional powder properties. In 

both drying methods, a regular-fat milk model emulsion (20 % w/w solid content, dry matter composi-

tion: 40.8 % w/w lactose, 31.1 % w/w fat, 27.0 % w/w protein with 80% whey protein and 20% casein) 

and a low-fat milk model emulsion (0.3 % w/w fat in d.m.) were studied.  

Firstly, microfluidic multi-jet spray drying facilitated the production of monodisperse particles with 

uniform drying history for direct correlation between different emulsion compositions or nozzle orifice 

sizes and their influence on the powder surface composition. Cryogenic flash freezing of the generated 

droplets immediately after atomization allowed distinguishing the influence of the atomization stage 

from the one of the drying stage. The droplets after atomization featured diameters of 50-150 µm. Com-

parison with a pressure-swirl single-fluid spray nozzle and a pilot-scale rotary disk spray dryer indicated 

that the results obtained from microfluidic atomization were representative for atomization techniques 

that are commonly used on an industrial scale. The spray drying studies were extended by modifying the 

regular-fat emulsion prior to spray drying with the addition of λ-carrageenan, a linear sulphated poly-

saccharide, at different concentrations from 0-0.5 % w/w.  

Secondly, single droplet drying allowed the in situ observation of droplet changes in mass, diameter and 

temperature, as well as tracking of the chemical surface composition over time by stopping the drying 

process by immersion in liquid nitrogen after discrete drying times in a new single droplet drying tech-

nique. The droplets were substantially larger than in spray drying with an initial size of approximately 

1.2-1.8 mm in diameter. The single droplet drying experiments were compared with a numerical model 

that was applied for simulation of the radial component distribution of lactose, protein and fat during 

single droplet drying of a low-fat milk model droplet. 

In spray drying, the surfaces of both the atomized droplets and the spray-dried particles were found to 

feature an overrepresentation of fat in comparison to the bulk composition, as observed via X-ray pho-

toelectron spectroscopy and confocal laser scanning microscopy. Surface fat contents of 9-13 and 83-

92 % v/v in d.m. were detected on the atomized droplets of the low-fat and regular-fat emulsions, re-

spectively. As the surface compositions remained relatively unchanged throughout the following drying 
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stage, the findings indicated that the final surface composition of spray-dried milk powder should not be 

attributed to the drying process, but is already formed during the atomization stage. In light of that, it 

was concluded that the capacity for a reduction in surface fat on spray-dried milk particles by adjusting 

the conditions of the drying stage is very limited. As an alternative, it was demonstrated that strengthen-

ing the milk emulsions prior to spray drying can translate into improved fat encapsulation in the spray-

dried particles. Successful emulsion stabilization was achieved by reducing the coalescence of the dis-

persed lipid phase as a result of electrostatic repulsion amongst the milk fat globule membranes, whose 

negative charge was increased by adsorption of λ-carrageenan. Smaller fat globule size and improved 

emulsion stability occurred at carrageenan contents of 0.3-0.4 % w/w, when the protein membranes 

presumably reached saturation with carrageenan. The emulsions experienced creaming as a result of 

depletion flocculation at higher carrageenan concentration (0.5 % w/w) and bridging flocculation at 

lower carrageenan concentration (0.1 % w/w).  

The stabilized emulsions translated into spray-dried particles with a significantly reduced surface fat 

thickness. Whereas the carrageenan-free emulsion consisted of 13.8 % surface fat as determined via 

surface fat extraction, only a third of this amount (4.7 %) was measured on particles obtained from an 

emulsion with 0.3 % w/w carrageenan. The extensional viscosity of the model emulsions was found to 

be very sensitive to the presence of λ-carrageenan or a dispersed fat phase. While the shear viscosity 

only dropped slightly under an increase in fat content of the carrageenan-free emulsions, the extensional 

viscosity experienced a sharp decrease from 25.9 to 11.5 mPa∙s. This explained why the size of the at-

omized droplets decreased with increasing fat content during spray drying. The addition of carrageenan 

(0.3 % w/w) raised the extensional viscosity up to 30.7 mPa∙s again. Based on these results, it was pro-

posed that the surface fat formation during atomization occurred because of a perforation mechanism 

that was induced by the fat globules. As the interface between the aqueous continuous phase and the 

dispersed lipid phase has appeared to be less stable against film disintegration under extensional shear 

than the other parts of the emulsions, it was concluded that the emulsions preferably broke up along the 

fat globules during atomization. The fat globules were consequently at the surface as soon as individual 

droplets had been formed. Emulsion stabilization with λ-carrageenan reduced the amount of surface fat, 

presumably by reducing the fat globule size and inhibiting this perforation mechanism. This demon-

strated that emulsion stabilization ahead of the spray drying of milk powder might become a cost and 

resource efficient alternative to the conventional milk powder production process in the dairy industry. 

In single droplet drying, it was demonstrated experimentally how the existence of a fat dominated sur-

face shell influenced the drying and shrinkage kinetics. The new cryogenic flash freezing technique 

revealed that the regular-fat droplets featured a comprehensive fat film directly after droplet generation 

and throughout the whole drying process (between 91-97 % v/v fat in d.m.). This was similar to the 

observations on spray drying, although the droplet generation in single droplet drying was performed by 

a different technique, utilizing a micro-volumetric syringe. It was thus shown that the component segre-



Conclusions and Recommendations      125 

 
     

 

gation during single droplet drying resembled the spray drying process reasonably well. Also consistent 

with the spray drying experiments was that protein enriched in the surface-near regions with proceeding 

drying time of the low-fat milk model emulsion droplets (increase from 48 to 68 % v/v in d.m.), while 

fat was also present in over-stoichiometric amounts (between 13-19 % v/v fat in d.m.). The temperature, 

mass and diameter data was processed with the Reaction Engineering Approach to describe the shrink-

age kinetics and the declining vapor pressure at the droplet surface due to decreasing effective water 

diffusivities with advancing crust formation. The hydrophobic fat shell of the regular-fat emulsion im-

posed a greater resistance to evaporation and was subject to less shrinkage, particularly at low moisture 

contents, in comparison to the high-in-protein shell of the low-fat emulsion.  

The drying and shrinkage kinetics were implemented into a numerical model to simulate the component 

distribution during single droplet drying of a low-fat milk droplet. A few novelties of this model elimi-

nated some weaknesses that previously published models for the prediction of the chemical surface 

composition of dried particles with multiple components have had in common. Firstly, the semi-

empirical correlations from the single droplet drying experiments were adopted in order to realistically 

describe the impact of the emerging crust on the shrinkage and evaporation rates. Secondly, a modified 

Stokes-Einstein equation accounted for the decreasing diffusion rates with lower water content, and the 

protein surface activity was introduced as a boundary condition. Thirdly, the experimentally determined 

initial surface composition after droplet generation was required as initial condition for accurate simula-

tion. For model validation, knowledge of the change in surface concentration over drying time proved to 

be useful, whereas previous models of similar kind were only validated in terms of moisture content and 

temperature profiles or the surface composition after completed drying. The model was demonstrated to 

be suitable for the description of the spatiotemporal component distribution in drying milk droplets. 

Modeling of the component migration without evaporation and the bulk composition as the initial sur-

face composition did not result, within any time, in surface concentrations that matched the measured 

values of the atomized droplets. This confirmed that the difference between the initial surface composi-

tion and the bulk composition prior to drying must be a direct result of the proposed film disintegration 

mechanism during atomization, and could not have happened due to diffusion. Furthermore, the simula-

tion work supported the hypothesis that during the following drying stage the further depletion of lac-

tose at the surface was determined by its relatively fast diffusivity and that the protein enrichment at the 

surface was intensified by its surface activity. 

In summary, by means of modified spray drying and single droplet drying analysis techniques as well as 

numerical simulation, this study has provided a better understanding of the chemical surface formation 

of spray-dried milk powder and of a possible way to reduce the amount of surface fat. The demonstrated 

investigation approach and the obtained insights are expected to provide value to the research of spray 

drying processes of emulsions in general, beyond milk powder. For the dairy industry, this research 
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contributes towards an optimization of milk powder production in terms of efficiency and product quali-

ty.  

7.2 Recommendations for Future Work 

It is envisaged that the findings of this research will contribute towards a more efficient and sustainable 

milk powder production in the dairy industry. A few further studies are proposed to continue this ambi-

tion. 

Firstly, in respect to industrial applications, the effort to improve the functional properties of spray-dried 

milk powder by prior emulsion stabilization should be continued. Since the internal porosity of emul-

sions that were stabilized with carrageenan was reduced to the detriment of the solubility, further re-

search on how to prevent the densification of the milk particles during spray drying should be 

conducted. Regarding an industrial utilization of carrageenan for reduction of the surface fat formation 

during spray drying, it would also be interesting to explore the interaction between carrageenan and 

fresh whole milk emulsions. It is proposed that such a study would also take into account the influence 

of varied homogenization pressures. A future study could also explore how an increased extensional 

viscosity and improved stability of milk emulsions through the addition of carrageenan influences the 

disintegration behavior and thus the fat encapsulation efficiency in spray drying techniques that employ 

high shear forces, as typically found in industrial powder production. A deeper understanding of the 

adsorption process of λ-carrageenan and the electrostatic interaction in the milk emulsions could be 

obtained by ζ-potential measurements. Moreover, other stabilizers or surfactants instead of carrageenan 

could be tested in respect to their impact on spray-dried milk powder, and in particular regarding their 

influence on the droplet surface formation during atomization. Other food-safe, natural and economical 

excipients such as rice dreg protein hydrolysate or modified starch would be possible options for this 

purpose. 

From an economical perspective, a comprehensive cost analysis of the addition of carrageen regarding 

its viability for emulsion modification prior to industrial spray drying of milk powder would be valua-

ble. It could be compared with other treatments that might have similar effects, as future studies might 

find out. Also a market analysis of the consumer acceptance of added carrageenan in milk powder will 

be an important part of implementing carrageenan addition into commercial milk powder manufactur-

ing. 

Secondly, on a more fundamental level, it seems to be worth exploring new ways to further understand 

and visualize the disintegration mechanism of milk emulsions into individual droplets during atomiza-

tion. So far, the proposed perforation and disintegration mechanism has been supported indirectly by the 

observed droplet sizes after atomization, the reduction in surface fat through emulsion stabilization, 
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extensional viscosity measurements and a small number of previously published studies. However, the 

disintegration mechanism itself has not been observed directly yet. As a first step towards this objective, 

fluorescence microscopy could be coupled with the acoustically-driven microfluidic extensional rheom-

eter or the microfluidic jet atomizer to observe the position of the fat globules in relation to the break-up 

location of the emulsion. If the time resolution of the fluorescent microscopy did not prove to be suffi-

cient for these fast disintegration processes, fluorescent tracking of the fat globules during an elonga-

tional stretching of a small emulsion volume in a stagnation point of a microfluidic channel would 

possibly be a practical alternative. In addition to that, experimental or simulation work could also be 

conducted to gain insights into the convective flow pattern in milk droplets upon atomization to investi-

gate if fast convection processes exist which could have an impact on the component segregation during 

droplet generation. 

Thirdly, the developed numerical model for simulation of the concentration gradients in drying milk 

droplets can provide a powerful tool for optimizing the spray drying conditions in milk powder produc-

tion. After being validated for single droplet drying, the model can now be applied on spray drying pro-

cesses. Further, the computed surface compositions may be used to predict the functional powder 

properties, such as reconstitution behavior and stickiness. For this purpose, it will be worthwhile to test 

an extension of the numerical model by implementing a description of solute precipitation upon satura-

tion and by accounting for the hydrophobicity of the (surface) fat. 

Last but not least, on a more general note, the new experimental and numerical investigation techniques 

that have been demonstrated in the present work will be available for application on other microencap-

sulation systems. The undertaken approach can be expanded onto various emulsions and solutions to 

explore whether atomization also creates wanted or unwanted component segregation in other food or 

pharmaceutical spray drying processes. For instance, the surface composition of droplets consisting of 

food oils or oleoresins together with acacia gum, modified starch or maltodextrin as wall materials could 

be investigated. 
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