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AAbbssttrraacctt  

 

 

Spray-dried dairy powders are common ingredients in many food and dairy 

products. Some of the properties of these powders that are important in their storage, 

handling and final application are expected to be determined by the surface composition 

of the powder. Therefore, an understanding of the mechanism behind the formation of 

the surface composition of the powder and the ability to control the surface composition 

will be very useful in the improvement of product quality and the development of new 

products.  

 

The aim of this thesis was to understand the mechanism behind the formation of 

the surface composition of industrial spray-dried dairy powders. To achieve this, a 

comprehensive research on the surface composition of industrial spray-dried dairy 

powders was undertaken, using electron spectroscopy for chemical analysis (ESCA, 

also known as X-ray photoelectron spectroscopy (XPS)). This involved the 

investigation of the effects of the composition of the concentrate before drying, 

manufacturing processes, processing conditions and storage on the surface composition 

of the powder. The distribution of milk components (including triglycerides in milk fat) 

within the powder particles was also investigated to obtain further insight in the 

processes occurring within the particles during powder production.  

 

It was found that the surface composition of industrial spray-dried dairy powders 

(skim milk powder, whole milk powder, cream powder and whey protein concentrate) is 

significantly different from the bulk composition. Particularly pronounced was the 

accumulation of fat on the powder surface, deteriorating several powder properties 



 

(flowability, wettability and oxidative stability). The fat content of the powder appeared 

to be the critical factor in determining the surface composition of the powder.  

 

Results showed that there is redistribution of components within the particles 

during the spray-drying process. A kind of solid/solute segregation seems to occur. Fat 

and proteins are preferentially accumulated near the surface of the particles whereas 

lactose in the interior of the particles. It was also observed that there is some 

fractionation among the different milk fat present in the powders, with the accumulating 

of high melting triglycerides in the free-fat and even more at the surface of the powders. 

The redistribution of components was found to be affected to a large extent by the 

spray-drying conditions employed (feed solids content, drying temperatures and degree 

of homogenization).  

 

The subsequent fluidized bed drying and handling processes appeared to have 

little effect on the surface composition of the powders. However, during long-term 

storage, there was a release of encapsulated low-melting triglycerides towards the 

surface of powder, thereby lowering the melting points of the surface free-fat and the 

inner free-fat. 

 

Based on the findings in this work and theoretical considerations, possible 

mechanisms behind the formation of the surface composition of industrial spray-dried 

dairy powders, from powder production, through storage, to its final application, were 

suggested. 
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1.1. PROBLEM DEFINITION 

Milk and milk-based products are important ingredients in many food and dairy 

industries due to their various functional and nutritional qualities. As it is difficult to 

transport, store or even formulate with milk in its fluid form, they are often processed in 

dry form for better storage and easier handling and transportation. Spray-drying is the 

most exclusively used water removal technique and the core process for dairy powder 

production. During this process, liquid droplets are transformed into solid particles 

forming the individual powder surfaces. The surface composition of the powder formed 

is expected to significantly influence several powder properties that are important in 

their storage, handling and final application. Examples are wettability, dispersibility, 

flowability and oxidative stability. If one of the milk components is preferentially 

present on the surface of the powder, these properties may be changed dramatically. Of 

special importance is the amount of fat on the surface of the powder. The presence of fat 

renders the surface of the powder hydrophobic, decreasing wettability and dispersibility 

[1]. Fat on the powder surface acts as a bridge between the particles, reducing 
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flowability [2]. It is also readily susceptible to oxidation and the development of 

rancidity [3, 4]. Therefore, understanding the mechanism behind the formation of the 

surface composition of the powder and the ability to control the surface composition 

will be very useful in the improvement of product quality and the development of new 

products. 

 

In order to understand the mechanism behind the formation of the surface 

composition of the powder, a detailed knowledge of the surface composition of spray-

dried dairy powders is needed. Traditionally, scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) have been used to characterize the surface of 

dairy powders. Solvent extraction has been employed to estimate the surface fat in 

powders (‘free-fat’). Useful information on the powder surfaces has been obtained from 

such analyses, however, they do not provide any ‘quantitative’ information on the 

chemical composition of the powder surface. Within last 15 years, an expansion of our 

knowledge has been made by the development of a technique applying electron 

spectroscopy for chemical analysis (ESCA, also known as X-ray photoelectron 

spectroscopy (XPS)) [5]. This technique has made it possible to quantify the relative 

coverage of different components at the surface of organic powders. Using this 

technique, the surface composition of spray-dried dairy-based ‘model’ emulsions has 

been analyzed and a powder surface forming mechanism, i.e. protein adsorption on air-

liquid interface, has been proposed [6-9]. The mechanism is that protein adsorbs 

preferentially to the air-liquid interface during spray-drying and appears on the powder 

surface after the spray-drying is completed, whilst fat is largely encapsulated inside the 

powder particles. However, the surface of spray-dried whole milk powder has been 

found to be largely covered by fat (~ 55%) after spray-drying process, and the surface 

fat coverage has increased up to ~ 90% after passage through the second cyclone [10]. 

Here, it is suspected that the surface activity of protein may not be the only surface 

formation mechanism of ‘real’ spray-dried dairy powders and further manufacturing 

processes may cause changes in the surface composition.  

 

As briefly described above, the surface formation mechanism of ‘real’ spray-

dried dairy powders has not yet been fully understood, and it is still considered as a 

‘black box’. Many of the powder properties (e.g. powder moisture content, particle  
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Figure 1-1 The possible factors influencing the surface composition of powders. 

 

 

size distribution, particle morphology) are known to be determined to a great extent by 

characteristics of the concentrate before spray-drying, manufacturing processes 

involved, processing conditions and storage conditions, as shown in Figure 1-1. 

Therefore, in order to increase understanding of how the surface composition of ‘real’ 

spray-dried dairy powders is formed, a comprehensive understanding of the effects of 

composition of the concentrate before drying, manufacturing processes, processing 

conditions and storage on the surface composition of ‘real’ spray-dried dairy powders is 

required. 

 

1.2. PROJECT OBJECTIVES 

The aim of this thesis was to understand the mechanism behind the formation of 

the surface composition of industrial spray-dried dairy powders. Of special interest was 

the fat present on the surface of powders. Listed below is the specific objectives settled 

upon to achieve this. 
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1. To investigate the surface composition of various industrial spray-dried dairy 

powders, and to study the effect of the surface composition on the powder properties 

 

2. To investigate the spatial distribution of milk components within the powders to 

gain more insights in the processes occurring within the particles during powder 

production 
 

3. To investigate the melting characteristics of the fat present on the surface of 

industrial spray-dried fat-containing dairy powders 

 

4. To investigate the effects of the manufacturing processes on the development of the 

surface composition of industrial spray-dried dairy powders  

 

5. To investigate the effects of various spray-drying conditions on the surface 

composition of industrial spray-dried dairy powders 

 

6. To investigate the changes in the surface composition of industrial spray-dried dairy 

powders during ‘practical’, long-term storage 

 

7. To propose possible mechanisms behind the formation of the surface composition of 

industrial spray-dried dairy powders, from powder production, through storage, to 

its final application. 

 

1.3. THESIS OUTLINE 

In this thesis, electron spectroscopy for chemical analysis (ESCA) is used as a 

main analytical tool. The next chapter, Chapter 2, discusses the principles of ESCA and 

how this technique can be applied to the study of dairy powder surfaces. Then, the 

subsequent six chapters (Chapter 3 – Chapter 8) detail experimental work done to 

provide more fundamental information for the investigation of the surface formation 

mechanism. Each chapter deals with one of the specific objectives stated in Section 1.2. 

In Chapter 9, the findings in this study are summarized, and possible surface formation 

mechanisms are proposed taking into account those findings and discussed with 
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theoretical considerations. Finally, the implications of this study and suggestions for 

future research are presented in Chapter 10. 
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2.1. INTRODUCTION 

Analysis of the surface composition of spray-dried dairy powders is critically 

needed to understand the mechanism behind the formation of the surface composition of 

industrial spray-dried dairy powders. A wide variety of analysis techniques have been 

used to estimate the surface composition of dairy powders. This includes light 

microscopy (LM) [11], transmission electron microscopy (TEM) [12], scanning electron 

microscopy (SEM) [13-21], confocal laser scanning microscopy (CLSM) [22-24], free-

fat extraction [25-27], successive washings followed by composition analysis [28, 29], 

and electron spectroscopy for chemical analysis (ESCA) [30]. Among these techniques, 

electron spectroscopy for chemical analysis (ESCA), also known as X-ray photoelectron 

spectroscopy (XPS), appears to provide most quantitative information on the chemical 

composition of the powder surface. In this thesis, ESCA is therefore used as the main 

analytical tool to characterize the surface composition of spray-dried dairy powders.  
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ESCA is a surface-sensitive analysis technique, which provides a direct, 

quantitative measure of elemental composition and chemical state information on the 

outermost atomic layer of a solid surface (2-10 nm). ESCA was developed in the mid-

1960s by Kai Siegbahn and his research group at the University of Uppsala, Sweden. 

With the advent of commercial manufacturing of surface analysis equipment in the early 

1970s, ESCA became an important and widely used surface analysis technique for 

characterization of material surfaces [31]. Over the past decades, ESCA has been widely 

used to characterize the surface of various types of solid materials (ceramics, fibres, 

glass, metals, minerals, polymers, catalysts, biomaterials), and it can be equally applied 

to food powders like dairy powders in this research. However, it did not become used as 

a surface characterizing tool for food powders until recently. The reason for this delay 

was largely due to the fact that, at first glance, the complexity of their chemical 

composition is such that the application of ESCA appears utterly impossible. There has 

been a first attempt to use ESCA for the study of the surface composition of food 

powders in 1993 [5] and ESCA has proven to be useful for investigations of the surface 

composition of food powders. However, the application of ESCA for the study of food 

powder surfaces is not yet widespread. 

 

The objective of this chapter was to present an overview of the application of 

ESCA for the study of the surface composition of dairy powders. In Section 2.2, the 

basic principles of ESCA are described. In Section 2.3, how ESCA can be applied to the 

study of dairy powder surfaces is discussed. Especially, a series of precautions and 

considerations that are required in sample handling and analysis of dairy powders are 

discussed. 

 

2.2. BASIC PRINCIPLES OF ESCA 

ESCA is based on the observation of the electrons emitted under irradiation by 

photons. The process is schematically described in Figure 2-1. The sample, placed in an 

ultrahigh vacuum, is irradiated with photons from a soft X-ray source with a well 

defined energy. Aluminium Kα X-rays (1486.6 eV) or magnesium Kα X-rays (1253.6 

eV) are commonly used sources of radiation. These photons penetrate from 1 to 10 µm 

into a solid and interact with atomic and molecular orbital electrons in the surface 
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Figure 2-1 Schematic representation of electron spectroscopy for chemical analysis 
(ESCA) process (Redrawn from Andrade [32]). 

 

 

region of the sample. This causes core electrons with lower binding energy (Eb) than the 

energy of the incident photons (hυ) to be ejected from the atoms by photoelectric effect, 

as illustrated in Figure 2-2. The kinetic energy (Ek) of the emitted electrons is given by:  

 

      Φ−−= bk EhE ν       (2.1) 

 

where Φ is the spectrometer work function, which is the energy needed for the electron 

to free itself from the surface. However, the emitted electrons suffer inelastic collisions 

with the atoms of the solid as they travel toward the surface. At each inelastic collision, 

the electron kinetic energy is decreased as illustrated in Figure 2-3. The electrons far 

from the surface lose their energy, and end up as background intensity (case b and c) or  
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Figure 2-2 Schematic view of interaction of an X-ray photon with an atomic orbital electron 
(Redrawn from Chastain [31]). 

 

 

do not escape from the surface (case d). Only those electrons that originate from a thin 

layer below the surface (case a) do not suffer inelastic collision, succeed in escaping 

from the surface and contribute to the peaks. The average distance an electron travels 

before it becomes involved in an inelastic collision is a function of its kinetic energy 

and the density of the solid. This distance is characterized by the inelastic mean free 

path, λ. The mean free path is about 1 - 2 nm for metals, 1.5 - 4 nm for oxides, > 3 nm 

for organic compounds and polymers. The amount of electrons contributing to the 

signal will decay with increasing distance z from the surface of the material according 

to: 

 

θλ sin/
0

z

z eII
−=                                                   (2.2) 

 

where Io is the intensity of emitted electrons at z = 0 and θ is the analyzed take-off angle. 

 

The photoelectrons escaping into the vacuum are detected by an electron kinetic 

energy analyzer and counted as a function of their kinetic energy. The spectrum is 
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Figure 2-3 Illustration of the loss of kinetic energy (length of arrows) as the photoelectrons 
(labelled dots) travel through the solid and the contribution of the latter to the ESCA spectrum. 
The electrons photoejected near the surface (a) contribute to the peaks, those originating from 
intermediate depth (b,c) contribute to the background, and those photoejected at great depth (d) 
do not escape from the solid (Redrawn from Rouxhet [33] ). 

 

 

obtained as a plot of the number of detected electrons per energy interval versus their 

kinetic energy (normally converted to binding energy). Each element has a unique 

spectrum. The spectrum from a mixture of elements is approximately the sum of the 

peaks of the individual constituents. ESCA can be, therefore, used to identify and 

determine the concentration of the elements in the surface. The ratios of the atomic 

concentrations can be calculated using the peak areas normalized on the basis of 

acquisition parameters and of sensitivity factors proposed by the manufacturer. Due to 

inelastic scattering of the electrons in the sample, the collected information concerns the 

outermost molecular layers and leads to an elemental analysis of the surface. A detailed 
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Figure 2-4 Sequence of operations involved in the ESCA analysis of a sample. 

 

 

examination of the spectrum (shape and position of the peaks) makes it possible to go 

beyond functional groups present on the surface. Full details of the underlying 

principles of ESCA have been described in Andrade [32] and Chastain [31]. 

 

2.3. APPLICATION OF ESCA TO SPRAY-DRIED DAIRY 

POWDERS  

As discussed above, ESCA provides quantitative information on the elemental 

composition and the chemical state information on the outermost atomic layer of a solid 

surface (2-10 nm). By these unique capabilities, ESCA has been widely used to 

characterize the surface of various types of solid materials over the past decades, and 

can be equally applied to food powders, such as spray-dried dairy powders in this study. 

Figure 2-4 shows the sequence of operations involved in the ESCA analysis of a sample. 

The operations involved are storage, sample preparation, spectrum recording and data 

treatment. Since food powders are complex in terms of composition, structure, 

mechanical and physical properties, the application of ESCA to the study of food 

powders requires precautions and special considerations in all four operations involved. 
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In this section, the precautions and special considerations that are required in sample 

handling and analysis of food powders, especially spray-dried dairy powders, were 

discussed. 

 

2.3.1. Storage 

In the majority of ESCA applications, sample storage is not critical. The samples 

are required to be stored in clean containers to avoid any contaminant deposited on the 

surface, and no other special storage conditions are required in general. However, for 

spray-dried dairy powders, some physicochemical changes, such as lactose 

crystallization and oxidation of fat, may occur during storage and these may modify the 

surface composition of the powders.  

 

� Lactose crystallization 

Lactose is one of the major components in dairy powders. Lactose in spray-dried dairy 

powders forms a continuous medium where fat globules, proteins and air vacuoles are 

dispersed. In freshly spray-dried dairy powder, lactose usually exists in the metastable 

amorphous state. The storage conditions of dairy powders affect the form of the lactose 

present. At temperature below its glass transition temperature (Tg), temperature at which 

an amorphous glassy material changes from a hard and brittle state to a soft and pliable 

and rubbery state, dairy powders with amorphous lactose are stable. However, above Tg, 

lactose tends to absorb moisture from the environment and crystallizes. The Tg of 

amorphous lactose is highly dependent on the moisture content of the powder. An 

increasing moisture content lowers the Tg dramatically and induces crystallization of 

lactose during storage [34]. Dairy powders with amorphous lactose are very 

hygroscopic. They tend to attract water readily from the atmosphere. Therefore, if dairy 

powder is exposed to high relative humidity and/or increased temperature, the 

amorphous lactose proceeds through an irreversible transition to stable crystalline forms 

[35, 36]. The crystallization of lactose generates a network of capillary interstices in the 

whole particle and causes a phase separation between lactose and other milk 

components. When fat is present in the powders, fat droplets inside the powder particles 

are forced to release onto the particle surface, and de-emulsification of fat due to the 

mechanical action of sharp crystal edges upon the fat globule membrane may also take 
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place [15]. Growth of lactose crystals and release of fat onto the particle surfaces may 

modify the surface composition of dairy powders. The details of the modification of the 

surface composition of dairy powders, caused by lactose crystallization during storage, 

have been described elsewhere [37]. 

 

� Oxidation of fat 

Oxidation is the reaction of unsaturated lipids (free-fat or free fatty acids) with 

molecular oxygen. In the first stage of the reaction, free radicals are formed and yield 

hydroperoxides, which further react. In the second stage of oxidation, the degradation 

products bring oxidative off-flavours and polymerize with proteins. Oxidation increases 

with storage time and high storage temperatures favour oxidation. The presence of 

oxygen also enhances oxidation [34]. Fat on the particle surface is susceptible to 

oxidation or O2 chemisorption during storage. These oxygen involved reactions modify 

the elemental composition of the dairy powder surfaces, i.e. an increase in oxygen 

content in the outermost surface layer. The details of the modification of the surface 

composition of dairy powders, caused by oxidation of fat during storage, are discussed 

in Section 3.3.2.5 in this thesis.  

 

Due to these physicochemical changes that occur during storage, it is 

recommended to perform the ESCA analysis shortly after dairy powder production. 

However, when the analysis can not be performed shortly after powder production, care 

must be taken to avoid the crystallization of lactose and oxidation of fat during storage. 

It is recommended to place the powder sample in a clean, tightly sealed bag or container 

and store it in a cool, dry place (e.g. a desiccator over dry silica gel) until analyzed.  

 

2.3.2. Sample preparation 

Most of the sample preparation that occurs before ESCA analysis is devoted to 

mounting a sample on a sample mount. Typically, the sample is mechanically attached 

to the sample mount using a double-sided adhesive tape, in such a way that the surface 

to be studied is presented for analysis, and analysis is begun with the sample in the as-

received condition. Powders, however, often present some difficulty. The followings are 

some methods which can be used to mount powders for analysis. 
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(A) (B)(A) (B)(A) (B)
 

Figure 2-5 Scanning electron micrographs of industrial spray-dried dairy powders prepared 
by different ESCA sample mounting techniques.  (A) Dusting and (B) pelleting (Bar = 5 µm). 

 

 

� Dusting 

This method is to dust the powder samples onto a double-sided adhesive tape of low 

volatility (e.g. carbon disc). The powder must be dusted across the surface and excess 

particles must be removed by shaking off. 

 

� Pressing 

Another method for mounting powders is pressing the powders into pellets. A small 

portion of the powder sample is placed in the compression chamber of a hand-operated, 

stainless steel pellet press to form the powders into a pellet of workable dimensions. A 

press with hard and extremely clean working surfaces should be used. The sample pellet 

is then attached to the sample mount using a double-sided adhesive tape. 

 

� Packing in a pan 

If powders should not be pressed, they can be loosely packed in a pan-type sample 

mount. The pan should be overfilled with powder using a clean spatula, and then the 

surface is levelled. The size of the pan must be such that its walls are outside the 

analyzed area.  
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For food powders like dairy powders in this study, which mainly consist of 

carbohydrate, protein and fat, it is strongly recommended to mount the powder samples 

by ‘packing in a pan’. Figure 2-5 contains the scanning electron micrographs of spray-

dried dairy powders prepared by different sample mounting techniques described above. 

It shows that, when the powder samples are dusted onto a carbon disc (A), the carbon 

disc is not perfectly covered with the powders and thus some regions can be exposed to 

X-ray photons. This directly affects the elemental composition measured by ESCA, 

particularly C 1s concentration. Comparative determinations performed on pure lactose 

(Sigma Chemical Co., St. Louis, MO) and pure sodium caseinate samples prepared by 

different sample mounting techniques showed that the relative atomic concentration of 

the sample prepared by dusting or pelleting deviated from the relative atomic 

concentration of the pure component (Table 2-1). When the powder samples are pressed 

into pellets (B), the carbon disc is perfectly covered with the powder samples, but it 

fractures or deforms the powder particles. The interior of the powder particles may be 

exposed to X-ray photons and the fat inside the powder particles may be squeezed out 

onto the particle surface if fat is present in the powder. Also, there seems to be a risk of 

contamination of the sample surface during pelleting (Table 2-1). 

 

 The sample surface to be studied should be presented for analysis with minimal 

contamination. Attention should be paid for cleanness of working equipments and 

 

 

Table 2-1 Effect of sample mounting techniques on the relative elemental composition of 
pure milk components measured by ESCA. 

 

  Relative atomic concentration (wt.%) 

  Calculated Dusting Pelleting Packing in a pan 

Lactose C 52.2 60.2 58.1 52.9 

 O 47.8 39.8 41.9 47.1 

 N - - - - 

      

Sodium caseinate C 65.0 71.6 69.5 67.4 

 O 19.0 19.2 19.7 19.1 

 N 16.0 9.2 10.8 13.5 
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environment. Any material (container, spatula) must be washed with analytical grade 

iso-propanol just before use, taking care not to let the solvent evaporate but to remove it 

with a tissue paper. Spray-dried dairy powders contain amorphous lactose, which easily 

absorbs moisture from atmosphere. Therefore, long exposure of the powder samples to 

atmosphere should also be avoided. 

 

2.3.3. Spectrum recording 

The X-ray may provoke sample degradation. X-ray irradiation may be 

particularly harmful for the surface of biological materials. Rouxhet [38] has reported 

that X-ray irradiation alters the surface of microbial cell surfaces during spectrum 

recording. Therefore, the operating parameters must be set carefully in order to ensure 

adequate spectroscopic performance and minimize sample alterations.  

 

According to some preliminary measurements in this study, it was found that the 

surface of dairy powders also alters during spectrum recording. Prolonged exposure to 

X-ray beams often produced visual evidence of damage. During a prolonged analysis, 

the sample surface acquired a yellowish colour. The sample degradation was also 

marked by a decrease in the O/C ratio. In order to find out the instrument operation 

conditions with minimal sample degradation as well as good quality of the spectrum, a 

series of pure lactose samples (Sigma Chemical Co., St. Louis, MO) was analyzed at 

different instrument operation conditions. The instrument operation conditions tested 

were the number of scans, magnification, step size and dwell time. It was found that the 

spectrum recording time should keep as short as possible to minimize sample 

degradation. The following operation conditions were found to be most adequate in 

analysing the dairy powder surfaces. 

 

� First scan 

� Low magnification  

� Step size of 0.1 eV 

� Dwell time of 1000 ms 
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At these operation conditions, the elemental composition of the pure lactose measured 

by ESCA agreed well with the one calculated theoretically.  

 

2.3.4. Data treatment  

The ESCA spectra provide the information on the concentrations of the elements 

in the outermost surface layer. Food powders are complex in terms of composition and 

it is therefore desired to be able to quantify the molecular components present on the 

powder surface. In order to find out the molecular composition of the surface, the data 

obtained from the ESCA spectra have to be worked out further. To this end, 

assumptions must be made about the nature and composition of the molecular 

components, and equations have to be written to express the parameters deduced by 

ESCA as a function of the concentration of the components.  

 

Faldt [5] established a matrix equation to estimate the molecular composition of 

the food powder surfaces. Each molecular component (e.g. carbohydrate, protein and 

fat) in the powder is characterized by the specific ratio between the elements. Assuming 

that the elemental composition of the surface is a linear combination of the elemental 

compositions of the different molecular components in the sample, the data on the 

elemental composition of the surface can be used to estimate the molecular composition 

of the surface layer by solving a matrix equation: 
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If a powder particle comprises i components, an estimate of relative coverage of 

these components requires at least i elements in the sample. The elements are denoted 

by n. The relative atomic concentration of element n in the pure component i is denoted 

n

icompI .  and the relative atomic concentration of element n in the sample is denoted n

sampleI . 
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The relative coverage of component i is expressed as γi. From an analysis of the relative 

atomic concentrations of different elements in the pure reference components and in the 

complex powder sample, it is possible to estimate the relative coverage of components 

on the powder surface. To allow for the use of over-estimated systems, the matrix 

equation (2.3) can be solved by the least squares methods. The full details of the 

calculation method and assumptions made have been described elsewhere [30]. 

 

Dairy powder is a complicated system containing many components including 

minerals. However, the ESCA spectra of various spray-dried dairy powders (Figure 3-3) 

showed that the surface of dairy powders contain carbon (C), oxygen (O) and/or 

nitrogen (N) only. This indicates that the minerals are not present at sufficiently high 

concentrations at the surface of the dairy powders. Dairy powder also contains ~ 3% 

moisture. However, the ultra high vacuum, under which ESCA is performed, removes 

various gases (e.g. O2, CO2) and liquids (e.g. water, alcohol, solvents) that were initially 

trapped within or on the surface of the sample. There may be the possibility that bound 

water exists, however the amount of bound water present will be very negligible. 

Therefore, for the ESCA measurement, dairy powders can be considered to be 

composed of only three main components (i.e. lactose, protein and fat) having C, O, and 

N, and the relative coverage of different components in the powder surface layer can be 

expressed as:  
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The spectra of the pure components of which dairy powders are made are shown 

in Figure 2-6. α-Lactose monohydrate was obtained from the Sigma Chemical 

Company (St. Louis, MO, USA). Spray-dried sodium caseinate and anhydrous milk fat 

(AMF) were obtained from a local dairy company. The lactose and the anhydrous milk 

fat contain C and O, and the sodium caseinate contains C, O and N. Therefore, the 

equation (2.4) can be re-written as: 
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Figure 2-6 ESCA spectra of pure milk components. (A) Lactose, (B) sodium caseinate and 
(C) anhydrous milk fat. 
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Since the relative coverage calculated here is based on atomic concentration, one 

would think that it is not comparable with the bulk composition of powders, which is 

mass-based. The atomic concentrations of the different elements in the pure reference 

components and in the powder sample are not the same as the mass concentrations. 

However, when converted to relative coverage of lactose, protein and fat, the atomic- 

 

 

Table 2-2 Relative elemental composition of pure milk components measured by ESCA. 
 

Component   Relative atomic concentration (%) 

   C O N 

Lactose  measured ( x a ± σn-1 
b) 52.9 ± 0.97 47.1 ± 0.97 - 

  calculated 52.2 47.8 - 

  error c 1.3 1.5 - 

      

Sodium   measured ( x a ± σn-1 
b) 67.4 ± 0.86 19.1 ± 0.28 13.5 ± 0.58 

caseinate  calculated 65.0 19.0 16.0 

  error c 3.6 0.5 18.5 

      

AMF  measured ( x a ± σn-1 
b) 88.4 ± 0.73 11.6 ± 0.73 - 

  calculated 89.1 10.9 - 

  error c  0.8 6.0 - 

a  mean, x  = 
n

x∑
 

b  standard deviation, σn-1  = 
( )

)1(

22

−

−∑ ∑
nn

xxn
 

c  error (%) = 100
 valuemeasuredmean 

 valuecalculatedcally   theoreti-   valuemeasuredmean 
×  
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and mass-based relative coverages are found to be very close, within 1%. For the direct 

comparison with the bulk composition of powders, the relative coverage calculated in 

this thesis is therefore assumed to be mass-based. 

 

The relative elemental composition of the pure components measured by ESCA 

and used in the calculations in this thesis is shown in Table 2-2. The values are an 

average of five independent analyses. It was shown that the elemental composition of 

the pure components measured by ESCA agreed well with the one calculated 

theoretically. One may point out that milk protein not only consists of casein, but also 

consists of whey proteins such as lactalbumin, lactoglobulin and BSA. Table 2-3 shows 

the relative elemental composition of various milk proteins measured by ESCA. Pure α-

lactalbumin, β-lactoglobulin and bovine serum albumin were obtained from a local 

dairy company. It was shown that the elemental composition of milk proteins is 

surprisingly similar. Therefore, in this thesis, the elemental composition of sodium 

caseinate was used in the calculations as the elemental composition of ‘protein’. 

 

 

Table 2-3 Relative elemental composition of different milk proteins measured by ESCA. 
 

 Relative atomic concentration (%) 

 C O N S 

Sodium caseinate 67.4 19.1 13.5 - 

α-lactalbumin 65.9 21.0 12.8 0.3 

β-lactoglobulin 67.4 20.0 12.4 0.3 

Bovine serum albumin (BSA) 65.4 20.1 14.0 0.4 

 

 

2.4. CONCLUSIONS 

Electron spectroscopy for chemical analysis (ESCA) is a surface-sensitive 

analysis technique, which provides a direct, quantitative measure of chemical 

composition on the outermost surface layers (2-10 nm) of a material. ESCA can be used 

to analyze the chemical composition of dairy powder surfaces. However, since dairy 
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powders are complex in terms of composition, structure, mechanical and physical 

properties, the application of ESCA to the study of dairy powders requires some 

precautions and special considerations. 
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SSuurrffaaccee  CCoommppoossiittiioonn  ooff  IInndduussttrriiaall  SSpprraayy--

DDrriieedd  DDaaiirryy  PPoowwddeerrss  

 

 

 

 

 

3.1. INTRODUCTION 

Spray-dried dairy powders are important ingredients in the manufacture of many 

food and dairy products due to their various functional and nutritional qualities. Some 

of the properties of these powders that are important in their storage, handling and final 

application (e.g. wettability, dispersibility, flowability and oxidative stability) are 

expected to be determined largely by the surface composition of the powder. Therefore, 

an understanding of the mechanism behind the formation of the surface composition of 

the powder and the ability to control the surface composition will be very useful in the 

improvement of product quality and the development of new products. 

 

In order to understand the mechanism behind the formation of the surface 

composition, it is important to understand the influence of composition of the drying 

liquid on the powder surface composition. Faldt [30] has perform a study on the 
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influence of components of the drying liquid on the powder surface composition of 

spray-dried ‘model’ emulsions (lactose, sodium caseinate or whey proteins, soybean oil) 

using electron spectroscopy for chemical analysis (ESCA). The study has shown that 

the composition of the drying liquid has a strong influence on the powder surface 

composition. In particular, if the solution contains surface-active components, such as 

proteins, there is a transport of surface active components to the air-liquid interface of 

the drying droplets, and it accumulates at the droplet surface and thus appears on the 

powder surface after the drying is completed. However, the investigated model 

emulsions may not be directly comparable to milk. Milk is a more complicated system 

containing many components including minerals. Also, milk protein casein is present in 

an aggregated state, so-called casein micelles, and milk fat is a heterogeneous mixture 

of various triglycerides with a melting range from −40 to +40oC [39], which are not 

directly comparable to sodium caseinate and soybean oil, respectively. Faldt [40] have 

estimated the surface composition of spray-dried whole milk powder using ESCA. The 

surface of spray-dried whole milk powder has been found to be largely covered by fat 

(~55%) after spray-drying process. This result indicates that the surface activity of 

protein may not be the only surface formation mechanism of ‘real’ spray-dried dairy 

powders and additional mechanisms may exist. To better understand how the surface 

composition of ‘real’ spray-dried dairy powders forms, more quantitative knowledge on 

the surface composition of various spray-dried dairy powders is needed. However, no or 

little work examining the surface composition of spray-dried dairy powders has been 

carried out to date. 

 

The aim of the present study was, therefore, to investigate the surface 

composition of various industrial spray-dried dairy powders manufactured for consumer 

use, so as to provide more fundamental information to study the mechanism behind the 

formation of the powder surfaces. The information of the surface composition of 

powders would also be useful in predicting the behaviour of powders during its storage, 

handling and final application. Of special interest in this thesis was the fat content on 

the surface of powders. Spray-dried skim milk powder, whole milk powder, cream 

powder and whey protein concentrate were selected to represent a range of fat contents 

from 1 wt.% to 75 wt.%. In addition, the usefulness of ESCA measurements in direct 

analyzing the surface composition of dairy powders was demonstrated. 
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3.2. MATERIALS AND METHODS 

3.2.1. Materials 

Four industrial spray-dried dairy powders (skim milk powder (SMP), whole 

milk powder (WMP), cream powder (CP) and whey protein concentrate (WPC)) were 

obtained from a local dairy company. The powders were commercial products that had 

been freshly manufactured and packed for consumer use. The capacities of the dryers in 

which the powders were made were at least 4 t powder/hr. The composition of the 

powders used is shown in Table 3-1. The lactose, protein, fat and moisture content were 

determined by the T-Chloramine T-test, Kjeldahl method, Accelerated Solvent 

Extraction (ASE) method and gravimetric method, respectively. Petroleum ether 

(boiling point, 40-60oC) from BDH laboratory supplies (Poole, UK) and ethanol 

(99.5%) from Panreac Quimica Sa (Barcelona, España) were used as extractants.  

 

Table 3-1 Bulk composition of the industrial spray-dried dairy powders used (obtained 
from local dairy company). 
 

Product Composition (wt.%) 

 Lactose Protein Fat Moisture Ash 

SMP 51.0 36.0 1.0 3.5 8.5 

WMP 36.6 27.9 26.6 3.0 5.9 

CP 12.3 11.5 71.5 2.7 2.0 

WPC 7.4 80.4 5.6 3.8 2.8 

 

3.2.2. Extraction of free-fat 

The free-fat extraction procedure used in this experiment follows that 

extensively used by Buma [41] with some modification. One gram of the powder was 

added to 40 mL of petroleum ether (b.p. 40-60oC) and was shaken frequently by hand 

for 48 hrs. The powder and the solvent were first separated by filtration through filter 

paper (No. 4, Whatman, Maidstone, Kent, UK). The powder residue was further washed 

with 2 x 2 mL of petroleum ether (b.p. 40-60oC) and then dried under vacuum at room 

temperature. The filtrate solution containing the extracted fat was allowed to evaporate 
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until the extracted fat residue achieved constant weight. The extracted fat value was 

then recorded as g free-fat/g fresh powder. 

 

3.2.3. Extraction of total fat 

Extraction of total fat was made with ethanol for various extraction times (10 

min, 24 hrs and 48 hrs). One gram of the fresh powder was added to 40 mL of ethanol, 

and was shaken frequently by hand. If the extractions were extended to 20 hrs, the 

suspension was left overnight without agitation. After the required extraction time, the 

powder and the solvent were first separated by filtration through filter paper (No. 4, 

Whatman, Maidstone, Kent, U.K.). The powder residue was further washed with 2 x 2 

mL of ethanol and then dried under vacuum at room temperature. The filtrate solution 

containing the extracted fat was allowed to evaporate until the extracted fat residue 

achieved constant weight. The extracted fat value was then recorded as g fat/g fresh 

powder. 

 

3.2.4. Removal of surface free-fat 

In order to remove only the (very) surface free-fat and minimize the removal of 

outer layer and capillary free-fat from powders, only a brief wash with organic solvent 

was carried out. One gram of the fresh powder was accurately weighed on a filter paper 

(No. 4, Whatman, Maidstone, Kent, UK), and washed with 5 mL of petroleum ether 

(b.p. 40-60oC). This step typically took approx. 10 s. The powder residue was dried 

under vacuum at room temperature, and the filtrate solution containing the extracted fat 

was allowed to evaporate until the extracted fat residue achieved constant weight. The 

extracted fat value was then recorded as g surface free-fat/g fresh powder. This 

procedure was repeated until a sufficient amount of powders for the analyses had been 

obtained.  

 

3.2.5. Electron spectroscopy for chemical analysis (ESCA) 

Electron spectroscopy for chemical analysis (ESCA) was used to analyze the 

surface composition of the powders. The underlying principles of the technique and its 
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application to dairy powders have been described in Chapter 2. The ESCA 

measurements were made with an XSAM 800 photoelectron spectroscope (Kratos 

Analytical, UK). The instrument used a non-monochromatic Al Kα X-ray source. The 

pressure in the working chamber during analysis was less than 1x10-7 Torr. The take-off 

angle of the photoelectrons was perpendicular to the sample. The analyzer operated with 

a pass energy of 65 eV. The step size was 0.1 eV, and the dwell time was 1000 ms. The 

powders were loosely packed in aluminium sample holders, and the surface was 

levelled. The analyzed area of the powder was a region of 5 mm x 8 mm. The surface 

composition of the powders was calculated according to the method described in 

Section 2.3.4. 

 

3.2.6. Scanning electron microscopy (SEM) 

The powder samples were mounted on aluminium stubs using a double-sided 

adhesive tape. Excess particles were removed by directing a jet of dry air at the surface 

of the stub. The samples were then coated with platinum in a Polaron SC7640 sputter 

coater (VG Microtech, England) and were examined with a Philips XL30 S-FEG SEM 

(Holland) operating at 5 kV accelerating voltage. 

 

3.2.7. Determination of flowability 

The flowability of powders was determined by measuring the angle of repose (a 

static measure of relative flowability). The angle of repose for each of the powders was 

measured using the simple equipment shown in Figure 3-1(A). This equipment is 

similar to that described by Kaye [42]. Ten grams of powder was carefully placed in the 

top box of the equipment with the trap door closed. The trap door was then opened 

allowing the powder to flow downwards and to form a heap. This method allowed for 

the measurement of the drained angle of repose (α) and the poured angle of repose (β), 

as shown in Figure 3-1(B). Since the poured angle of repose (β) measured by this 

method was similar for most of the powders, the drained angle of repose (α) was 

measured for comparison using horizontal still photographs and a protractor. More free-

flowing powders tend to have lower drained angles of repose.  
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Figure 3-1 Schematic representation of the flowability test equipment used (A) and the 
flowability test (B).  α : drained angle of repose,  β : poured angle of repose. 

 

 

The flowability of powders can be significantly affected by moisture content of 

powders and the relative humidity of the surrounding air [43, 44]. To minimize the 

influence of both moisture content and relative humidity, the powders were dried in a 

desiccating chamber for 12 hrs prior to flowability determination and all experimental 

work was conducted inside the desiccating chamber, which has approx. 0% relative 

humidity at room temperature (~ 25oC).  

 

3.2.8. Determination of wettability 

The wettability of powders was determined by static wetting test as described by 

Freudig, Hogekamp & Schubert [45] with some modification. The schematic 

representation of the experimental apparatus used and the wetting test are shown in 

Figure 3-2. One gram of powder was transferred into a glass cylinder placed on a glass 

slide covering a water reservoir. The glass slide was then withdrawn to bring the 

powder into contact with 25oC water. The wetting time, which is necessary for the 

submersion of the last powder particle, was measured. 
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Figure 3-2 Schematic representation of the wettability test apparatus used (A) and the 
wettability test (B) 

 

 

3.2.9. Determination of oxidative stability 

The oxidative stability of powders was determined by measuring surface oxygen 

uptake during storage. The powder samples were stored in an oven at 40oC to accelerate 

oxidation of fat present on the powder surface. After 2 days of storage, ESCA analysis 

was performed to measure surface oxygen uptake during storage.   

 

3.3. RESULTS AND DISCUSSION 

3.3.1. Surface composition of the industrial spray-dried dairy powders 

The surface composition of four industrial spray-dried dairy powders (SMP, 

WMP, CP and WPC) freshly manufactured was studied by means of ESCA. The ESCA 

spectra obtained are shown in Figure 3-3. Although dairy powders contain many 

components including various minerals, the ESCA spectra of spray-dried SMP (A) and 

WPC (D) showed only 3 peaks from 1 s electrons of O, C and N. The ESCA spectra of 
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Figure 3-3 ESCA spectra of the industrial spray-dried dairy powders. (A) Skim milk 
powder(SMP), (B) whole milk powder(WMP), (C) cream powder(CP) and (D) whey protein 
concentrate(WPC).  

 

 

spray-dried WMP (B) and CP (C) showed only 2 peaks from 1 s electrons of O and C. 

In order to find out the molecular composition, the data obtained from the spectra were 

worked out further as described in Section 2.3.4, and the results are graphically 

presented in Figure 3-4 to Figure 3-7 and summarized in Table 3-2. To gain knowledge 

of the uniformity in the distribution of components on the powder surface, five 

measurements were made for each powder. The results show that the surface 

composition of powders was even, but was surprisingly different from the bulk 

composition of powders. For example, the surface of SMP, which is composed of 58% 

lactose, 41% protein and 1% fat, was covered with 36% lactose, 46% protein and 18% 

fat. The surface of WMP, which is composed of 40% lactose, 31% protein and 29% fat, 

was covered with 2% lactose, negligible amount of protein and 98% fat. Particularly 

pronounced from these results was the over-representation of fat on the powder surface 

compared to the fat content of powder. This indicates that there is redistribution of  
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Figure 3-4 Surface composition of the industrial spray-dried skim milk powders (SMPs). � 
Bulk composition of the powder,  � Surface composition estimated by ESCA. 

 

 

 
 

Figure 3-5 Surface composition of the industrial spray-dried whole milk powders (WMPs). 
� Bulk composition of the powder,  � Surface composition estimated by ESCA. 
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Figure 3-6 Surface composition of the industrial spray-dried cream powders (CPs). � Bulk 
composition of the powder,  � Surface composition estimated by ESCA. 

 

 

 
 

Figure 3-7 Surface composition of the industrial spray-dried whey protein concentrates 
(WPCs). � Bulk composition of the powder,  � Surface composition estimated by ESCA. 
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Table 3-2 Surface composition of the industrial spray-dried dairy powders (The values are 
an average of 5 analyses, with the assumption that dairy powders are composed of 3 main 
components, i.e. lactose, protein and fat). 
 

Product Bulk composition (wt.% )  Surface composition (%) 

 Lactose Protein Fat  Lactose Protein Fat 

SMP 58 41 1  36 46 18 

WMP 40 31 29  2 - 98 

CP 13 12 75  1 - 99 

WPC 8 86 6  6 41 53 

 

 

components within the particles during powder production, and the fat is preferentially 

accumulated on the surface. This effect can be seen more clearly in Figure 3-8, which 

shows the surface coverage of milk components as a function of the bulk component 

content. Although this is a simple-minded representation, the results show that the most 

dominating milk component on the surface of the industrial spray-dried dairy powders 

is fat (A). The fat starts to appear on the powder surface even for low fat powders. As 

the fat content of powder is increased, there is a sharp increase in the surface fat 

coverage, and the fat seems to cover the whole particles. The next dominating milk 

component on the surface of powders is protein (B), then lactose (C).  

 

3.3.2. Evaluation of the surface composition estimated by ESCA 

Before continuing with these results, one thing should be suspected is the 

accuracy of the surface composition of the industrial spray-dried dairy powders 

estimated by ESCA. Since the surface compositions measured in this experiment have 

very high surface fat coverage, the over-estimation of fat is strongly suspected.  

 

In order to find out whether the surface of powders are largely covered by fat as 

estimated by ESCA, and to demonstrate the usefulness of ESCA measurements in 

analyzing the surface composition of dairy powders, the following experiments were 

performed: 
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Figure 3-8 Surface coverage of milk components as a function of the bulk component 
content: (A) fat coverage, (B) protein coverage, and (C) lactose coverage  (The values are an 
average of 5 analyses; 0% and 100% points are inserted by logical reasoning; The lines are 
indicative of the general trends only) 



Chapter 3. Surface composition of industrial spray-dried dairy powders                                 35 

 

 

� Surface composition analyses before and after removal of total fat; 

� Surface structure studies before and after removal of surface free-fat; 

� Testing the powder properties that are expected to be greatly influenced by the 

surface composition of the powders (flowability, wettability and oxidative stability) 

before and after removal of surface free-fat. 

 

 One would think that this could be done more rigorously by conducting ESCA 

on a finely milled sample which should give the same result as the bulk compositions. 

However, this direct calibration between the ESCA and bulk measurements of fat 

content was not possible due to contamination during milling. ESCA is a very sensitive 

technique for trace element analysis. Contamination may affect the ESCA results. 

 

3.3.2.1. Surface composition changes after removal of total fat 

In order to find out whether the ESCA procedure over-estimates the amount of 

fat on the surface of powders or not, four industrial spray-dried dairy powders (SMP, 

WMP, CP and WPC) were subjected to a series of fat extractions with ethanol and the 

surface composition of the powders collected was then estimated by means of ESCA. 

Ethanol causes accelerating growth of lactose crystals and damages fat-bound proteins. 

These structural changes may provide access of solvent to the interior of protein bound 

fat globules, and therefore, ethanol can liberate most of the fat present in the powder 

[46-48]. The structural changes of the industrial spray-dried dairy powders caused by 

ethanol were studied using SEM (Figure 3-9). Here, only the powders with longest  

 

Table 3-3 Amount of fat extracted from industrial spray-dried dairy powders with ethanol 
for various extraction time. 
 

Product Fat content Amount of fat extracted 

 (g fat/g powder) (g fat/g powder) 

  10 min 24 hrs 48 hrs 

SMP 0.010 0.006 0.008 0.008 

WMP 0.266 0.182 0.239 0.250 

CP 0.715 0.610 0.630 0.660 

WPC 0.056 0.001 0.002 0.002 
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Figure 3-9 Scanning electron micrographs of the surfaces of industrial spray-dried dairy 
powders before and after extraction with ethanol. (A,C,E,G) Intact skim milk powder, whole milk 
powder, cream powder and whey protein concentrate, respectively. (B,D,F,H) skim milk powder, 
whole milk powder, cream powder and whey protein concentrate, respectively, after extraction 

with ethanol for 48hrs. Bar = 5 µm. 
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extraction time, 48 hrs, were presented for comparison. Before fat extraction with 

ethanol, the surface of the powders (A, C, E, G) did not show any lactose crystals since 

the lactose present in the powders is mostly in the amorphous state. However, after fat 

extraction with ethanol, accelerated growth of lactose crystals was observed for all 

powders (B, D, F), except for WPC. For WPC (H), no lactose crystals or structural 

changes on the powder surface were observed, despite WPC containing 7.4wt.% lactose. 

This may be because lactose is hardly present on the surface, as estimated by ESCA. 

 

Table 3-3 shows the amount of fat extracted with ethanol for various extraction 

times (10 min, 24 hrs and 48 hrs). For all powders, it was observed that the amount of 

fat extracted was gradually increased as the extraction time increased. The amount of fat 

extracted with ethanol after 48 hrs was close to the total fat content of the powders, 

except WPC because no structural changes occurred.  

 

Table 3-4 Surface composition of the industrial spray-dried dairy powders before and after 
a series of fat extraction with ethanol. 
 

  Extraction time (hrs) Surface composition (%) 

   Lactose Protein Fat 

SMP Original - 36 46 18 

 Fat extracted 0.17 44 53 3 

  24 59 41 - 

  48 62 38 - 

WMP Original - 2 - 98 

 Fat extracted 0.17 31 24 45 

  24 63 18 19 

  48 67 19 14 

CP Original - 1 - 99 

 Fat extracted 0.17 4 - 96 

  24 4 - 96 

  48 5 - 95 

WPC Original - 6 41 53 

 Fat extracted 0.17 8 92 - 

  24 10 90 - 

  48 10 90 - 
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The surface composition changes of the four industrial spray-dried dairy 

powders before and after a series of fat extraction with ethanol are summarized in Table 

3-4. The results showed that, as the fat present in the powder was removed by ethanol, 

the surface fat coverage measured by ESCA was significantly reduced. For SMP and 

WPC, the final surface fat coverage was found to be 0%. For WMP, as the fat present in 

the powder was removed by ethanol, the surface fat coverage was gradually reduced and 

finally quite low surface fat coverage was observed, i.e. ~ 14%. These observations 

indicate that ESCA technique does not over-estimate the amount fat present on the 

surface of powder, and it is very reliable to analyzing the surface composition of dairy 

powders. Accordingly, the experimental results obtained in Section 3.3.1, high fat 

coverage on the surface of the dairy powders, are expected to be reliable. In the case of 

CP, although most of the fat present in the powder was removed by ethanol, the surface 

of the powder was still largely covered with fat (~ 95%). This may be due to the 

remaining fat in the powder after fat extraction (e.g. ~ 0.055 g fat/g powder after 48 hrs 

extraction, Table 3-3). As the fat extraction with ethanol proceeds, the fat present in the 

particle is gradually released into ethanol through the powder surface. If the extraction 

stops before complete release of fat, the powder surface may be covered by some fat 

residue. The scanning electron micrograph (Figure 3-9(F)) shows a complete collapse in 

particle structure as fat was released onto powder surfaces. 

 

3.3.2.2. Surface structure changes before and after removal of surface free-fat 

The surface structure of the four industrial spray-dried dairy powders (SMP, 

WMP, CP and WPC) was studied using SEM before and after removal of free-fat 

present on the surface of the powders (so-called surface free-fat). As mentioned above, 

if the extraction stops before complete release of fat, the powder surface may be 

covered by some fat residue. In order to remove most extractable fat in the powders, 

here, the free-fat extraction was extended to 48hrs. 

 

Figure 3-10 contains the scanning electron micrographs of the surface of SMPs. 

The surface of SMP before removal of surface free-fat (A) shows some deep and 

shallow folds / dents on the surfaces. This feature is the typical characteristics of SMP. 

After removal of surface free-fat with petroleum ether for 48 hrs (B), surface seems to  
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Figure 3-10 Scanning electron micrographs of the surfaces of industrial spray-dried skim 
milk powder (SMP). (A) Before removal of surface free-fat and (B) after removal of surface-free 

fat. Bar = 5 µm. 

 

 

be similar with the one before removal of surface free-fat. Since petroleum ether 

removes only free-fat without causing any structural changes, reduction of surface fat 

from 18% to 1%, estimated by ESCA, may not be noticeable.  

 

Figure 3-11 contains the scanning electron micrographs of the surface of WMPs. 

The WMP particles before removal of surface free-fat were spherical and have a 

relatively smooth surface (A). After removal of surface free-fat, the particles were still 

spherical, but had many clear dents on the surfaces (B). This appears to suggest that the 

surface of WMP was initially covered by irregular patches (or pools) of 1 µm order of 

free-fat or a layer of free-fat which were ‘cleaned-off’ by petroleum ether. WMP usually 

contains between 0.5 and 3% free-fat. This is sufficient to cover the whole powder 

particles [49]. These results support the surface composition of WMP measured by 

ESCA, i.e. 98% of fat coverage on the surface.  

 

Figure 3-12 contains the scanning electron micrographs of CPs. (A) and (B) are 

the particle overall outlook, and (C) and (D) are the surface structure. Before removal of 

surface free-fat, the individual particles were relatively spherical and highly 

agglomerated (A). With higher magnification, it was shown that the CP surface was not 

smooth and was covered by a thick layer of greasy substance (C). After removal of 

surface free-fat, the particles were still spherical, but largely separated as single particles  
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Figure 3-11 Scanning electron micrographs of the surfaces of industrial spray-dried whole 
milk powder (WMP). (A) Before removal of surface free-fat and (B) after removal of surface-free 

fat. Bar = 5 µm. 

 

 

 

(A) (B)

(C) (D)(C) (D)

  

  

 
Figure 3-12 Scanning electron micrographs of the surfaces of industrial spray-dried cream 

powder (CP). (A,C) Before removal of surface free-fat (bar = 50 and 5 µm, respectively) and 

(B,D) after removal of surface free-fat (bar = 50 and 5 µm, respectively).  
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Figure 3-13 Scanning electron micrographs of the surfaces of industrial spray-dried whey 
protein concentrate (WPC). (A) Before removal of surface free-fat and (B) after removal of 

surface-free fat. Bar = 5 µm. 

 

 

(B). With higher magnification, it was observed that the greasy substance covered the 

surface was ‘cleaned-off’ and many circular shaped ‘dimples’ appeared in the particle 

surface (D). The diameter of the dimples was ranged from 0.5-2.0 µm, and they were 

evenly distributed on the surface of the particle surface. These results indicate that the 

surface of CP is largely covered by a thick layer of free-fat and free-fat droplets are 

present on the surface of the powder. This coincided with the surface composition of CP 

measured by ESCA, i.e. 99% fat and 1% lactose.  

 

Figure 3-13 shows the scanning electron micrographs of the surface of WPCs. 

The WPC particles before removal of surface free-fat were relatively spherical with 

large ‘dents’ (not shown because of the high magnification) and had a very smooth 

surface (A). These are the microstructural characteristics of high protein powders [50, 

51]. After removal of surface free-fat, it was observed that the surface of WPCs had 

very smooth surfaces with slightly less pronounced shallow dents (B). The appearance 

of the shallow dents may indicate the removal of surface free-fat by petroleum ether.  

 

3.3.2.3. Flowability of powders before and after removal of surface free-fat 

The flowability of powders is an important attribute for ease of handling, 

processing and in the final application. The flowability generally depends on physical 
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properties of the powder, such as particle size and shape, surface structure, particle 

density, bulk density, moisture content and fat content [52-55]. Despite the likely 

influence of these parameters, the flowability of powders is a surface related property 

and is therefore thought to be influenced to some extent by the powder surface 

composition. Of special importance is fat content of the powder surface. The presence 

of fat may render the powder surface sticky and act as a bridge between particles, 

reducing the flowability of some powders. This would get more significant when the 

temperature is getting near or above the fat melting point. 

 

To verify the experimental results obtained in Section 3.3.1, the flowability of 

four industrial spray-dried dairy powders (SMP, WMP, CP and WPC) was 

characterized before and after removal of surface free-fat. A widely used empirical 

parameter for characterizing the flowability of a powder is the angle of repose, the angle 

formed by a heap of powder with a horizontal base. This can provide indications of 

relative flow characteristics. The flow behaviour of the four industrial spray-dried dairy 

powders (SMP, WMP, CP and WPC), in the trap door equipment, which allows for the 

measurement of the angle of repose, is shown in Figure 3-14. A significant difference 

was observed between the spray-dried SMP and other spray-dried dairy powders before 

removal of surface free-fat. The SMP flowed relatively easily through the gap as soon 

as the trap door opened, exhibiting the drained angle of repose approximately 85o. 

However, the WMP, CP and WPC blocked the outlet and did not flow. The device 

could not, therefore, provide an angle of repose measurement. The flowability of 

powders depends on some physical properties of the powder [56]. Particle size has a 

major influence on powder flowability. As particle size decreases, the surface area per 

unit mass of powder increases and this leads to reduced flowability. More contact 

surface area is available for cohesive forces, in particular, and frictional forces to resist 

flow. Particle shape also has an influence on powder flowability. It influences the 

surface contacts between particles. Powder moisture content has a significant impact on 

powder flowability. Increasing moisture content leads to reduced flowabiltiy due to the 

increase in liquid bridges and capillary forces acting between the powder particles. In 

addition, increased moisture content can soften (plasticized) the powder material, 

especially the water-soluble constituents, which would result in deformation of the 

powder giving a higher contact surface area. Considering these, the flowability of  
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Figure 3-14 Flowability of the industrial spray-dried dairy powders before and after removal 
of surface free-fat by a brief wash with petroleum ether. AOR : angle of repose. 
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powders is a surface related property and is therefore thought to be influenced to some 

extent by the powder surface composition. Although there are several parameters which 

affect the flowability of the powders as discussed above, the differences observed 

between the SMP and other dairy powders may be due to the differences between the 

surface compositions of the powders estimated in Section 3.3.1. Among other reasons 

not addressed here (like particle size distribution), the SMP may flow more easily 

because the surface is made of lactose and protein with only a small amount of fat 

(18%), whereas other dairy powders (WMP, CP and WPC) flow poorly because the 

surfaces are largely made of fat (98%, 99% and 53%, respectively). Fat on the surface 

of powders has a tendency to cause the particles to adhere to one another or agglomerate, 

deteriorating the flowability of the powders. 

 

In order to find out whether the flow difficulties observed with WMP, CP and 

WPC could be attributed to their high surface fat coverage and to demonstrate the 

flowability of powders is directly related to the powder surface composition, the surface 

free-fat of four industrial spray-dried dairy powders was removed, and the flowability of 

the powders collected after was determined and compared with the one before (Figure 

3-14). The amount of the surface free-fat removed from the powders is presented in 

Table 3-5. This table shows that the amount of the surface free-fat removed from the 

powders took only minor part of free-fat content. Since the quantity of the surface free-

fat removed is negligible in most powders and it is assumed that the physical properties of  

 

 

Table 3-5 Amount of surface free-fat removed from the industrial spray-dried dairy 
powders. 
 

Product Fat content Free-fat Surface free-fat 

 (g fat/g powder) (g fat/g powder) (g fat/g powder) 

SMP 0.010 0.001 n.m.* 

WMP 0.266 0.028 0.004 

CP 0.715 0.490 0.107 

WPC 0.056 0.002 n.m.* 

 

* n.m.     Not measured because the amount of fat was too small. 



Chapter 3. Surface composition of industrial spray-dried dairy powders                                 45 

 

 

powder that can affect the flowability of powder (e.g. particle size, particle density) 

would remain relatively constant, it can be concluded that any flowability changes 

observed after removal of surface free-fat are due to the changes in the surface 

composition of powders. Removal of surface free-fat can make the particle size smaller 

because the fat bridge between particles, which can cause the particles to adhere to one 

another or agglomerate, is removed. When the particles become smaller, if the surface 

composition does not play a significant role, one would expect the flowability of 

powder to be reduced. The results here, however, showed the opposite. In the WMP, CP, 

and WPC, flowability changes were observed. The WMP, CP and WPC, which blocked 

the outlet and did not flow in the trap door equipment, flowed relatively easily through 

the gap after negligible amount of surface free-fat was removed. The powders show the 

drained angles of repose approximately 80o, 60o and 90o, respectively. However, the 

SMP, which flowed relatively easily, showed no significant improvement in the drained 

angle of repose after removal of surface free-fat. This may be because the surface 

composition of the SMP was not changed much by the removal of the surface free-fat. 

These experimental results are qualitative but trend well with the ESCA measurements 

in Section 3.3.1. 

 

The CP after surface free-fat removal still has 0.608g total fat/g powder and 

0.383 g free-fat/g powder. This powder flowed more easily than the original SMP, 

which was expected 0.01 g total fat/g powder and 0.001 g free-fat/g powder after the 

brief fat extraction. It has long been expected that the flowability of powders are largely 

influenced by fat content and free-fat content. Indeed, in the practice of spray drying, 

high fat products like cream powder can cause severe wall deposition (highly sticky), 

leading to the expectation of the adverse effect of free-fat on flowability. Increasing fat 

content of the powder should reduce flowability and a high free-fat content should have 

a very detrimental effect on flowability. The results obtained in this study suggest that 

the free-fat and total fat content are not the correct parameters to correlate with 

flowability (or stickiness perhaps). This work indicates that it is the ‘surface free-fat’ 

that controls the flowability. 
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3.3.2.4. Wettability of powders before and after removal of surface free-fat 

Most dairy powders are incorporated into some sort of wet formulation 

somewhere along the chain before being finally ingested by the consumer. The ease of 

reconstituting the powder in water is, therefore, an important property of dairy powders 

manufactured. The reconstitution of the powder in water is a dynamic process 

consisting of several steps: (i) penetration of the liquid into the pore system of the 

powder bead (described as wettability); (ii) sinking of the particles below the liquid 

surface (sinkability); (iii) dispersion of particles with low energy stirring 

(dispersibility); and (iv) dissolution of soluble particles in the liquid (solubility) [45]. 

Among these steps, the wetting of the particles is very often the rate-controlling step 

and good wettability is, therefore, essential for instant properties. Wettability is a 

measure of the ability of a bulk powder to imbibe a liquid under the influence of 

capillary forces. Generally, it depends on particle size, density, porosity, surface charge, 

surface area, the presence of amphipathic substances and the surface activity of the 

particles [45, 57]. Despite these several parameters, the wettability of powders is 

expected to be determined to a large extent by the powder surface composition. Surface 

coverage of hydrophobic components (e.g. fat) gives ‘poor’ wettability with a high 

contact angle between the powder surface and the penetrating water, while surface 

coverage of hygroscopic components (e.g. lactose) gives ‘good’ wettability with a small 

contact angle [1].  

 

 

Table 3-6 Wettability of the industrial spray-dried dairy powders before and after removal 
of surface free-fat by a brief wash with petroleum ether. 
 

Product Wetting time 

 Before After 

SMP 10 min 12 min 

WMP > 15 min 35 s 

CP > 15 min 100 s 

WPC > 15 min > 15 min 
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To verify the experimental results obtained in Section 3.3.1, the wettability of 

four industrial spray-dried dairy powders (SMP, WMP, CP and WPC) was 

characterized before and after removal of surface free-fat (Table 3-6). The amount of 

the surface free-fat extracted from the powders is presented in Table 3-5. SMP before 

removal of surface free-fat was completely wetted after 10 min. In this case, it was 

observed that powder particles became wetted very quickly and formed into lumps 

surrounded by gelatinous layer of concentrated skim milk. This layer hindered the 

wetting of the powder inside the lumps. SMP after removal of surface free-fat was 

expected to have shorter wetting time than the one before because of removal of surface 

free-fat. However, it took longer time for complete wetting, i.e. 12 min. This may be 

due to the more protein layer exposed by means of removal of surface free-fat. Another 

possible explanation for the hindered wetting may be that the surface is modified to be 

more hygroscopic and it dissolves too quickly to thicken the liquid for further 

penetrating into the powder mass (the concentrated liquid slows down the penetration 

into the ‘capillaries’). 

 

WMP and CP before removal of surface free-fat could not be completely wetted 

within reasonable periods (i.e. >15 min). They floated on the surface of water in the 

shape of large lump. However, a very brief wash with petroleum ether caused the 

wetting times to drop to 35 s for WMP and 100 s for CP. This suggests that the surface 

of powders before removal of surface free-fat is largely covered by fat and it makes the 

powders difficult to be wetted. 

 

WPC before and after removal of surface free-fat could not be wetted even after 

15 min. In both cases, powder particles became wetted very quickly and formed into 

lumps surrounded by the gelatinous layer, as also observed in SMP. This layer greatly 

hindered the wetting of the powder inside the lumps. This phenomenon can be 

explained by the presence of high protein on the surface of powders. 

 

3.3.2.5. Effect of surface composition on the oxidative stability of powders  

Lipid oxidation, which significantly affects the sensory quality, is one of the 

major factors limiting the shelf-life of most fat-containing dairy powders. Therefore, 
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Figure 3-15 Surface oxygen uptake of powders during storage of 40
o
C for 48 hrs 

 

 

oxidative stability is an important property of dairy powders manufactured. The 

presence of high free-fat on the surface is very susceptible to oxidation or O2 

chemisorption. These oxygen involving reactions result in an increase in oxygen content 

in powders. Since ESCA can provide information on the elemental composition of solid 

surfaces, as mentioned in Chapter 2, the increase in oxygen content on the powder 

surface by these reactions can be detected by ESCA.  

 

To further verify the experimental results obtained in Section 3.3.1, the increase 

in the amount of oxygen uptake by surface during storage was measured by means of 

ESCA. It is expected that more fat on the surface of powder will have a greater increase 

of surface oxygen content after the same period of exposure to air. Figure 3-15 presents 

the surface oxygen uptakes of the powders stored in an oven at 40oC for 2 days. It 

showed increases in oxygen content on the surface of all powders, however, there was a 

difference in the amount increased. The biggest increase (i.e. 1.50%) was observed in 

CP, while the smallest increase (i.e. 0.14%) was observed in SMP. This indicates that 

CP is covered to the greatest extent with fat, while SMP is covered to the smallest 
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extent of fat. These experimental results agree well with the ESCA measurements in 

Section 3.3.1. 

 

3.4. CONCLUSIONS 

In this chapter, the surface composition of four industrial spray-dried dairy 

powders (SMP, WMP, CP and WPC) freshly manufactured for consumer use was 

studied by means of ESCA. The results showed that the surface composition of powders 

is surprisingly different from the bulk composition of powders. Particularly pronounced 

is accumulation of fat on the surface of powders compared to the fat content of the 

powder. The fat starts to appear on the powder surface even at very low fat contents of 

the powder. As the fat content of powder is increased, there is a sharp increase in the 

surface fat coverage, and the fat seems to cover the whole particles. These results 

indicate that: 

(1) There is redistribution of components within the particles during powder 

production; 

(2) The surface composition of spray-dried dairy powders is determined by the 

composition of the concentrate being dried. In particular, the fat content of 

powder plays a critical role in determining the surface composition of powder; 

(3) The surface activity of protein is not the only surface formation mechanism of 

‘real’ spray-dried dairy powders. Additional mechanisms seem to exist. 

 

In order to verify these results and to demonstrate the usefulness of ESCA in 

direct analyzing the surface composition of dairy powders, fresh powders and fat 

extracted powders were subjected to the various experiments. All results obtained 

agreed well with the ESCA measurements, and it was concluded that the ESCA 

measurements are very reliable and the surface composition of the industrial spray-dried 

dairy powders estimated by ESCA is also expected to be reliable. The results obtained 

here provide some information on the distribution of fat in the outer layer of powders. It 

was found that the outer surface of dairy powders is largely covered by free-fat, 

sometimes in the form of irregular patches (or pools), or some times in the form of a 

thick layer. 
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The influences of surface composition on the flowability, wettability and 

oxidative stability of the industrial spray-dried dairy powders were also investigated. It 

was found that these powder properties are directly related to their surface compositions, 

even though there are several parameters, which influence these powder properties. In 

particular, the presence of free-fat on the powder surface is critical to deterioration of 

these powder properties. The reduction of the surface free-fat will be advantageous for 

improving the properties of the dairy powder.  
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4.1. INTRODUCTION 

In the previous chapter, it was found that the surface composition of industrial 

spray-dried dairy powders is surprisingly different from the bulk composition of 

powders. Particularly pronounced is accumulation of fat on the surface of powders. The 

powder surfaces were found to be largely covered by free-fat even at very low fat 

content. These results indicate that there is redistribution of components within the 

particles during powder production. In this chapter, the spatial distribution of milk 

components within four industrial spray-dried dairy powders (skim milk powder, whole 

milk powder, cream powder and whey protein concentrate) was further studied by 

several analyzing techniques. This involved the investigation of the thickness of the 

surface fat layer, composition underneath the surface fat, interior composition of the 

powders and distribution of fat within the powder particles. Summarizing all these 

results, a physical model of the powders was also proposed. This would provide some 
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fundamental insight in the processes occurring within the particles during powder 

production and thus aid in understanding the mechanism behind the formation of the 

surface composition of dairy powders. 

 

4.2. MATERIALS AND METHODS 

4.2.1. Materials 

Four industrial spray-dried dairy powders (skim milk powder (SMP), whole 

milk powder (WMP), cream powder (CP) and whey protein concentrate (WPC)) were 

obtained from a local dairy company. The powders were commercial products that had 

been freshly manufactured and packed for consumer use. The capacities of the dryers in 

which the powders were made were at least 4 t powder/hr. The composition of the 

powders used was presented in Table 3-1. Petroleum ether (boiling point, 40-60oC) 

from BDH laboratory supplies (Poole, UK) and n-hexane (> 99%) from Asia Pacific 

Specialty Chemicals Ltd. (Auckland, New Zealand) were used as extractants. Nile Blue 

dye from Sigma Chemical Company (St. Louis, MO, USA) and glycerol-based 

mounting media Citifluor from UKC Chemical laboratory (Canterbury, UK) were used 

for confocal laser scanning microscopy (CLSM) analysis. 

 

4.2.2. Extraction of free-fat 

The free-fat extraction procedure used in this experiment follows the one 

extensively used by Buma [41] with some modification. Extraction of free-fat was made 

with petroleum ether for various extraction times (10 min, 24 hrs and 48 hrs). One gram 

of the fresh powder was added to 40 mL of petroleum ether (b.p. 40-60oC), and was 

shaken frequently by hand. If the extractions were extended to 20 hrs, the suspension 

was left overnight without agitation. After the required extraction time, the powder and 

the solvent were separated by filtration through filter paper (No. 4, Whatman, 

Maidstone, Kent, U.K.). The powder residue was further washed with 2 x 2 mL of 

petroleum ether (b.p. 40-60oC) and then dried under vacuum at room temperature. The 

filtrate solution containing the extracted fat was allowed to evaporate until the extracted 
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fat residue achieved constant weight. The extracted fat value was then recorded as g 

free-fat/g fresh powder. 

 

4.2.3. Electron spectroscopy for chemical analysis (ESCA) 

For analyzing the surface composition of the powders, the powders were loosely 

packed in aluminium sample holders, and the surface was levelled. The surface 

composition of the powders was analyzed according to the method described in Section 

3.2.5. In order to analyze the composition of the powder interior, the powder samples 

were attached on an adhesive carbon disc and quickly frozen in liquid nitrogen. After 

freezing the powders, a second piece of adhesive carbon disc was attached on the top of 

the powders, hammered once to break the particles and then quickly ripped off. The 

bottom piece of the carbon disc was then attached to the specimen mount for analysis. 

The amorphous lactose present in the powders can easily absorb moisture and it can 

change the structure of powders. To avoid or minimize the effect of moisture, the 

fracturing and the sample preparation processes were completed in a short period of 

time. In all cases, the ESCA measurements were performed under the same 

experimental conditions described in Section 3.2.5. However, the following elemental 

compositions in the pure components were measured by ESCA and were used in the 

calculations of the composition of the powder interior (at.%): lactose C, 58.2, O 41.8; 

sodium caseinate C,72.2, O, 20.0, N 7.8,; anhydrous milk fat C, 88.4, O 11.6. The pure 

components (except anhydrous milk fat) were also attached on the adhesive carbon 

discs for analyses. 

 

4.2.4. Scanning electron microscopy (SEM) 

For studying the outer structure, the powder samples were mounted on 

aluminium stubs using a double-sided adhesive tape. Excess particles were removed by 

directing a jet of dry air at the surface of the stub. In order to examine the internal 

structure, the powder samples were prepared as described in Section 4.2.3. In all cases, 

the samples were then coated with platinum in a Polaron SC7640 sputter coater (VG 

Microtech, England) and were examined with a Philips XL30 S-FEG SEM (Holland) 

operating at 5 kV accelerating voltage.  
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4.2.5. Confocal laser scanning microscopy (CLSM) 

Nile Blue (fat stain) was added to pre-concentrated whole milk (total solids of ~ 

48%) at 0.01 wt.%, and the mixture was spray-dried in a pilot scale DeLaval tall form 

spray-dryer (DeLaval Separator Co., Wisconsin, USA). The dryer had an evaporation 

rate of 160 kg water/hr. The inlet and outlet air temperatures were 175oC and 80oC, 

respectively. The powder sample was then prepared for microscopy by dispersing the 

sample into a glycerol based mounting media and placing this on a microscope slide for 

viewing using a Leica TCS 4D confocal laser scanning microscope (Leica Lasertechnik, 

Heidelberg, Germany). A fluoroscein isothiocyanate filter block in the scanner was used 

for excitation of the dye in the fat phase at a wavelength of 488 nm. This CLSM 

analysis was carried out by Colin Knight and Robyn Hirst at Fonterra Research. 

 

4.3. RESULTS AND DISCUSSION 

4.3.1. Thickness of surface fat layer 

In Chapter 3, it was found that the surface of both spray-dried WMP and CP is 

mainly made of milk fat (98% and 99%, respectively). Even though a same proportion 

of the surface is covered by fat, it may have different thickness of the surface fat layer. 

ESCA is a useful technique to estimate the amount of fat present on the powder surface. 

However, if the surface of powders is mostly covered with fat, like WMP and CP in this 

study, the real amount of fat present on the surface of the powder cannot be estimated 

using ESCA because ESCA provides only the composition of the outermost surface 

layer (~ 10 nm) and does not account for the thickness of the surface fat layer. In order 

to estimate the thickness of the surface fat layer, an experimental technique, which can 

provide a quantitative measurement or estimate of the amount of fat present on the 

powder surface, is necessary. 

 

Free-fat, defined as the fraction of fat that is extractable by organic solvents 

under standardized conditions, is an important parameter used to characterize fat-

containing dairy powders. The free-fat is thought to be present mainly on (and hence 

extracted from) the powder surface. However, many authors reported that the organic 
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Figure 4-1 Extraction of free-fat from a powder. 

 

 

solvent can reach the interior through cracks and pores, and therefore, the free-fat 

extraction recovers fat not only from the powder surface but also from the interior of the 

particles [12, 26, 58]. Earlier studies [26, 59, 60] addressed that the share of surface fat 

in the total free-fat extractable by organic solvents dissolves on very brief exposure of 

the powder to fat solvents, while the more deeply seated free-fat dissolves much more 

slowly, as illustrated in Figure 4-1. Buma [26] noted that extraction times as short as 10 

s, or at most 1 min, would be needed to measure the surface fat. Based on this 

observation, a solvent extraction method was developed for a quantitative measurement 

of the amount of the fat present on the powder surface in this study. A constant amount 

(1 g) of the powder was accurately weighed on a filter paper (No.4, Whatman, 

Maidstone, Kent, U.K.), and washed with 5 mL of hexane. Moreau [61] and other 

previous studies have reported that milk powders and dairy-based microcapsules have a 

molecular-sieve type of porosity, consisting of pores of molecular dimensions 

characteristics. This means that smaller molecules penetrate pores more rapidly whereas 

larger molecules do not enter a significant number of the pores as readily therefore its 

penetration is slow. In order to extract only surface free-fat and to minimize the 

extraction of fat from the interior of the powders, n-hexane (6.25 Å diameter) was used 

as an extractant instead of petroleum ether (boiling point, 40-60oC) since petroleum
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Figure 4-2 Extraction of free-fat from industrial spray-dried cream powder (CP) by 
successive solvent washes. Each wash took ~ 10 seconds. 
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Figure 4-3 Extraction of free-fat from industrial spray-dried whole milk powder (WMP) by 
successive solvent washes. Each wash took ~ 10 seconds 
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ether contains peptane (5.50 Å diameter), which may penetrate pores more rapidly and 

extract more fat from the interior of the powders than n-hexane. The wash solvent was 

collected and successive washings were made with 5 mL of hexane. The each fraction 

containing the extracted fat was allowed to evaporate until the extracted fat residue 

achieved constant weight. The extraction profiles for industrial spray-dried cream 

powder (CP) and whole milk powder (WMP) are shown in Figure 4-2 and Figure 4-3, 

respectively. The maximum value for y-axis is the amount of free-fat extracted by 

petroleum ether for 48 hrs. For both CP and WMP, there was a very high rate of 

extraction during the first “4 washes”, followed by a very slow extraction. This 

phenomenon of the rapidly decreasing rate of extraction indicates the extremely rapid 

washing-off of free-fat from the surface of particles during the early stages of extraction, 

followed by the much slower extraction of free-fat from the powder interior through 

cracks or pores. Four successive solvent washes were therefore considered to be 

appropriate for the extraction of the surface free-fat. 

 

From this experiment, it was found that the amount of fat present on the surface 

of spray-dried cream powder (CP) and whole milk powder (WMP) are 0.266g fat/g 

powder and 0.007g fat/g powder, respectively.  

 

An attempt to calculate the thickness of surface fat layer of the powders was 

made. The calculation assumed that: 

� 100% of the extracted layer consists of fat since the ESCA measurements showed 

that 98-99% of the surface is covered by fat; 

� mass of the powder sample, mparticles = 1 g 

� radius of particles, r = 50 µm; 

� particle density, ρparticles = 1180 and 934 kg/m3 (CP and WMP, respectively [56]); 

� true density of fat, ρfat = 900 kg/m3. 

 

An average thickness of the extracted surface free-fat layer, δ [µm], is: 
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where nparticles is the number of particles in 1 g of powder and mext is the mass of the 

extracted surface free-fat per 1 g powder. 

 

The thickness of the surface fat layer calculated is 5.1 µm for spray-dried CP 

and 0.15 µm for spray-dried WMP. 

 

4.3.2. Composition underneath the surface free-fat 

In order to find out which of the milk components are located underneath the 

surface free-fat of the powders, four industrial spray-dried dairy powders (SMP, WMP, 

CP and WPC) were subjected to a series of free-fat extractions with petroleum ether 

(boiling point, 40-60oC). The surface composition of the powders collected after free-fat 

extraction was then studied by means of ESCA. The amount of the free-fat extracted 

from the industrial spray-dried milk powders is summarized in Table 4-1. It was 

observed that, as the extraction time increased, the amount of the free-fat extracted was 

gradually increased.  

 

The surface composition changes of the four industrial spray-dried dairy 

powders before and after a series of free-fat extraction with petroleum ether are 

summarized in Table 4-2 and are graphically presented in Figure 4-4 to Figure 4-7. 

Each triangular diagram contains the powder composition, the surface composition of 

the powder before free-fat extraction and the surface compositions after a series of free-

fat extractions with petroleum ether. Figure 4-4 shows the surface composition changes  
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Table 4-1 Amount of free-fat extracted from industrial spray-dried dairy powders with 
petroleum ether for various extraction time. 
 

Product Fat content Amount of free-fat extracted 

 (g fat/g powder) (g fat/g powder) 

  10 min 24 hrs 48 hrs 

SMP 0.010 n.m.* 0.001 0.001 

WMP 0.266 0.019 0.025 0.028 

CP 0.715 0.430 0.470 0.490 

WPC 0.056 n.m.* 0.002 0.002 

 

* n.m., not measured because the amount of fat was too small. 

 

 

 

Table 4-2 Surface composition of the industrial spray-dried dairy powders before and after 
a series of free-fat extraction with petroleum ether. 
 

  Extraction time (hrs) Surface composition (%) 

   lactose protein fat 

SMP Original - 36 46 18 

 Fat extracted 0.17 45 50 5 

  24 44 55 1 

  48 45 54 1 

WMP Original - 2 - 98 

 Fat extracted 0.17 5 9 86 

  24 9 10 81 

  48 10 12 68 

CP Original - 1 - 99 

 Fat extracted 0.17 23 10 67 

  24 24 12 64 

  48 26 15 59 

WPC Original - 6 41 53 

 Fat extracted 0.17 7 92 1 

  24 9 90 1 

  48 9 90 1 
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Figure 4-4 Surface composition of the industrial spray-dried skim milk powders (SMPs) 
after a series of free-fat extraction. � Bulk composition of the powder, � surface composition 
estimated by ESCA, � surface composition after free-fat extraction for 10 min, � surface 
composition after free-fat extraction for 24 hrs and � surface composition after free-fat 
extraction for 48 hrs. 

 

 

of SMP. As the free-fat present on the surface was removed by petroleum ether, the 

surface fat coverage measured by ESCA was reduced and the surface of powders was 

largely covered by lactose and protein with negligible amount of fat. Finally quite low 

surface fat coverage (1%) was observed. This indicates that the fat presented on the 

powder surface is mostly free-fat, and lactose and protein are located underneath the 

surface free-fat. The existence of protein was more noticeable than lactose. This 

supports the hypothesis suggested in Section 3.3.1, which the most dominating milk 

components on the surface of industrial spray-dried dairy powders is fat, the next is 

protein, and then lactose.  
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Figure 4-5 Surface composition of the industrial spray-dried whole milk powders (WMPs) 
after a series of free-fat extraction. � Bulk composition of the powder, � surface composition 
estimated by ESCA, � surface composition after free-fat extraction for 10 min, � surface 
composition after free-fat extraction for 24 hrs and � surface composition after free-fat 
extraction for 48 hrs. 

 

 

Figure 4-5 shows the surface composition changes of WMP. As the free-fat 

present in the powder was removed by petroleum ether, the amount of fat on the surface 

was reduced, and lactose and protein started to appear. As observed with SMP, the 

existence of protein became more noticeable than lactose. One interesting was that the 

results still showed high fat (~68%) in the surface layer, despite most extractable free-

fat was extracted after 48 hrs. This may be expected to be the fat globules encapsulated 

by protein layer. The thickness of protein layer around fat globule varies from place to 

place. Multilayers of protein can be thicker than 10 nm (i.e. the depth of ESCA 

analysis), but monolayers of protein in the range of 3-5 nm. Therefore, the underlying 

fat layer is possible to contribute to the signal, and these results may suggest that fat  
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Figure 4-6 Surface composition of the industrial spray-dried cream powders (CPs) after a 
series of free-fat extraction. � Bulk composition of the powder, � surface composition estimated 
by ESCA, � surface composition after free-fat extraction for 10 min, � surface composition 
after free-fat extraction for 24 hrs and � surface composition after free-fat extraction for 48 hrs. 

 

 

globules encapsulated by protein are located underneath surface free-fat.  

 

Figure 4-6 shows the surface composition changes of CP. As the free-fat present 

on the surface was removed by petroleum ether, a large amount of free-fat was extracted 

(Table 4-1). This indicates that after the shallow layer fat is removed, the ‘further’ 

deeper layer(s) are now emerged as the surface which is also largely made of free-fat. 

This means that the surface is largely covered by a thick layer of free-fat. However, the 

results still showed ~ 59% of surface fat coverage, despite the extraction lasted for 48 

hrs. It may be the fat globules encapsulated by protein, as mentioned previously. One 

interesting point here was that CP shows smaller surface fat coverage (~ 59%) than WMP  
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Figure 4-7 Surface composition of the industrial spray-dried whey protein concentrates 
(WPCs) after a series of free-fat extraction. � Bulk composition of the powder, � surface 
composition estimated by ESCA, � surface composition after free-fat extraction for 10 min, � 
surface composition after free-fat extraction for 24 hrs and � surface composition after free-fat 
extraction for 48 hrs. 

 

 

(~ 68%) after 48 hrs extraction. One possible explanation of this may be that less fat is 

encapsulated in CP due to the smaller amount of protein and lactose present in the 

powder than WMP.  

 

Figure 4-7 shows the surface composition changes of WPC. As the free-fat 

present on the surface was removed by petroleum ether, the surface coverage of fat was 

significantly reduced increasing the surface protein coverage. After 48 hrs extraction, 

the surface of WPC presents mostly protein (~ 90%). Therefore, it can be said the whey 

proteins are largely located underneath the surface free-fat.  
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From these results, it can be concluded that the surfaces of the industrial spray-

dried dairy powders are largely covered by free-fat (or unprotected fat), and protein 

bounded fat globules or proteins are located underneath the surface free-fat. This is also 

reflected in Figure 3-8. 

 

4.3.3. Interior composition of the powders  

To study the interior composition of the powders, they must be fractured. In the 

literature, a number of powder fracturing techniques have been reported. Examples are: 

� chopping it up with a razor blade [14, 62, 63]; 

� grinding it in a pestle and mortar [31]; 

� attaching a second piece of adhesive tape on the top of the powders, which are 

attached on a piece of adhesive tape, and then quickly ripping it off [64, 65];  

� embedding the powders in an apolar resin and sectioning using a microtome [66, 67]. 

 

In this study, the powders were fractured by the attaching a second piece of 

adhesive carbon disc on top of the powders and then quickly ripping it off. In order to 

fracture high fat-containing powders (e.g. cream powder), the powders were quickly 

frozen in liquid nitrogen before fracturing. This method was found to be the most 

effective way to fracture the dairy powders studied in this work. 

 

 

Table 4-3 Interior composition of the industrial spray-dried dairy powders estimated by 
ESCA (Assumed that dairy powders are composed of 3 main components, i.e. lactose, protein 
and fat). 
 

Product Bulk composition (wt. % )  Interior composition (%) 

 Lactose Protein Fat  Lactose Protein Fat 

SMP 58 41 1  42 42 16 

WMP 40 31 29  24 36 40 

CP 13 12 75  19 - 81 

WPC 8 86 6  7 82 11 

 

 



Chapter 4. Distribution of milk components within spray-dried dairy powders                      65 

 

 

 

 
 

Figure 4-8 Interior composition of the industrial spray-dried skim milk powder (SMP). � 
Bulk composition of the powder, � surface composition estimated by ESCA, � surface 
composition after free-fat extraction for 48 hrs and � interior composition estimated by ESCA. 

 

 

The chemical composition of the four fractured industrial spray-dried dairy 

powders (SMP, WMP, CP and WPC) was studied by means of ESCA. The results are 

summarized in Table 4-3 and are graphically presented in Figure 4-8 to Figure 4-11. 

Each triangular diagram contains the powder composition, the surface composition of 

the powder, the surface composition of the powder after removal of surface free-fat and 

the interior composition of the powder. The results showed that the interior composition 

of powders was significantly different from the surface composition of powders (arrows 

indicated). Particularly pronounced was the decrease in the fat concentration, with 

concurrent increases in the lactose and/or protein concentrations, compared to the 

surface composition. 
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Figure 4-9 Interior composition of the industrial spray-dried whole milk powder (WMP). � 
bulk composition of the powder, � surface composition estimated by ESCA, � surface 
composition after free-fat extraction for 48 hrs and � interior composition estimated by ESCA. 

 

 

Figure 4-8 shows the interior composition of SMP. The interior composition of 

SMP had a higher concentration of lactose and lower concentrations of protein and fat 

compared to the surface composition. The ratio of lactose to protein of the powder 

interior was found to be 1. This value is much higher than that at the surface (i.e. 0.78 

before removal of surface free-fat, 0.83 after removal of surface free-fat). These results 

may suggest that lactose is preferentially accumulated in the powder interior, whereas 

protein at the outer surface layer.  

 

Figure 4-9 shows the interior composition of WMP. A significant decrease in the 

fat concentration, with concurrent increases in the lactose and protein concentrations, 

was observed in the powder interior, compared to the surface composition. The fat  
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Figure 4-10 Interior composition of the industrial spray-dried cream powder (CP). � Bulk 
composition of the powder, � surface composition estimated by ESCA, � surface composition 
after free-fat extraction for 48 hrs and � interior composition estimated by ESCA. 

 

 

concentration in the powder interior (~ 40%) was significantly lower than that at the 

surface (~ 98%). The fat concentration in the powder interior was even lower than that 

at the surface after removal of surface free-fat (~ 68%). This further confirms the 

observation that fat is preferentially accumulated on the surface of powders.  

 

Figure 4-10 shows the interior composition of CP. As observed with SMP and 

WMP above, the fat concentration of the powder interior was slightly lower than at the 

surface. However, the fat concentration of the powder interior was still very high (~ 

81%). This may be due to the high fat content of cream powder (75%). The presence of 

a large amount of fat in the powder interior was evident by examining the internal 

structure of CP using SEM (Figure  4-14). 
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Figure 4-11 Interior composition of the industrial spray-dried whey protein concentrate 
(WPC). � Bulk composition of the powder, � surface composition estimated by ESCA, � 
surface composition after free-fat extraction for 48 hrs and � interior composition estimated by 
ESCA. 

 

 

 Figure 4-11 shows the interior composition of WPC. Notable was a significant 

decrease in the fat concentration and a increase in the protein concentration in the 

powder interior, compared to the surface composition. This indicates that the interior of 

WPC is mainly made up of protein. 

 

It should be noted that these results are only indicative and can be used in 

predicting trends. One can see that, for all powders, the fat concentration of the powder 

interior is higher than the overall fat content of the powder (Table 4-3). The fat 

concentration of the powder interior might be over-estimated due to the sample 

preparation technique used for ESCA analysis in this experiment. As mentioned in 
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Chapter 2, when the powder samples are attached onto an adhesive carbon disc, the 

carbon disc is not perfectly covered with the powders and extra carbon present from the 

carbon disc is detected. The elemental compositions of the lactose and the sodium 

caseinate) used in the calculation matrix were changed to account for this (Section 

4.2.3). However, the elemental composition of the anhydrous milk fat was not changed 

because the anhydrous milk fat is semi-liquid at ambient temperature and can not be 

attached onto an adhesive carbon disc. The elemental composition of the anhydrous 

milk fat was measured by placing a small amount of anhydrous milk fat in the sample 

holder, and then heating very carefully so the fat melts and forms a thin film. This might 

result in the over-estimation of the fat concentration of the powder interior, and 

therefore the fat concentration of the interior of the powders is expected to be smaller 

than the value obtained here. In addition, the interior composition estimated by ESCA 

here is the average composition of the fractured section. Much larger compositional 

differences may occur in the centre of the particles. 

 

From these results, it can be concluded that there is redistribution of components 

within the particles during powder production. Lactose is preferentially accumulated in 

the interior of the particles whereas the fat and protein near the surface of the particles. 

A kind of solid/solute segregation seems to occur during powder production. 

 

4.3.4. Distribution of fat within powders 

In order to investigate the distribution of fat within the powders, the internal 

structure of four industrial spray-dried dairy powders (SMP, WMP, CP and WPC) was 

studied using SEM before and after free-fat extraction with petroleum ether. Since free-

fat originates from the powder surface as well as the interior of the powder particles, 

this study would provide some information on the distribution of the free-fat and the 

encapsulated fat within the powder particles. 

 

Figure 4-12 contains the scanning electron micrographs of the cross-section of 

the industrial spray-dried SMPs before and after free-fat extraction. (A) and (B) are the 

particle overall outlook, and (C) and (D) are the close-up of the powder matrix. Both 

before and after free-fat extraction, SMP had air pockets and more than one inter-  
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Figure 4-12 Scanning electron micrographs of the internal structure of industrial spray-dried 

skim milk powder (SMP). (A,C) Before free-fat extraction (bar = 20 and 5 µm, respectively) and 

(B,D) after free-fat extraction for 48 hrs (bar = 20 and 5 µm, respectively). 

 

 

connected void in the centre of the particle (A and B). The surrounding powder matrix 

was very dense and smooth, and no fat globules could be detected within the powder 

matrix (C and D).  

 

Figure 4-13 shows the internal structure of WMPs before and after free-fat 

extraction. The WMP had large air pockets with having no central void, and showed 

more porous structure than the SMP (A and B). Before free-fat extraction, small air cells 

and fat globules were dispersed throughout the powder particles. No visible cracks and 

pores connecting the environment with the encapsulated fat globules could be detected 

(C). The internal structure after free-fat extraction seems to be similar with that before 

free-fat extraction (D). This indicates that there are only a small number of fine (below 
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Figure 4-13 Scanning electron micrographs of the internal structure of industrial spray-dried 

whole milk powder (WMP). (A,C) Before free-fat extraction (bar = 10 and 5 µm, respectively) 

and (B,D) after free-fat extraction for 48 hrs (bar = 10 and 5 µm, respectively). 

 

 

the microscopic level) cracks and pores, through which the fat can be extracted by 

organic solvent, within the particles and the fat globules, which are dispersed 

throughout the powder particles, are mostly encapsulated fat.  

 

Figure 4-14 shows the internal structure of CPs before and after free-fat 

extraction. CP had one central void without having air pockets (A and B).With higher 

magnification, it was shown that the intact CP particles were filled with globular shaped 

greasy substance (fat globules) (C). After free-fat extraction, the greasy substance, 

which filled the particles, was ‘cleaned-off’ and very porous structure appeared (D). The 

fat globules inside the CP particles were found to be adjacent to each other, separated by 

a thin layer of protein-lactose matrix. The fat globules in the CP seem to be extracted  
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Figure 4-14 Scanning electron micrographs of the internal structure of industrial spray-dried 

cream powder (CP). (A,C) Before free-fat extraction (bar = 20 and 5 µm, respectively) and (B,D) 

after free-fat extraction for 48 hrs (bar = 20 and 5 µm, respectively). 

 

 

via the holes remained by dissolved fat globules in the outer particle layer or close to 

wider capillaries in the particles. These results indicate that CP contains a large amount 

of free-fat within the powder particle. 

 

Figure 4-15 shows the internal structure of WPCs before and after free-fat 

extraction. WPC had air pockets and more than one interconnected void in the centre of 

the particle (A and B). With higher magnification, it was shown that very small air cells 

and fat globules were dispersed throughout the powder matrix. However, the size and 

number of air cells and fat globules were much smaller than those of the WMPs. The 

surrounding powder matrix was very dense and smooth. No visible cracks and pores 

connecting the environment with the encapsulated fat globules could be detected (C).  
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Figure 4-15 Scanning electron micrographs of the internal structure of industrial spray-dried 

whey protein concentrate (WPC). (A,C) Before free-fat extraction (bar = 20 and 5 µm, 

respectively) and (B,D) after free-fat extraction for 48 hrs (bar = 20 and 5 µm, respectively). 

 

 

The internal structure after free-fat extraction seems to be similar with that before free-

fat extraction (D). This indicates that the small fat globules, which are dispersed 

throughout the powder particles, are mostly encapsulated fat.  

 

The distribution of fat within or on the spray-dried dairy powders can be directly 

visualized using confocal laser scanning microscopy (CLSM). CLSM is a rather new 

technique for structural analysis of food materials. The underlying principles of the 

technique and its application to food have been described elsewhere [68]. From the 

previous studies [22, 23], it was found that CLSM is useful for examination of milk 

powders and can provide information about the location and size of fat distributed 

through an optical section of the powder particle. In this work, only spray-dried whole 
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Figure 4-16 Confocal micrographs of whole milk powder particles stained with Nile Blue. (A) 
Optical sectional view and (B) 3-dimensional view reconstructed from a series of optical 
sections. 
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milk powder was examined by CLSM (Figure 4-16). The micrographs showed that the 

fat globules are well distributed throughout the round particles. However, there is a 

difference in the size of the fat globules from the outside to the inside of the powder 

particles. There are some larger, more coalesced fat globules near the surface of the 

particles that reduced in size towards the centre of the particles. This difference in the 

size of fat globules in the spray-dried whole milk powder can also be observed from the 

CLSM micrographs obtained by McKenna [23] and Auty [24]. In the previous chapter, 

it was found that the surface of spray-dried whole milk powder is mainly made of fat, 

98% of surface. However, the micrographs here only showed many fat globules around 

the boundary of particles and it does not appear to cover 98% of the powder surface. 

This may be due to the some limitations of the technique. Firstly, the resolution of 

CLSM for this analysis is of 0.2 µm. Since the imaging of microstructural components 

below 0.2 µm is limited [69], it is not possible to show the clear fat distribution in 0.15 

µm surface layer, the thickness of surface fat of spray-dried whole milk powder 

estimated in Section 4.3.1. Secondly, Nile Blue used to stain fat in the powders can not 

positively stain fat crystals. Nile Blue contains small amount of Nile Red and other 

lipophilic substances. They diffuse into the oil phase and fluoresce yellow, but is not 

unable to penetrate the crystal lattice [70]. Milk fat is a complex mixture of various 

triglycerides, from low-melting to high melting. It is assumed that various triglycerides 

are uniformly distributed in the fat phase in the powder particle. However, if the 

distribution of triglycerides in the powder particle is different, particularly crystalline 

fats are accumulated on the surface of spray-dried whole milk powder, the surface fat 

layer may not be observed by CLSM. More detailed discussion on the composition of 

surface fat is given in Chapter 5. 

 

4.3.5. A physical model of the industrial spray-dried dairy powders 

In this chapter and the previous chapter, the distribution of milk components 

within the four industrial spray-dried dairy powders (SMP, WMP, CP and WPC) was 

investigated using ESCA and other various techniques. The results obtained are 

summarized in Table 4-4. Taking into account these results, a physical model of the 

four industrial spray-dried dairy powders is proposed, with special emphasis on the 

spatial distribution of the components. Figure 4-17 shows a schematic illustration of this
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Table 4-4 Distribution of milk components within four industrial spray-dried dairy powders (SMP, WMP, CP and WPC). 
 

 SMP WMP CP WPC 

Surface composition 

 

 

18% fat 

46% protein 

36% lactose 

Mainly fat (98%) 

 

Mainly fat (99%) 

 

53% fat 

41% protein 

6% lactose 

Surface structure 

 

 

 

Deep and shallow folds/dents 

 

 

 

Smooth surface, irregular patches 

(or pools)  or a thin layer of free-fat 

 

Highly agglomerated by a very 

thick layer of free-fat, free-fat 

droplets on the powder surface 

 

Very smooth surface, very thin 

irregular patches (or pools) of fat 

Thickness of surface fat 

 

- 0.15 µm (assuming particle 

diameter = 100 µm) 

5.1 µm (assuming particle 

diameter = 100 µm) 

- 

Internal structure More than one central void and air 

pocket, very dense and smooth 

powder matrix 

Air pockets with no central void, no 

visible cracks or pores 

One central void, thin protein-

lactose matrix surrounding fat 

globules 

 

More than one central void and air 

pocket, very dense powder matrix 

Distribution of fat within the 

powder particle 

 

 

 

Not noticeable Fat globules dispersed throughout 

the particle, but larger fat globules 

near surface and reduction in size 

towards the centre of the particle 

Fat packed densely in the powder 

particle 

Very small fat globules dispersed 

throughout the particle 

Composition underneath 

surface free-fat 

 

Mainly protein (54%) and lactose 

(45%), no fat 

 

Mainly proteins or protein 

encapsulated fat globules  

 

Mainly proteins or protein 

encapsulated fat globules 

 

Mainly protein (90%), no fat 

 

Interior powder composition  

 

Accumulation of lactose and 

protein, but more preferential 

accumulation of lactose  

Accumulation of lactose and 

protein 

Filled with fat Mainly protein 
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Figure 4-17 Schematic model of the industrial spray-dried dairy powders studied in this 
research. (A) Skim milk powder (SMP), (B) whole milk powder (WMP), (C) cream powder (CP) 
and (D) whey protein concentrate (WPC). 

 

 

model. Each of the 4 sections represents each of the four industrial spray-dried dairy 

powders studied in this work. The powder particles are shown as cross-sections where 

the grey, black, red and white represent fat, protein, lactose and air, respectively.  

 

 Section A represents the distribution of the components in SMP. The surface of 

SMP is largely covered by free-fat (18%), compared to the bulk fat content of the 

powder. The powder surface underneath the surface free-fat is mainly made of protein 

and lactose, but more protein appears on the powder surface than lactose. There are 

concentration gradients of components within the powder particles. Protein is 

preferentially accumulated in the outer layer of the particles whereas lactose in the 

interior of the particles. The protein-lactose matrix is very dense and smooth with no 

detectable fat globules. 
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Section B represents the distribution of the components in WMP. The surface of 

WMP is almost totally covered by a very thin layer (or sometimes in the form of 

irregular patches or pools) of free-fat. The powder surface underneath the surface free-

fat is mainly made up of protein and protein encapsulated fat globules. Fat and protein 

are generally preferentially accumulated near the surface of the particles whereas 

lactose in the powder interior. Small fat globules and air cells are dispersed throughout 

the powder particles. However, some larger, more coalesced fat globules are located 

near the surface of the particles that reduced in size towards the centre of the particles. 

 

Section C represents the distribution of the components in CP. The surface of 

CP is almost totally covered by a thick layer of free-fat. Large free-fat globules are also 

present on the powder surface forming circular dimples. The interior of the CP particles 

is mainly composed of fat globules. The fat globules are adjacent to each other, 

separated by a thin layer of protein-lactose matrix. They can be extracted by organic 

solvent via the holes remained by dissolved fat globules in the outer particle layer or 

close to wide capillaries in the particles. 

 

 Section D represents the distribution of the components in WPC. The surface of 

WPC is largely (> 50%) covered by free-fat, in the form of very thin patches or pools. 

The powder surface underneath the surface free-fat and the interior of powder are 

mostly made up of protein. A number of very fine fat globules and air cells are 

dispersed throughout the powder particles. 

 

4.4. CONCLUSIONS 

In this chapter, the spatial distribution of milk components within the industrial 

spray-dried dairy powders (SMP, WMP, CP and WPC) was studied using ESCA and 

other various techniques. A better understanding of the heterogeneous distribution of 

lactose, protein and fat in the powder particles was obtained. The results showed that 

lactose is preferentially accumulated in the interior of the powder particles whereas the 

fat and protein near the surface of the particles. A kind of solid/solute segregation seems 

to occur during powder production. 
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5.1. INTRODUCTION 

In Chapter 3, the surface composition of various industrial spray-dried dairy 

powders was investigated using electron spectroscopy for chemical analysis (ESCA), a 

method that provides direct chemical analysis of the outermost surface layer (~ 10 nm). 

It was found that the surface composition of powders is significantly different from the 

bulk composition. Accumulation of fat on the surface of fat-containing dairy powders, 

such as cream powder and whole milk powder, is particularly pronounced. The 

outermost 10 nm of surface layer of these powders was found to be made up mainly of 

milk fat (99 wt.% for cream powder, 98 wt.% for whole milk powder). This observation 

indicates that the surface-related properties of these powders will be largely determined 

by the melting characteristics of the fat present on the surface of the powder. Milk fat is 

a heterogeneous mixture of various triglycerides with a melting range from –40 to 

+40oC [39]. In the spray-drying process, the milk fat is encapsulated by the protein and 
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lactose matrix (so-called ‘encapsulated fat’), and only part of the fat can be extracted by 

organic solvents (so-called ‘free-fat’). The free-fat is the fat that is extracted by solvent 

within a pre-determined time, and thus originates not only from the surface of the 

powder but also from the interior of the powder particle [26]. Different triglycerides can 

have different encapsulation efficiencies and the distribution of triglycerides in the 

powder particle may not be uniform. Therefore, in order to further investigate the 

mechanism of the formation of the surface composition of fat-containing dairy powders, 

the melting characteristics of the fat present on both the surface of the powder and in the 

bulk powder are of great interest. 

 

The effects of different fat phases on the encapsulation efficiency (level of 

surface fat) have been investigated using ESCA [3, 5, 7, 71]. It was shown that liquid 

oils and fully crystalline fats with high melting points were well encapsulated, showing 

low surface coverage, whereas fats with intermediate melting points were poorly 

encapsulated and had high surface coverage. The high surface coverage of the fats with 

intermediate melting points was attributed to decreased emulsion stability of partially 

crystalline emulsions. A similar trend was observed when emulsions with mixtures of 

different fats were spray dried; pure fats were more efficiently encapsulated than any 

mixtures of fats [72]. ESCA is a useful technique to evaluate the encapsulation 

efficiency, but it is not possible to distinguish between solid fat and oil using ESCA 

because they do not differ in C/O ratio. Because of this methodological limitation, the 

earlier studies assumed that the different fats were uniformly distributed in various fat 

fractions in the powder particle, and no information on the melting characteristics of the 

fat present on the surface of the powder could be provided. 

 

The objective of the present study was to investigate the melting characteristics 

of the fat present on the surface of industrial spray-dried fat-containing dairy powders, 

in comparison with other milk fat fractions present in the powder. The milk fat present 

in the powders was differentiated into three types:  
 

� free-fat originating from the surface of the powder (defined as surface free-fat); 

� free-fat originating from the interior of the powder particle (defined as inner free-

fat); 
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� encapsulated fat. 

 

These various milk fat fractions were then analysed for fatty acid composition 

and melting behaviour. In addition, the melting point of the fat present on the surface of 

the powder was estimated directly by testing the wettability of the powders using 

various water temperatures. 

 

5.2. MATERIALS AND METHODS 

5.2.1. Materials 

Two industrial spray-dried fat-containing dairy powders (cream powder (CP) 

and whole milk powder (WMP)) were obtained from a local dairy company. The 

powders were commercial products that had been freshly manufactured and packed for 

consumer use. The capacities of the dryers in which the powders were made were at 

least 4 t powder/hr. The composition of the powders used is shown in Table 3-1. The n-

hexane (95%) and the iso-propanol (> 99%) used in this study were purchased from 

Asia Pacific Specialty Chemicals Ltd (Auckland, New Zealand). Boron trifluoride-

methanol was purchased from Sigma Chemical Company (St. Louis, MO, USA). 

Deionized water was used throughout. 

 

5.2.2. Extraction of milk fat fractions 

The procedure for extracting the different milk fat fractions in industrial spray-

dried dairy powders is shown schematically in Figure 5-1. The details of each extraction 

procedure are given below. The procedures were repeated until a sufficient amount of 

fat for the analyses had been obtained. In all cases, we are referring to the fat that is 

extractable using organic solvents. 

 

① Extraction of surface free-fat 

The free-fat on the surface of a powder particle is quickly dissolved by a very 

brief exposure to the organic solvents. The free-fat from the inner part of the particle  
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Figure 5-1 Schematic diagram of extraction of different milk fat fractions from industrial 

spray-dried dairy powders. ① Extraction of surface free-fat, ② extraction of inner free-fat, ③ 

extraction of encapsulated fat and ④ extraction of total fat. 

 

 

dissolves much more slowly. In order to extract only surface free-fat and to minimize 

the extraction of free-fat from the interior of the powders, only a brief wash with 

organic solvent was performed. The surface free-fat was extracted by the method 

developed in the previous chapter. Full details of the method are described in Section 

4.3.1. One gram of the fresh powder was accurately weighed on a filter paper (No. 4, 

Whatman, Maidstone, Kent, UK) and washed with 4 x 5 mL of hexane. The powder 

residue was dried under vacuum at room temperature, and the filtrate solution 

containing the extracted fat was allowed to evaporate until the extracted fat residue 

achieved constant weight. The extracted fat value was then recorded as g surface free-

fat/g fresh powder. 

 

② Extraction of inner-free fat 

The powder residue left after the extraction of the surface free-fat was added to 

40 mL of hexane/g powder, and was shaken frequently by hand for 48 hrs. The powder 

residue and the solvent were separated by filtration through filter paper (No. 4, 
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Whatman, Maidstone, Kent, UK). The powder residue was further washed with 2 x 2 

mL of hexane and then dried under vacuum at room temperature. The filtrate solution 

containing the extracted fat was allowed to evaporate until the extracted fat residue 

achieved constant weight. The extracted fat value was then recorded as g inner free-fat/g 

fresh powder. 

 

③ Extraction of encapsulated fat 

The powder residue left after the extraction of the inner free-fat was added to 4 

mL of warm water (50oC)/g powder and was vortexed for 2 min to dissolve the powder 

matrix and release the encapsulated fat. The resulting solution was extracted with 45 mL 

of hexane/iso-propanol (3:1 v/v)/g powder. The suspension was shaken for 15 min, and 

was centrifuged at 1000 x g for another 15 min. The clear organic phase was collected 

and the aqueous phase was re-extracted with the solvent mixture. The organic phase 

containing the extracted fat was allowed to evaporate until the extracted fat residue 

achieved constant weight. The extracted fat value was then recorded as g encapsulated 

fat/g fresh powder. 

 

④ Extraction of total fat 

One gram of the fresh powder was added to 4 mL of warm water (50oC) and 

vortexed for 2 min. The resulting solution was extracted with 45 mL of hexane/iso-

propanol (3:1 v/v). The suspension was shaken for 15 min, and was centrifuged at 1000 

x g for another 15 min. The clear organic phase was collected and the aqueous phase 

was re-extracted with the solvent mixture. The organic phase containing the extracted 

fat was allowed to evaporate until the extracted fat residue achieved constant weight. 

The extracted fat value was then recorded as g total fat/g fresh powder. 

 

5.2.3. Analysis of fatty acid composition 

The fatty acid composition of the milk fat fractions was determined after 

conversion of the fatty acids into the corresponding methyl esters. A sample (0.1 g) of 

the milk fat was accurately weighed into a vial, and 10 mL of hexane was added to 
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dissolve the sample. Then, 1 mL of this solution was transferred to a screw-cap reaction 

vessel and mixed with 2 mL of boron trifluoride-methanol. The contents of the vessel 

were shaken well and reacted at 70oC for 60 min. After cooling to room temperature, 1 

mL of water was added to stop the reaction, followed by a further 1 mL of hexane. An 

aliquot (2 µL) of the organic phase was injected into a fused silica capillary column 

(DB-WAX; 30 m x 0.25 mm internal diameter; film thickness 0.25 µm; J & W 

Scientific Co., Folsom, CA, USA), which was placed into a Shimadzu 17A gas 

chromatograph equipped with a flame ionization detector connected to a QP5000 

quadrupole mass spectrometer (Shimadzu Corp., Kyoto, Japan). The oven temperature 

was programmed to start at 50oC (2 min) and to increase to 240oC at 2oC/min. The 

injector and detector temperatures were maintained at 230oC. The carrier gas was 

helium and its flow rate was 1.5 mL/min. The fatty acid methyl esters were identified by 

comparison of their retention times with those of a standard mixture from Sigma (St. 

Louis, MO, USA). Usually, 35 fatty acids could be detected. For clarity, only the main 

fatty acids and groups of fatty acids (e.g. C18:1 as the sum of all positions of the double 

bond) were presented. There can be some differences between analyses, mainly with the 

most volatile compounds. As this can have an influence on the proportion of fatty acids, 

the most volatile fatty acid (C4:0) was excluded from the results. 

 

5.2.4. Differential scanning calorimetry (DSC) 

A differential scanning calorimeter (DSC-SP, Rheometric Scientific, NJ, USA) 

was calibrated with an indium standard (melting point 156.66oC, ∆Hf 28.41 J/g). About 

10 mg portions of the fat samples were accurately weighed in aluminium crucibles, 

which were sealed and placed into the calorimeter. An empty sealed crucible was used 

for reference. DSC melting thermograms were determined by heating the samples at 

70oC for 10 min to completely melt the fat and eliminate all crystal nuclei, after which 

the samples were cooled to –65oC at a cooling rate of 10oC/min. The samples were kept 

at –65oC for 10 min before heating to 60oC at a heating rate of 5oC/min. The solid fat 

content (SFC) at various temperatures was calculated from the melting thermograms 

with the RSI Orchestrator partial area program (Rheometric Scientific, NJ, USA). 
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5.2.5. Wetting test 

The wettability of the powders was determined using the static wetting test as 

previously described in Section 3.2.8. One gram of powder was transferred into a glass 

cylinder (diameter = 30 mm) placed on a glass slide covering a water reservoir 

(diameter = 60 mm). The glass slide was then withdrawn to bring the powder into 

contact with 25oC water. The wetting time, i.e. the time necessary for the submersion of 

the last powder particle, was measured. The measurements were performed using water 

at various temperatures (10–90oC). 

 

5.3. RESULTS AND DISCUSSION 

5.3.1. Masses of the milk fat fractions 

The amounts of the various milk fat fractions sequentially extracted from the 

industrial spray-dried dairy powders are shown in Table 5-1. In cream powder, only 

about 30% of the total fat present was encapsulated and a substantial proportion of the 

total fat was present as free-fat. In particular, about 40% of the total fat was located in 

the near surface region in the form of a thick layer. In whole milk powder, almost 90% 

of the total fat present was encapsulated and only a small proportion of the total fat was 

present as free-fat. 

 

 

Table 5-1 Amount of the milk fat fractions extracted from industrial spray-dried dairy 
powders.  
 

 Amount of fat extracted (g fat/g fresh powder) 

 Surface free-fat Inner free-fat Encapsulated fat Total fat 

CP 0.266 0.211 0.228 0.715 

WMP 0.007 0.015 0.235 0.266 

 

 

It was expected that the sum of the masses of the fat fractions (surface free-fat, 

inner free-fat and encapsulated fat) would be equal to the mass of total fat. However, 
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there was a slight difference in the masses. The sum of the masses of the fat fractions 

(surface free-fat, inner free-fat and encapsulated fat) was low by approximately 0.01 g/g 

powder, in both the cream powder and the whole milk powder. This difference may 

have been due to extracted fat remaining on the filter paper and the glassware.  

 

5.3.2. Fatty acid compositions of the milk fat fractions 

Milk fat is a complex mixture of triglycerides, composed of a large number of 

different fatty acids. This great variety of fatty acids leads to a heterogeneous 

composition of the triglycerides and a very broad melting range, which varies from 

approximately –40 to +40oC [39]. Therefore, the fatty acid composition is an important 

and a most basic parameter for determining the melting characteristics of milk fat. 

 

The fatty acid compositions of the milk fat fractions extracted from the 

industrial spray-dried cream powder are presented as individual fatty acids in Table 5-2  

 

 
Table 5-2 Individual fatty acid composition of the milk fat fractions extracted from 
industrial spray-dried cream powder (CP). (The values are an average of three analyses and 
the standard deviations were less than 0.06%) 
 

Fatty acids Composition (%) 

 

Melting point 

(oC) 

Surface  

free-fat 

Inner  

free fat 

Encapsulated 

fat 

Total fat 

 

C6:0 –1.5 2.28  2.03  1.83  1.87  

C8:0 16.5 1.40  1.28  1.00  1.17  

C10:0 31.6 3.54  3.33  2.54  3.14  

C12:0 43.6 4.45  4.23  3.44  4.05  

C14:0 53.8 13.99  13.53  11.83  13.10  

C15:0  1.77  1.79  1.60  1.77  

C16:0 62.9 32.11  31.67  30.39  31.34  

C16:1  2.02  2.10  1.97  2.10  

C18:0 69.6 12.72  12.99  13.53  13.33  

C18:1 13.4 22.33  23.41  24.69  23.71  

C18:2 –5.0 1.91  2.04  5.10  2.63  

C18:3 –10.0 1.49  1.61  2.09  1.79  



Chapter 5.  Melting characteristics of fat present on the surface of fat-containing powders   87 

 

 

 

surface free fat

inner free fat

encapsulated fat

total fat 6-8

10-12

16-18 unsatd.

14-18 satd.
0

5

10

15

20

25

30

35

40

45

50

55

60

65

P
e

rc
e

n
ta

g
e

 (
%

)

Milkfat fraction
Carbon No.

 

 

Figure 5-2 Fatty acid composition (selected fatty acid groupings) of the milk fat fractions 
extracted from industrial spray-dried cream powder (CP).  satd. = saturated fatty acids, unsatd. 
= unsaturated fatty acids. 

 

 

and, for simplicity of presentation, as selected fatty acid groupings (according to 

similarities in melting points) in Figure 5-2. Firstly, the results show that there was a 

compositional difference between the free-fat and the encapsulated fat. The free-fat 

fractions (surface free-fat and inner free-fat) had slightly higher concentrations of C6–

C18 saturated fatty acids and slightly lower concentrations of C16–C18 unsaturated 

fatty acids compared with the total fat, whereas the encapsulated fat showed the reverse 

tendency with more marked concentration differences. These observations on the free-

fat fractions concur with the trend obtained by Lindquist and Brunner [73], although 

their results were based on spray-dried whole milk powder where only minor 

dissimilarities were observed. Secondly, the results show that there was a compositional 

difference even between the free-fat fractions. The surface free-fat had slightly higher 
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concentrations of C6–C18 saturated fatty acids and slightly lower concentrations of 

C16–C18 unsaturated fatty acids than the inner free-fat.  

 

As mentioned above, the saturated and unsaturated fatty acid contents of milk fat 

affect its melting behaviour. In general, increases in the short-chain fatty acids (C4–C8) 

and the long-chain unsaturated fatty acids (C16:1 and C18:1–C18:3), with concurrent 

decreases in the long-chain saturated fatty acids (C16:0 and C18:0), result in milk fat 

with lowered melting points and a greater proportion of low-melting triglyceride species. 

Conversely, increases in the long-chain saturated fatty acids, with concurrent decreases 

in the short-chain fatty acids and the long-chain unsaturated fatty acids, result in milk 

fat with higher melting points and a greater proportion of high-melting triglyceride 

species [74-79]. Taking this into account, the results in this work indicate that high-

melting triglyceride species were more concentrated in the free-fat whereas there were 

more low-melting triglyceride species in the encapsulated fat. Moreover, the high-

melting triglyceride species present in the free-fat were accumulated at the surface of  

 

 
Table 5-3 Individual fatty acid composition of the milk fat fractions extracted from 
industrial spray-dried whole milk powder (WMP). (The values are an average of three analyses 
and the standard deviations were less than 0.07%) 
 

Fatty acids Composition (%) 

 

Melting point 

(oC) 

Surface  

free-fat 

Inner  

free-fat 

Encapsulated 

fat 

Total fat 

 

C6:0 –1.5 2.31  2.08  2.03  2.08  

C8:0 16.5 1.98  1.87  1.82  1.86  

C10:0 31.6 5.42  5.24  5.03  4.90  

C12:0 43.6 6.47  6.51  6.25  6.22  

C14:0 53.8 15.81  16.15  15.55  15.38  

C15:0  1.46  1.48  1.47  1.44  

C16:0 62.9 30.76  30.80  30.17  30.40  

C16:1  1.58  1.61  1.67  1.69  

C18:0 69.6 12.10  12.17  12.58  12.57  

C18:1 13.4 19.57  19.58  20.55  20.65  

C18:2 –5.0 1.35  1.29  1.55  1.52  

C18:3 –10.0 1.19  1.20  1.33  1.28  
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Figure 5-3 Fatty acid composition (selected fatty acid groupings) of the milk fat fractions 
extracted from industrial spray-dried whole milk powder (WMP).  satd. = saturated fatty acids, 
unsatd. = unsaturated fatty acids. 

 

 

the powder. 

 

     Table 5-3 and Figure 5-3 show the fatty acid compositions of the milk fat fractions 

extracted from the industrial spray-dried whole milk powder, as individual fatty acids 

and as selected fatty acid groupings, respectively. The results show similar trends to 

those observed in the cream powder, i.e. higher concentrations of C6–C18 saturated 

fatty acids and lower concentrations of C16–C18 unsaturated fatty acids in the free-fat 

fractions (surface free-fat and inner free-fat) compared with the encapsulated fat. 

However, few compositional differences between the surface free-fat and the inner free-

fat were observed. For the whole milk powder, the data for the encapsulated fat and the 

total fat were virtually identical. This was expected because the encapsulated fat  
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Figure 5-4 DSC melting thermograms of the milk fat fractions extracted from industrial 
spray-dried cream powder (CP). 

 

 

accounted for about 90% of the total fat, as mentioned in Section 5.3.1. This close 

agreement of the data also confirmed the precision of the analytical method. 

 

5.3.3. Melting profiles of the milk fat fractions 

The melting behaviours of the milk fat fractions extracted from the two powders 

were studied using DSC. DSC provides a generalized view of the melting of milk fat 

over its melting range (melting profile) and the actual percentage of solid fat at various 

temperatures (SFC profile) [76]. 

 

Figure 5-4 and 5-5 show the melting profiles of the milk fat fractions extracted 

from the industrial spray-dried cream powder and whole milk powder, respectively. In 

both figures, the melting thermograms of the surface free-fat, the inner free-fat and the  
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Figure 5-5 DSC melting thermograms of the milk fat fractions extracted from industrial 
spray-dried whole milk powder (WMP). 

 

 

encapsulated fat were very similar to that of the corresponding total fat. All exhibited a 

wide melting range from –40 to +40oC and four distinct peaks, i.e. a broad shoulder 

representing high-melting triglyceride species, one peak representing middle-melting 

triglycerides species and two peaks representing low-melting triglyceride species. These 

observations indicate that the surface free-fat, the inner free-fat and the encapsulated fat 

were all complex mixtures of various triglycerides with melting points ranging from –

40 to +40oC, i.e. the same as the total fat. General similarities were observed, but the 

size of particular peaks differed between the fat fractions. The consequence of these 

peak size differences is discussed in Section 5.3.4. 
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Figure 5-6 Solid fat content (SFC) profile of the milk fat fractions extracted from industrial 
spray-dried cream powder (CP). 

 

 

5.3.4. SFC profiles of the milk fat fractions 

The SFC profiles of the milk fat fractions extracted from the industrial spray-

dried cream powder are shown in Figure 5-6. SFC obtained by DSC is a relative 

measure, and we assume 100% crystallinity at –40oC. As already observed in the 

melting thermograms, all milk fat fractions showed very similar gradual melting 

throughout their melting range. However, the free-fat fractions (surface free-fat and 

inner free-fat) had higher SFC than the encapsulated fat at all temperatures. The SFC of 

the total fat fell between those of the encapsulated fat fraction and the surface free-fat 

fraction. Its SFC profile was nearly identical to that of the inner free-fat fraction. The 

total fat SFC profile was also very similar to the surface free-fat SFC profile. This was 

not surprising because the free-fat fractions accounted for about 70% of the total fat in 

the cream powder (Table 5-1). The surface free-fat had the greatest SFC at all 

temperatures. For example, at 20oC, the surface free-fat, the inner free-fat and the 

encapsulated fat contained 35, 30 and 28% solids, respectively. These results indicate 

that there was some fractionation, with the slight accumulation of high-melting  
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Figure 5-7 Solid fat content (SFC) profile of milk fat fractions extracted from industrial 
spray-dried whole milk powder (WMP). 

 

 

triglyceride species at the surface of the powders. These results are in excellent 

agreement with those reported in Section 5.3.2. and the SFC profiles clearly revealed 

the differences found in the fatty acid compositions. 

 

Figure 5-7 shows the SFC profiles of the milk fat fractions extracted from the 

industrial spray-dried whole milk powder. The results show a similar trend to that 

observed for the spray-dried cream powder, i.e. the greatest SFC in the surface free-fat 

and the lowest SFC in the encapsulated fat. For example, at 20oC, the surface free-fat, 

the inner free-fat and the encapsulated fat contained 31, 28 and 26% solids, respectively. 

Buchheim [12] reported that the surface of whole milk powder was covered locally with 

thin fat layers and that the surface fat showed a crystalline state (few monomolecular 

layers of approximately 50 Å). This previous microscopic observation was found to be 

in good agreement with the results obtained in this work. 
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Figure 5-8 Wettability of industrial spray-dried fat-containing dairy powders at various 
water temperatures. 

 

 

5.3.5. Melting point of the surface free-fat 

As discussed above, significant differences in the fatty acid composition and the 

melting behaviour between the different milk fat fractions were not found. However, the 

small differences, consistently detected, appeared to be important. Because the 

procedure for extracting the surface free-fat extracts not only the ‘real’ surface free-fat 

but also ‘near’ surface free-fat, the fat extracted is a ‘blend’ of free-fat localized near the 

surface of the powder, and the small differences are seen as a net effect in the 

substantial fraction. Therefore, much larger differences are expected to occur in the 

‘real’ surface fat. 

 

To directly measure the melting characteristics of the ‘real’ surface fat, the 

melting point of the surface fat can be estimated by measuring the wettability of 

powders using various water temperatures. It is generally known that fat-containing 
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powders are not easily wetted in cold water and can achieve a satisfactory wettability 

only when the water temperature is higher than the melting point of the fat used [80, 81]. 

To improve the wettability of these powders in cold water, a natural surfactant, soya 

lecithin, is usually coated on the surface of the powder. However, an earlier study [82] 

has shown that the wettability of fat-containing powders, which are not easily wetted in 

cold water, can be significantly improved by coating at least a part of the powder 

surface with mono- and/or diglycerides of a medium-chain fatty acid. This suggests that, 

in the absence of a surfactant, the wettability of powders is determined by the melting 

point of the fat present on the outermost powder surface, not the melting point of the fat 

used. Figure 5-8 shows the wettability of the industrial spray-dried cream powder and 

whole milk powder at various water temperatures (10–90oC). The values are averages of 

three measurements. As shown, the industrial spray-dried cream powder and whole milk 

powder could not be completely wetted in cold water (10 – ~37oC) within reasonable 

periods (> 15 min). However, the wetting time of the powders decreased sharply at 

42oC for the cream powder and 38oC for the whole milk powder. This indicates that the 

fats present on the surface of the cream powder and the whole milk powder melted at 42 

and 38oC, respectively. Whereas the composition analysis showed a slight tendency for 

the cream powder to have harder fractions on the surface than those on the surface of 

the whole milk powder, the wettability tests showed marked differences. 

 

5.4. CONCLUSIONS 

Many surface-related powder properties will be influenced by the quantity of fat 

on the surface of the powder, but the melting characteristics of the surface fat are also of 

great importance. In this study, the melting characteristics of the fat present on the 

surface of industrial spray-dried cream powder and whole milk powder were 

investigated. The various milk fat fractions (surface free-fat, inner free-fat and 

encapsulated fat) present in the powders were sequentially extracted and were analyzed 

for their fatty acid composition and melting behaviour. The results indicated that all 

milk fat fractions including the surface free-fat contained various triglycerides with 

melting points ranging from –40 to +40oC. However, some fractionation among the 

different milk fat fractions was observed. The free-fat fractions (surface free-fat and 

inner free-fat) had a greater proportion of high-melting triglyceride species than the 
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encapsulated fat. Furthermore, the high-melting triglyceride species present in the free-

fat fractions were slightly accumulated at the surface of the powder particle. This 

phenomenon was observed in both cream powder and whole milk powder. The results 

were further confirmed by wettability tests. 
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6.1. INTRODUCTION 

The milk powder manufacturing process involves a series of continuous or semi-

continuous steps, as presented schematically in Figure 6-1. The production of milk 

powders starts with taking the raw milk received at the dairy factory and pasteurizing 

and separating it into skim milk and cream using a centrifugal cream separator. If fat-

containing milk powder (e.g. whole milk powder) is to be manufactured, a portion of 

the cream is added back to the skim milk to produce a milk with a standardized fat 

content. The milk is then preheated to a temperature between 75 and 120oC and is held 

for a specified time from a few seconds up to several minutes. The reasons for preheat 

treatment are to meet the microbiological requirements, to give functional properties for 

particular end uses and, the most basic, to ensure that the milk will boil when it is 

exposed to low pressure in the first stage of the evaporator. The preheated milk is 

passed to a multi-stage evaporator. In the evaporator, the milk is concentrated from 9%   
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Figure 6-1 Schematic flow diagram for industrial production of spray-dried milk powder 
(Adapted from Pearce [83]). 

 

 

(for skim milk, 13% for whole milk) to about 45-52% total solids. This is achieved by 

boiling the milk under vacuum at a temperature below 72oC. The concentrate emerges 

from the evaporator at about 50oC. For fat-containing milk, homogenization is usually 

applied to decrease the levels of free-fat in the final product. The next industrial step is 

drying, in which the concentrated milk is converted to a powder form and the powder 

properties are defined. The drying process used in the dairy industries is usually in two- 

or three-stages, comprising spray-drying and fluidized bed(s) drying. In two-stage 

drying, the milk concentrate is pumped through the spray nozzle at a very high pressure 

or through a rotary atomizer, which spins at a very high speed, to form fine droplets in 

the hot air stream at 180-220oC in the drying chamber. Much of the remaining water is 

evaporated in the drying chamber, leaving a powder of around 6% moisture content. 

Following the spray-drying, the powder particles fall into an external vibrating fluidized 

bed, which consists of one or two vibrating sections. In the vibrating fluidized bed, hot 
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air at 80-120oC is blown through a layer of fluidized powder and the powder is further 

dried to give a product of 2-4% moisture content. At the end of this section of the 

system, air at ambient conditions is supplied for faster cooling of the particles. This 

two-stage drying method may also improve the quality of the powder by powder 

agglomeration. In three-stage drying, a static fluidized bed, in addition to the vibrating 

fluidized bed, is introduced into the conical base of the spray-dryer to better control 

particle agglomeration and drying. During these drying processes, small (fine) powder 

particles leaving the dryers are recovered in cyclones and are returned to the spray-

drying chamber in close proximity to the atomizer. The wet concentrate droplets collide 

with the fines and stick together, forming larger, irregular shaped ‘agglomerates’. After 

drying and cooling in the vibrating fluidized bed(s), the powder is then conveyed to 

packaging operations and is stored until its end-uses [57, 83, 84].  

 

The surface composition of industrial spray-dried dairy powders not only is 

determined by the gross composition of the milk concentrate being dried, as discussed 

in Chapter 3, but also is expected to be strongly influenced by the manufacturing 

processes operations and the specific processing conditions employed, as are other milk 

powder properties (e.g. powder moisture content, particle size distribution, particle 

morphology)(Figure 1-1). Powder storage may also affect the surface composition of 

the powders. To obtain a comprehensive understanding of the mechanism behind the 

formation of the surface composition, how the surface composition of the powders 

develops during the manufacturing processes and how the processing conditions and 

storage affect the surface composition of the powders need to be understood. The 

studies to explore these effects were undertaken in the next three chapters. In this 

chapter, the effects of the manufacturing processes on the development of the surface 

composition of the powders were investigated. Chapter 7 dealt with the evaluation of 

the effects of various spray-drying conditions on the surface composition of the 

powders. In Chapter 8, it was investigated how the surface composition of the powders 

changed during “practical” long-term storage. 

 

The objective of this chapter was to investigate how the manufacturing 

processes affect the development of the surface composition of industrial spray-dried 

dairy powders. Samples of three industrial spray-dried dairy powders (skim milk 
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powder (SMP), whole milk powder (WMP) and instant whole milk powder (IWMP)) 

were collected at various points in the manufacturing process and were analyzed for 

their surface composition. As the powder properties are defined in spray-drying and the 

subsequent manufacturing processes, the powder samples were collected at the exit of 

the spray-drying chamber and the exit(s) of fluidized bed(s). SMP was chosen to 

represent non-fat dairy powders, whereas WMP was chosen to represent fat-containing 

dairy powders. IWMP was chosen to investigate the effect of instantization process 

(lecithin treatment) on the surface composition of powders. 

 

6.2. MATERIALS AND METHODS 

6.2.1. Materials 

Three industrial spray-dried dairy powders (SMP, WMP, IWMP) were sampled 

at various production stages from commercial dairy plants in New Zealand. The details 

of the production plants and the positions from which the powder samples were 

collected are as follows. 

 

� Spray-dried SMP was produced using a Niro COMPACT spray-dryer with an 

integrated static fluidized bed and two external vibrating fluidized beds. The spray-

dryer was equipped with a disc atomizer. In the second vibrating fluidized bed, air at 

ambient conditions was supplied for faster cooling of the particles. SMP samples 

were collected directly after the integrated static fluidized bed, after the first 

vibrating fluidized bed and after the second vibrating fluidized bed.  

 

� Spray-dried WMP was produced using a single-stage Niro spray-dryer equipped 

with a disc atomizer and three external vibrating fluidized beds. Air at ambient 

conditions was supplied for faster cooling of the particles in the third vibrating 

fluidized bed. WMP samples were collected directly after the spray-drying chamber 

and after the third vibrating fluidized bed.  
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� Spray-dried IWMP was produced using a single-stage Stork Tall-form spray-dryer 

equipped with three high pressure spray nozzles and two external vibrating fluidized 

beds. A small amount of lecithin, dissolved in anhydrous milk fat (AMF), was 

sprayed onto the surface of the powder particles between the first and second 

vibrating fluidized beds. IWMP samples were collected directly after the spray-

drying chamber, after the first vibrating fluidized bed and after the second vibrating 

fluid-bed.  

 

The capacities of the dryers in which the powders were made were all at least 4 t 

powder/hr. The composition of the final powder products is shown in Table 6-1. The 

hexane (95%) used in this study was purchased from Asia Pacific Specialty Chemicals 

Ltd. (Auckland, New Zealand). 

 

 

Table 6-1 Composition of the industrial spray-dried dairy powders used. 
 

Product Composition (wt.%) 

 Lactose Protein Fat Ash Moisture 

SMP 51.4 35.0 0.8 9.0 3.8 

WMP 37.5 26.5 26.8 5.9 3.3 

IWMP 36.1 28.0 26.8 5.8 3.3 

 
 

6.2.2. Electron spectroscopy for chemical analysis (ESCA) 

The ESCA measurements were made with an XSAM 800 photoelectron 

spectroscope (Kratos Analytical, UK). The instrument used a non-monochromatic Al 

Kα X-ray source. The pressure in the working chamber during analysis was less than 

1x10-7 Torr. The take-off angle of the photoelectrons was perpendicular to the sample. 

The analyzer operated with a pass energy of 65 eV. The step size was 0.1 eV, and the 

dwell time was 1000 ms. The powders were loosely packed in aluminium sample 

holders, and the surface was levelled. The analyzed area of the powder was a region of 5 

mm x 8 mm. The surface composition of the powders was calculated according to the 

method described in Section 2.3.4. 
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6.2.3. Surface free-fat extraction 

One gram of the powder was accurately weighed on a filter paper (No. 4, 

Whatman, Maidstone, Kent, UK), and was washed with 4 x 5 mL of hexane. The filtrate 

solution containing the extracted fat was allowed to evaporate until the extracted fat 

residue achieved constant weight. The extracted fat value was then recorded as g surface 

free-fat/g powder. 

 

6.2.4. Free-fat extraction 

One gram of the powder was added to 40 mL of hexane and was shaken 

frequently by hand for 48 hrs. The powder residue and the solvent were separated by 

filtration through filter paper (No. 4, Whatman, Maidstone, Kent, UK). The powder 

residue was further washed with 2 x 2 mL of hexane and the filtrate solution containing 

the extracted fat was allowed to evaporate until the extracted fat residue achieved 

constant weight. The extracted fat value was then recorded as g free-fat/g powder.  

 

6.2.5. Moisture content measurements 

Three grams of the powder was placed in a dried aluminium dish and was dried 

for 16 hrs at 105oC. The moisture content was calculated by weight difference. For each 

sample, measurements were carried out in duplicate and the mean was calculated. 

 

6.3. RESULTS AND DISCUSSION 

6.3.1. Skim milk powder (SMP) 

Spray-dried skim milk powder was produced by a three-stage drying process 

(spray-drying/integrated static fluidized bed drying/external vibrating fluidized bed 

drying). In order to study the effects of the manufacturing processes on the development 

of the surface composition of SMP, the powder samples were collected after different 
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Figure 6-2 Surface composition of the industrial spray-dried skim milk powder (SMP) 

samples collected at different production stages. � Powder composition, ① surface composition 

of the powder after integrated static fluidized bed, ② after first vibrating fluidized bed and ③ 

after second vibrating fluidized bed. The values are an average of 5 analyses. 

 

 

drying stages in the production process, and the surface compositions of the powder 

samples were analyzed using ESCA (Figure 6-2). As the static fluidized bed is 

integrated at the conical base of the spray-dryer, the first powder sample was collected 

at the exit of the integrated static fluidized bed, the second powder sample was collected 

at the exit of the first vibrating fluidized bed and the third powder sample was collected 

at the exit of the second vibrating fluidized bed. The results showed that the surface 

compositions of the SMP samples collected after the first and second vibrating fluidized 

bed were very similar with the one collected directly after the integrated static fluidized 

bed. For all SMP samples, the surface was made up of around 40% lactose, 42% protein 
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and 18% fat. This was also similar to the surface composition of a commercial SMP that 

had been freshly manufactured and packed for consumer use (Chapter 3). Table 6-2 

shows the moisture content of the SMP samples collected at different production stages. 

As can be seen, the majority of the water was evaporated in the spray-drying chamber 

and the integrated static fluidized bed, leaving a powder of 5.7% moisture content. The 

powders were then slightly further dried in the first and second vibrating fluidized bed. 

After the second vibrating fluidized bed, the powder had a moisture content of around 

3.8%. These results indicate that the surface composition of industrial spray-dried non-

fat containing dairy powders is determined to a large extent during spray-drying process, 

and that the subsequent fluidized bed drying and handling processes have no or little 

effect on the surface composition of the powders, even though these processes affect the 

final powder quality (e.g. moisture content, particle size). 

 

6.3.2. Whole milk powder (WMP) 

Spray-dried whole milk powder was produced by a single-stage spray-drying 

and external fluid-bed drying processes. Powder samples were collected at two different 

 

 

Table 6-2 Moisture content, surface free-fat content and free-fat content of the spray-dried 
powder samples collected at various stages in the production process. 
 

  Moisture 

content (%) 

Surface free-fat 

(g fat/g powder) 

Free-fat 

(g fat/g powder) 

SMP After static fluid-bed 5.7 n.m.* n.m.* 

After 1st vibrating fluid-bed 4.3 n.m.* n.m.* 

After 2nd vibrating fluid-bed 3.8 n.m.* n.m.* 

     

WMP After spray-drying chamber 5.6 0.009 0.019 

After 3rd vibrating fluid-bed 3.2 0.007 0.018 

     

IWMP After spray-drying chamber 5.4 0.010 0.012 

After 1st vibrating fluid-bed 3.6 0.009 0.012 

After 2nd vibrating fluid-bed 3.0 0.012 0.016 

 

* n.m., Not measured because the amount of fat was too small.  
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Figure 6-3 Surface composition of the industrial spray-dried whole milk powder (WMP) 

samples collected at different production stages. � Powder composition, ① surface composition 

of the powder after spray-drying chamber and ② after third vibrating fluidized bed. The values 

are an average of 5 analyses. 

 

 

positions in the production process, i.e. the exit of spray-drying chamber and the exit of 

third vibrating fluidized bed, and the surface compositions of the powder samples were 

analyzed using ESCA (Figure 6-3). As observed for SMP in Section 6.3.1, no 

significant difference in surface composition was observed between the samples 

collected after the spray-drying chamber and the sample collected after the third 

vibrating fluidized bed. The surface of the WMP was largely covered with fat (> 95%), 

even after spray-drying, and only a small increase (3%) in the surface fat coverage, with 

a concurrent decrease in the surface lactose coverage, was observed after the fluidized 

bed drying process.  
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Some previous studies [7, 85] suggested that, in the case of fat-containing milk 

powders, milk fat might leak out onto the powder surface during the drying process 

because the drying temperature is above the melting point of milk fat and milk fat is 

therefore in a mobile fluid state. ESCA is a useful technique for estimating the surface 

fat on powders. However, if a powder is almost totally covered by fat, like the WMP 

samples after the spray-drying process in this study, it may not be possible to detect 

whether the leakage of fat onto the powder surface occurred during the subsequent 

processes using ESCA. In Chapter 4, a solvent extraction method that provides a 

quantitative measurement or estimate of the amount of free-fat present on the powder 

surface (so-called surface free-fat) was developed. Using this method, a leakage of fat 

onto the powder surface can be detected. Table 6-2 shows the surface free-fat and free-

fat content of the WMP samples collected at different production stages. During the 

fluidized bed drying process, no fat appeared to leak out onto the powder surface. 

Rather, the amount of surface free-fat was slightly decreased after the fluidized bed 

drying process. This may have been due to the stripping effect in the fluidized beds. 

Buffo [86] demonstrated that air flow and temperature in the fluidized beds could 

probably strip off some of the fat present on the surface of the particles. 

  

From these results, it can be concluded that the surface composition of industrial 

spray-dried fat-containing dairy powders is determined to a large extent during the 

spray-drying process. During the fluidized bed drying process, no or little fat appears to 

leak out onto the powder surface, but the fat present on the powder surface after the 

spray-drying process melts at the temperature in the fluidized beds and flows over the 

particle surfaces. This may increase the surface fat coverage of the powder. Some of 

surface fat may be stripped off in the fluidized beds, but this loss is very small and does 

not significantly affect the surface composition of the powder. 

 

6.3.3. Instant whole milk powder (IWMP) 

It is generally known that fat-containing powders (e.g. WMP) are not easily 

reconstituted in cold water and can be reconstituted satisfactorily only when the water 

temperature is higher than the melting point of the fat used, because the surface of 

the powder particles are largely covered by fat making the powder repellent in cold  
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Figure 6-4 Surface composition of the industrial spray-dried instant whole milk powder 

(IWMP) samples collected at different production stages. � Powder composition, ① surface 

composition of the powder after spray-drying chamber, ② after first fluidized bed and ③ after 

second fluidized bed. The values are an average of 5 analyses. 

 

 

water. To make a fat-containing powder product “instant” in cold water and to 

overcome the hydrophobic nature of fat on the surface of the particles, an extra step in 

the production process, which are called instantization, is required. This extra step 

consists of spraying a small amount (approx. 0.1- 0.4%) of soy lecithin (natural 

surfactant or wetting agent), dissolved in AMF, on the powder particles in a fluidized 

bed.  

 

In order to study the influence of this lecithin treatment on the surface 

composition of powders, IWMP samples were collected at three different positions in 
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the production process, i.e. the exit of spray-drying chamber, the exit of the first 

vibrating fluidized bed (before lecithin treatment) and the exit of the second vibrating 

fluidized bed exit (after lecithin treatment), and the surface compositions of the powder 

samples were then analyzed using ESCA (Figure 6-4). The amounts of the surface free-

fat and the free-fat extracted from the powder samples are summarized in Table 6-2. As 

observed for WMP in Section 6.3.2, the surface of all powder samples was almost 

totally covered with fat, indicating that the surface composition of the powder was 

determined to a large extent during spray-drying process and the subsequent fluidized 

bed drying process had no significant effect on the surface composition of the powder. 

However, after lecithin treatment, because a mixture of lecithin and AMF was sprayed 

onto the powder particles, the thickness of the fat layer present on the powder surface 

appeared to be increased. For the powder sample collected after lecithin treatment, the 

presence of lecithin on the surface of the powder was expected to be observed using 

ESCA. However, lecithin could not be detected because the amount added was very 

small and the lecithin was dissolved in AMF.  

 

6.4. CONCLUSIONS 

In this work, the development of the surface composition of dairy powders 

during manufacture was investigated in three industrial spray-dried dairy powders (skim 

milk powder, whole milk powder and instant whole milk powder). It was found that the 

surface composition of industrial spray-dairy powders is determined to a large extent 

during the spray-drying process and that the subsequent fluidized bed drying and 

handling processes have no or little effect on the surface composition of the powders, 

even though these processes affect the final powder quality (e.g. moisture content, 

particle size). For fat-containing powders, no or little fat leaks out onto the powder 

surface during fluidized bed drying process, but the fat present on the powder surface 

after spray-drying process may melts at the temperature in the fluidized beds and flow 

over the particle surfaces resulting in a slight increase of the surface fat coverage. After 

lecithin treatment (instantization), the surface composition of the powders does not 

significantly change, but the thickness of the surface fat layer is increased. These results 

suggest that spray-drying is the domain that needs to be studied specifically to 

understand the mechanism behind the formation of the surface composition of industrial 
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spray-dried dairy powders and that the process parameters associated with the spray-

drying process may be of major importance in controlling the surface composition.  
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7.1. INTRODUCTION 

In general, milk components are uniformly distributed in the concentrate being 

dried. During milk powder production, these components are redistributed in the drying 

droplets and therefore the surface composition of the powder formed is significantly 

different from the bulk composition of the powders (Chapter 3). In Chapter 6, the 

influence of production stages on the development of the surface composition of spray-

dried dairy powders has been investigated, and it was found that the surface 

composition of industrial spray-dried powders is determined to a large extent during 

spray-drying process and the subsequent fluidized bed drying and handling processes 

have no or little effect on the surface composition of the powders. This means that the 

redistribution of milk components mainly takes place during spray-drying process and 

spray-drying is the domain which needs to be specifically studied to understand the 

mechanism behind the formation of the surface composition of dairy powders. 
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Figure 7-1 Temperature and moisture content of a single milk particle as a function of its 
residence time in the spray dryer and the drying mechanism. 

 

 

Spray-drying is a major process of water removal and particle formation in dairy 

powder production. The principle of spray-drying is to remove the water from the milk 

concentrate as fast and at as a low temperature as possible so as to minimize heat 

damage to the milk solids. This is achieved by spraying the milk concentrate as very 

fine droplets by a nozzle or a rotary atomizer into a hot dry air stream at 180-220oC. As 

the atomized droplets meet the hot air, a saturated vapour film immediately forms close 

to the droplet surface. Drying of the droplets by hot air then takes place in two steps, as 

shown in Figure 7-1. The first drying period is called the constant rate period and is 

characterized by evaporation of free water from the droplet surface. At this stage, the 

droplet is a fluid and the moisture can migrate easily from the droplet interior to the 

droplet surface. As there is sufficient transport of water to the droplet surface to keep 

saturated conditions, the evaporation of water from the surface proceeds at a constant 

rate and the liquid droplet shrinks as the water is evaporated. In the early stage of this 

period, the droplet temperature drops to the wet bulb temperature of the drying air. As 

water evaporates from droplets, a cooling effect is achieved and prevents the 

temperature of the drying material from rising above the wet bulb temperature of the 

drying air. After some time, the moisture content becomes too low to keep saturated 
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Figure 7-2 Cause-and-effect relationships between the processing parameters and the powder properties. 
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conditions in the boundary layer and the dissolved substance from the saturated solution 

starts to be deposited as a solid phase at the droplet surface. The droplets become 

particles with a thin solid crust or skin formed at their surface. After this point, the solid 

crust or skin thickens, increasing its resistance to vapour diffusion. As a consequence, 

the drying rate decreases and the particle starts to heat up. This second drying period is 

the so-called falling rate period [87, 88].  

 

Spray-drying has been a subject of extensive research over past decades. A large 

number of studies [19, 21, 63, 66, 89-104] have demonstrated that the processing 

parameters employed (physical configuration of dryer, feed concentrate characteristics, 

drying operation conditions) have significant influences on the drying process described 

above and therefore determine the final powder properties, as summarized in Figure 7-2. 

The surface composition of powders may also be affected to a large extent by the 

processing parameters. Although considerable work done on drying kinetics associated 

with spray-drying has been done, the influence of processing parameters on the surface 

composition has not been as thoroughly studied. An understanding of the factors that 

influence the surface composition of dairy powders can give some insight into the 

processes occurring during drying and thus can aid the understanding of the mechanism 

behind the formation of the surface composition of dairy powders. 

 

The objective of this chapter was to investigate the effects of various spray-

drying conditions on the surface composition of industrial spray-dried dairy powders. 

From the literature, the following spray-drying conditions were chosen as those that 

mainly influence powder properties: feed solids content, drying temperature, degree of 

homogenization and initial droplet size. The effects of these spray-drying conditions 

were studied in skim milk powder and whole milk powder, as a representative of non-

fat dairy powders and fat-containing dairy powders, respectively. In the present work, 

the experiments were performed in a laboratory-scale spray-dryer because a wide range 

of drying conditions can be tested with relative ease in a short amount of time, and 

manageable quantities of powder are produced without expending large amounts of 

energy. It should be noted that there was no return of fine, non-agglomerated particles to 

the spray-drying chamber, and therefore the effect of the return of fine non-

agglomerated particles on the surface composition was not included in this work. Also, 
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milk concentrates for spray-drying were prepared by reconstituting spray-dried milk 

powders with water rather than using the more complicated evaporation method to 

concentrate unprocessed milk. Nijdam [105] suggested that a second spray-drying 

operation does not affect the thermodynamic characteristics of the powder and the 

results obtained from investigations of milk powders produced by a second spray-drying 

operation are valid for milk powders that have been spray-dried only once. 

 

7.2. MATERIALS AND METHODS 

7.2.1. Materials 

Anhydrous milk fat (AMF) and two industrial spray-dried milk powders (skim 

milk powder (SMP) and whole milk powder (WMP)) were obtained from a local dairy 

company. The milk powders were commercial products that had been freshly 

manufactured and packed for consumer use. The capacities of the dryers in which the 

powders were made were at least 4t powder/hr. The composition of the milk powders 

used is shown in Table 3-1. The hexane (>95%) used in this study was purchased from 

Asia Pacific Specialty Chemicals Ltd. (Auckland, New Zealand). Deionized water was 

used throughout. 

 

7.2.2. Laboratory-scale production of milk powders 

Spray-dried milk powders were prepared under the following standard 

conditions unless specific experimental conditions are described. Skim milk concentrate 

was prepared to a solids content of 20%(w/w) by reconstituting industrial spray-dried 

SMP in warm deionized water (50oC) and was left at 4oC overnight before spray-drying 

to allow the foam to collapse. Whole milk concentrate containing 26.6% milk fat was 

prepared to a solids content of 20%(w/w) by combining skim milk concentrate at 50oC 

and AMF. The AMF was frozen in 500g lots and was warmed to 50oC before being 

added to the skim milk concentrate. The coarse whole milk concentrate was blended 

using an Ultra Turrax T-25 (IKA Works, Cincinnati, OH, USA) at 13,500 rpm (position 

3 on the instrumental dial) for 1 min, and further homogenized at 2000 psi for 6 passes 

at 50oC using a two-stage homogenizer (A.P.V Company Ltd, England). To remove any 
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air bubbles before spray-drying, the whole milk concentrate was placed in an ultrasonic 

bath (Transsonic Digitals, Elma, Germany) at 50oC for 30 min.  

 

The milk concentrates were spray-dried in a mobile MINOR spray-dryer (Niro 

Atomizer, Copenhagen, Denmark), which operated co-currently with a centrifugal 

atomizer (30,000 rpm). The drying chamber was 80 cm in diameter, 60 cm in 

cylindrical height and conical based. The cone angle was 60o. The liquid feed was kept 

constant at 50oC using a water bath and was supplied to the atomizer using a Masterflex 

peristaltic pump (Cole-Parmer Instrument Co.Ltd, Chicago, USA). The feed rate was 

adjusted to attain the outlet air temperature to the range specified. It was usually 0.8 

L/hr. Spray-drying was performed at inlet/outlet air temperatures of 145/85oC. The 

powder was collected in a glass jar connected to a cyclone at the outlet. 

 

After undertaking exploratory trials to identify the practicable operational limits, 

a number of spray-drying conditions were selected for study. The effects of the 

following spray-drying conditions on the surface composition of dairy powders were 

investigated: 

(I) feed solids content: 10, 20 and 30%(w/w); 

(II) drying temperature (Tin/Tout): 145/85 and 205/105oC; 

(III) homogenization (for WMP only): 2 and 6 passes. 

 

The outlet air temperature (Tout) cannot be controlled directly, but is a function 

of the inlet air temperature (Tin) and the feed rate. For simplicity, only the inlet air 

temperatures are shown in the following text. 

 

7.2.3. Separation of powders into different size fractions  

A sample of industrial spray-dried milk powder (100g) was sifted through a 

series of sieves, using a Ro-Tap sieve shaker, for 5 min. The sieves used were 212, 150, 

125, 106, 90, 75, 63, 53, 45 and 38 µm sieves and the pan. 
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7.2.4. Electron spectroscopy for chemical analysis (ESCA)  

The ESCA measurements were made with an XSAM 800 photoelectron 

spectroscope (Kratos Analytical, UK). The instrument used a non-monochromatic Al 

Kα X-ray source. The pressure in the working chamber during analysis was less than 

1x10-7 Torr. The take-off angle of the photoelectrons was perpendicular to the sample. 

The analyzer operated with a pass energy of 65 eV. The step size was 0.1 eV, and the 

dwell time was 1000 ms. The powders were loosely packed in aluminium sample 

holders, and the surface was levelled. The analyzed area of the powder was a region of 5 

mm x 8 mm. The surface composition of the powders was calculated according to the 

method described in Section 2.3.4. 

 

7.2.5. Surface free-fat extraction 

One gram of the powder was accurately weighed on a filter paper (No. 4, 

Whatman, Maidstone, Kent, UK) and was washed with 4 x 5 mL of hexane. The filtrate 

solution containing the extracted fat was allowed to evaporate until the extracted fat 

residue achieved constant weight. The extracted fat value was then recorded as g surface 

free-fat/g powder. 

 

7.2.6. Free-fat extraction 

One gram of the powder was added to 40 mL of hexane and was shaken 

frequently by hand for 48 hrs. The powder residue and the solvent were separated by 

filtration through filter paper (No. 4, Whatman, Maidstone, Kent, UK). The powder 

residue was further washed with 2 x 2 mL of hexane and the filtrate solution containing 

the extracted fat was allowed to evaporate until the extracted fat residue achieved 

constant weight. The extracted fat value was then recorded as g free-fat/g powder.  

 

7.2.7. Measurement of fat droplet size 

The size of the fat globules in the whole milk concentrate being dried was 

measured under a Leica DMRE light microscope (Leica, Germany). Milk samples were 
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placed on glass slides with cover slips and were left to stand at ambient temperature for 

2 hrs before observations were made, using the 63x objective. 

 

7.2.8. Scanning electron microscopy (SEM) 

The powder samples were mounted on aluminum stubs using double-sided 

adhesive tape. Excess particles were removed by directing a jet of dry air at the surface 

of the stub. The samples were then coated with platinum in a Polaron SC7640 sputter 

coater (VG Microtech, England) and were examined with a Philips XL30 S-FEG SEM 

(Holland) operating at an accelerating voltage of 5kV. 

 

7.3. RESULTS AND DISCUSSION 

7.3.1. Spray-dried skim milk powder (SMP) 

7.3.1.1. Effect of feed solids content 

In order to investigate the effect of feed solids content on the surface 

composition of spray-dried SMP, a series of SMPs was produced using different feed 

solids contents (10, 20 and 30%(w/w)) and the surface compositions of the powders 

were analyzed using ESCA (Figure 7-3). The triangular diagram shows the bulk 

composition and the surface composition of the industrial spray-dried SMP used, and 

the surface compositions of the spray-dried SMPs prepared using the different feed 

solids contents. The effect was studied at both low (145oC) and high (205oC) drying 

temperatures. As observed for the industrial spray-dried SMP in Chapter 3, the surface 

compositions of the laboratory-scale spray-dried SMPs prepared in this experiment 

were significantly different from their bulk composition, indicating that there was 

redistribution of components within the particles during spray-drying. Particularly 

pronounced was the accumulation of fat on the powder surface compared with the fat 

content of the powder. The surface of the SMPs, which contained only 1% fat, was 

covered with 20-43% fat. However, the industrial spray-dried SMP was covered with 

slightly less fat compared to the SMPs prepared in this experiment. This difference 

appeared to be due to different spray-drying conditions such as the feed solids contents, 
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Figure 7-3 Effects of feed solids content and drying temperature on the surface 
composition of spray-dried skim milk powder (SMP). � Bulk composition of the industrial spray-
dried SMP used, � surface composition of the industrial spray-dried SMP used, 1 surface 
composition of 10% skim milk dried at Tin/Tout = 145/85

o
C, 2 surface composition of 20% skim 

milk dried at Tin/Tout = 145/85
o
C, 3 surface composition of 30% skim milk dried at Tin/Tout = 

145/85
o
C, � surface composition of 10% skim milk dried at Tin/Tout = 205/105

o
C, 	 surface 

composition of 20% skim milk dried at Tin/Tout = 205/105
o
C and 
 surface composition of 30% 

skim milk dried at Tin/Tout = 205/105
o
C. 

 

 

i.e. approx. 50%(w/w) for the commercial powder and 10-30%(w/w) for this work.  

 

Some recent studies have demonstrated that the laboratory-scale spray-dryer is a 

useful tool for elucidating various phenomena associated with the industrial spray-

drying process, such as the morphological changes that individual droplets and particles 

undergo [105] and the wall deposition in spray-dryers [106]. The results obtained in this 

work suggest that the laboratory-scale spray-dryer is also a useful tool for investigating  
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Figure 7-4 3-dimensional view of surface coverage of spray-dried skim milk powder (SMP) 
as a function of feed solid content and drying temperature. (A) Surface fat coverage, (B) surface 
protein coverage and (C) surface lactose coverage. 
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Figure 7-5 Effects of feed solids content and drying temperature on the ratio of lactose to 
protein at the surface of spray-dried skim milk powder (SMP). 

 

 

the formation of the surface composition of powders in an industrial spray-dryer. 

Moreover, the surface composition of powders can be analyzed without the added 

complication of particle agglomeration (Figure 7-6), which occurs only in much larger 

spray-dryers in which particle number concentrations are high and fine non-

agglomerated particles are returned to the spray-drying chamber (Figure 7-8). Returning 

to Figure 7-3, the feed solids content was found to significantly affect the surface 

composition of SMP. For both drying temperatures, an increase in the feed solids 

content resulted in a decrease in the surface fat coverage, with concurrent increases in 

the surface lactose and surface protein coverages. This effect can be more clearly 

observed in Figure 7-4, which shows the surface coverage of milk components as a 

function of the feed solids content and the drying temperature. The next dominating 

milk component on the surface of SMP was protein. In all the SMPs, protein had a 

higher surface concentration than lactose, even though SMP contains more lactose than 

protein (i.e. 58% lactose, 41% protein). The feed solids content also affected the surface 

lactose coverage and the surface protein coverage. Figure 7-5 shows the ratio of lactose 

to protein at the surface of the SMPs, and it was found that more lactose than protein  
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Figure 7-6 Scanning electron micrographs of spray-dried skim milk powders (SMPs) 

prepared from different feed solid contents. (A, B) 10% skim milk (bar = 20 and 5 µm, 

respectively), (C, D) 20% skim milk (bar = 20 and 5 µm, respectively) and (E, F) 30% skim milk 

(bar = 20 and 5 µm, respectively). The powders were spray-dried at Tin/Tout = 145/85
o
C.  
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appeared at the surface of the powder with increasing feed solids content.  

 

This phenomenon occurred probably because increasing the feed solids content 

retards the redistribution of the milk components. Traditionally, the formation of a crust 

or skin at the surface of drying droplets has been equated with the formation of the 

particle surface. This means that the redistribution of milk components will take place 

mainly during the first drying period, prior to the formation of a crust or skin. The 

droplet at this stage is a fluid, and the moisture and the components dissolved or 

dispersed can easily migrate within the droplet. King [107] has demonstrated that 

increasing the feed solids content lowers the diffusion coefficients of the dissolved 

solids. I postulate that, as a higher feed solids content gives rise to more viscous 

droplets, so the components cannot migrate easily within the droplet and therefore less 

redistribution (i.e. less fat and protein migration towards the droplet surface) of the 

components takes place before a crust or skin forms. Additionally, increasing the feed 

solids content promotes the fast formation of the crust or skin [108]. Figure 7-6 shows 

the scanning electron micrographs of the spray-dried SMPs prepared using the different 

feed solids contents. It shows that the SMPs prepared using higher feed solids contents 

were bigger and had a less shriveled appearance than the SMPs prepared using lower 

feed solids contents. This confirms the rapid crust or skin formation at higher feed 

solids contents.  

 

7.3.1.2. Effect of drying temperature 

SMPs were spray-dried at two different temperatures (145 and 205oC) and the 

surface compositions of the powders were analyzed using ESCA (Figure 7-3). The 

effect was studied for three different feed solids contents (10, 20 and 30%(w/w)). The 

results showed that the drying temperature had a significant effect on the surface 

composition of the SMP. For all feed solids contents, an increase in the drying 

temperature resulted in a decrease in the surface fat coverage with concurrent increases 

in the surface lactose and surface protein coverages. This effect can be more clearly 

seen in Figure 7-4, which shows the surface coverage of milk components as a function 

of the feed solids content and the drying temperature. The drying temperature also 

affected the surface lactose coverage and the surface protein coverage. The ratio of 
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(A) (B)

(C) (D)

(A) (B)(A) (B)

(C) (D)(C) (D)
 

Figure 7-7 Scanning electron micrographs of spray-dried skim milk powders (SMPs) dried 

at different drying temperatures. (A, B) Tin/Tout = 145/85
o
C (bar = 100 and 5 µm, respectively) 

and (C, D) Tin/Tout = 205/105
o
C (bar = 100 and 5 µm, respectively). The powders were prepared 

from 20% skim milk. 

 

 

lactose to protein at the surface of the SMPs is shown in Figure 7-5. At the higher 

drying temperature of 205oC, more lactose than protein appeared at the surface of the 

powder. However, the ratio of lactose to protein on the surface was still much lower 

than the average value in the powders (i.e. 1.41). 

 

This effect can be explained by rapid crust formation at a high drying 

temperature. Many previous studies [21, 107, 108] have reported that increasing the 

drying temperature accelerates the drying rate of droplets, promoting the fast formation 

of the crust or skin. I postulate that, at lower drying temperatures, a substantial amount 

of water is evaporated before a crust or skin forms and therefore the dissolved or 
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dispersed components have more time to migrate within the droplet. However, at higher 

drying temperatures, the moisture is evaporated more quickly and the surface solidifies 

sooner. Thus, less redistribution of components (i.e. less fat and protein migration to the 

droplet surface) takes place before a crust or skin forms. Pisecky [109] and Charm [110] 

have demonstrated that, when the drying temperature is sufficiently high, moisture is 

evaporated very quickly and the skin becomes dry and hard, so that the hollow particle 

cannot deflate when vapour condenses within the vacuole as the particle moves into 

cooler regions of the dryer. Fast formation and expansion of the crust or skin can also 

damage the particle surface, creating fissures or breakages. However, when the drying 

temperature is lower, the skin remains moist and supple for longer so that the hollow 

particles can deflate and shrivel as they cools [111]. Rosenberg [63, 66] and Walton 

[112] have also observed similar phenomena. The scanning electron micrographs of the 

spray-dried SMPs dried at 145oC and 205oC (Figure 7-7) confirm the fast formation of 

the crust or skin at the drying temperature of 205oC.  

 

An interesting observation was that increasing the drying temperature resulted in 

much greater changes in the surface composition when the feed solids content was low, 

compared with when the feed solids content was high. When the drying temperature 

was increased from 145 to 205oC, the surface fat coverage decreased significantly by 

11% (from 43% to 32%) for the SMPs prepared using 10% feed solids content, but 

decreased only slightly by 3% (from 24% to 21%) for the SMPs prepared using 30% 

feed solids content (Figure 7-4). A similar tendency was also observed in the ratio of 

lactose to protein on the surface of the SMPs. Increasing the drying temperature resulted 

in a much bigger increase in the ratio of surface lactose to surface protein when the feed 

solids content was 10%(w/w), compared with when the feed solids content was 20-

30%(w/w) (Figure 7-5). This indicates that there are strong interaction effects between 

feed solids content and drying temperature on the surface composition of milk powders. 

If the effects had been studied individually, varying one parameter at a time, these 

findings would have been missed. 
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7.3.1.3. Effect of droplet size 

The initial droplet size on leaving the atomizer has an influence on the drying 

process and therefore determines many of the final powder properties. The drying rate 

depends to a large extent on the total surface area of the droplets. For example, the 

smallest droplets lose about 90% of their moisture within a distance of 0.1 m from the 

atomizing device whereas the largest droplets need about a 1 m path [53]. The droplet 

size of a spray is often estimated from the size of the dried particle, assuming that only 

uniform shrinkage or vacuole formation has taken place [113]. Here, we assumed that 

the size of the powder particle reflects the initial droplet size.  

 

In order to investigate the effect of droplet size on the surface composition of 

industrial spray-dried SMP, the industrial spray-dried SMP was separated into various 

size fractions by sieving and the surface composition of each size fraction was analyzed 

using ESCA. Figure 7-8 shows the scanning electron micrographs of the different 

particle size fractions obtained. It shows that the particles that did not pass through the 

90 µm or larger aperture sieves were agglomerates whereas the particles that passed 

through the 90 µm sieve were mainly non-agglomerated single particles. To investigate 

the effect of droplet size, without interference of the particle agglomeration 

phenomenon, only the fractions that passed through the 90 µm sieve were subjected to 

the study, i.e. -90+75 µm, -75+63 µm, -63+53 µm, -53+45 µm, -45+38 µm and -38+0 

µm. The laboratory-scale spray-dryer produces non-agglomerated single particles 

because there is no return of fines to the spray-drying chamber. However, as the 

laboratory-scale spray-dryer generally produces very fine particles, i.e. normally smaller 

than 20 µm, the results obtained may not be relevant for investigating industrial spray-

drying processes.  

 

Figure 7-9 shows the surface composition of the different size fractions of SMP. 

The dashed lines represent the average surface composition of the SMP across all 

particle sizes. Particle size appeared to have no significant effect on the surface 

composition. The surface compositions of all size fractions were similar to that of the 

bulk SMP, i.e. 22% fat, 41% protein and 37% lactose. The drying rate may not have 

been significantly different in the range of particle sizes studied in this experiment.  
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Figure 7-8 Scanning electron micrographs of different size fractions of industrial spray-

dried skim milk powder (SMP). (A) Sieve fraction of +212 µm, (B) -106+90 µm, (C) -90+75 µm, 

(D) -75+63 µm, (E) -53+45 µm and (F) -38+0 µm. Bar = 200 µm. 
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Figure 7-9 Effect of particle size on the surface composition of spray-dried skim milk 
powder (SMP). (A) Surface fat coverage, (B) surface protein coverage and (C) surface lactose 
coverage. 
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(A)(A)

 
 

Figure 7-10 Effects of spray-drying conditions on the surface composition of spray-dried 
whole milk powder(WMP). � Bulk composition of the spray-dried WMP, � surface composition 
of the industrial spray-dried WMP, 1 surface composition of 10% whole milk dried at Tin/Tout = 
145/85

o
C, 2 surface composition of 20% whole milk dried at Tin/Tout = 145/85

o
C, 3 surface 

composition of 30% whole milk dried at Tin/Tout = 145/85
o
C, � surface composition of 10% 

whole milk dried at Tin/Tout = 205/105
o
C, 	 surface composition of 20% whole milk dried at 

Tin/Tout = 205/105
o
C and 
 surface composition of 30% whole milk dried at Tin/Tout = 205/105

o
C. 

(A) 6 homogenization passes and (B) 2 homogenization passes. 

 

 

7.3.2. Spray-dried whole milk powder (WMP) 

7.3.2.1. Effect of feed solids content 

The effect of feed solids content on the surface composition of WMPs is 

presented in Figure 7-10. The triangular diagrams show the bulk composition of the 

spray-dried WMP, the surface composition of the industrial spray-dried WMP and the 



Chapter 7.  Effects of spray-drying conditions on the surface composition                        129 

 

 

 

(B)(B)

 
 

Figure 7-10 Continued. 

 

 

surface compositions of the spray-dried WMPs prepared using different feed solids 

contents. The effect was studied at both low (145oC) and high (205oC) drying 

temperatures, and also with the whole milk concentrates homogenized at 2000 psi for 6 

passes (A) and 2 passes (B). As observed for the industrial spray-dried WMP in Chapter 

3, the surface compositions of the laboratory-scale spray-dried WMPs prepared in this 

experiment were significantly different from their bulk composition, indicating that 

there is redistribution of components within the particles during spray-drying. 

Particularly pronounced was the accumulation of fat on the powder surface compared 

with the fat content of the powder. The surface of the WMPs, which contained 29% fat, 

was almost totally covered with fat. This result supports the suggestion made in Section  

 



Chapter 7.  Effects of spray-drying conditions on the surface composition                        130 

 

 

 

(A)

0

1

2

3

4

5

140
150

160
170

180
190 200 210

5
10

15
20

25
30

S
u

rf
a

c
e

 l
a
c
to

s
e
 c

o
v
e

ra
g
e

 (
%

)

Drying inlet temperature (
o C)

Feed solids content (%)

90

92

94

96

98

100

140
150

160
170

180
190 200 210

5
10

15
20

25
30

S
u
rf

a
c
e
 f

a
t 

c
o

v
e
ra

g
e
 (

%
)

Drying inlet temperature (
o C)

Feed solids content (%)

(A)

0

1

2

3

4

5

140
150

160
170

180
190 200 210

5
10

15
20

25
30

S
u

rf
a

c
e

 l
a
c
to

s
e
 c

o
v
e

ra
g
e

 (
%

)

Drying inlet temperature (
o C)

Feed solids content (%)

90

92

94

96

98

100

140
150

160
170

180
190 200 210

5
10

15
20

25
30

S
u
rf

a
c
e
 f

a
t 

c
o

v
e
ra

g
e
 (

%
)

Drying inlet temperature (
o C)

Feed solids content (%)

 
 

Figure 7-11 3-dimensional view of surface coverage of spray-dried whole milk powder 
(WMP) as a function of feed solids content and drying temperature. (A) 6 homogenization 
passes and (B) 2 homogenization passes. 

 

 

7.3.1.1 that the laboratory-scale spray-dryer is a useful tool for investigating the 

formation of the surface composition of powders in an industrial spray-dryer. In Figure 

7-10, the feed solids content appeared to have no significant influence on the surface 

composition of WMP. The surface compositions of the WMPs produced under different 

spray-drying conditions were surprisingly similar. For all powders, the surface 

composition consisted roughly of 97% fat, a negligible amount of protein and 3 % 

lactose. Also, no significant feed solids content effect can be seen in Figure 7-11, which  
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Figure 7-11 Continued. 

 

shows the surface coverage of milk components as a function of the feed solids content 

and the drying temperature. 

 

ESCA is a useful technique for estimating the amount of fat present on the 

powder surface. However, if the surface of the powder is mostly covered with fat, the 

real amount of fat present on the surface cannot be estimated using ESCA because 

ESCA provides the composition of only the outermost surface layer (~ 10 nm) and does 

not account for the thickness of the surface fat layer. In Chapter 4, a solvent extraction 
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method that provides a quantitative measurement or estimate of the amount of free-fat 

present on the powder surface (so-called surface free-fat) was developed. Using this 

method, the amount of fat present on the surface can be measured more accurately. 

Figure 7-12(A) shows the amount of surface free-fat on the spray-dried WMPs. The 

feed solids content was found to have a significant effect on the amount of fat present 

on the powder surface. For all drying temperatures and homogenization conditions, less 

fat appeared on the powder surface with increasing feed solids content. This probably 

occurred because a high feed solids content gives rise to viscous drops, so that less fat 

can migrate to the surface during the first drying period. This phenomenon is consistent 

with that observed for SMP in Section 7.3.1.1. The particle structure of the WMPs 

prepared using different feed solids contents also showed similar trends to those 

observed for the SMPs, i.e. bigger and less shrivelled particles with increasing feed 

solids content, indicating rapid crust or skin formation at higher feed solids contents. 

However, the size of the particles was smaller and the shrivelling effect was less 

pronounced for WMPs (micrographs not shown). The presence of fat on the droplet 

surface appeared to hinder the crust or skin formation.  

 

7.3.2.2. Effect of drying temperature 

The effect of drying temperature on the surface composition of spray-dried 

WMP is presented in Figure 7-10 and Figure 7-11. As discussed in the previous section, 

the surface compositions of the WMPs produced under different spray-drying 

conditions were surprisingly similar and the drying temperature did not appear to 

greatly affect the surface composition of the WMP. However, Figure 7-12(A) shows 

that the drying temperature had a significant effect on the amount of fat present on the 

surface of the powder. For the WMPs made from concentrate that was homogenized at 

2000 psi for 6 passes, when the drying temperature was increased from 145 to 205oC, 

the amount of surface free-fat decreased significantly. Higher drying rates, which lead 

to rapid crust formation around the drying particles, appear to lead to less fat migration 

to the surface during the early stage of drying. The scanning electron micrographs (not 

shown) of the WMPs confirmed the fast formation of the crust or skin at the drying 

temperature of 205oC. However, no shattered particles with fissures or breakages were 

found in the WMPs. This may suggest a difference in mechanical properties between 
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Figure 7-12 Effects of spray-drying conditions on the amount of fat present in spray-dried 
whole milk powder (WMP). (A) Surface free-fat and (B) free-fat. 
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SMP and WMP. Returning to Figure 7-12(A), it was also noted that this drying 

temperature effect was more pronounced when the feed solids content was low, 

compared with when the feed solids content was high. This result is consistent with that 

obtained for SMP and corroborates the explanation.  

 

The observed effect of drying temperature on the amount of surface free-fat was 

found to be marginal for the WMPs made from concentrate that was homogenized for 2 

passes. This indicates that the bigger fat globules migrate easily and quickly to the 

surface prior to crust formation, or are present at the surface of droplets leaving the 

atomizer. 

 

7.3.2.3. Effect of homogenization 

One of the most important stages in the production of fat-containing milk 

powder is the homogenization of the concentrate after the fat has been added to the 

skimmed milk. During homogenization, the milk fat globules are mechanically 

disrupted into smaller droplets. This process influences the distribution of the fat in the 

dried particles and consequently is important for many of the properties of the final 

powder. In this work, the effect of homogenization was studied by varying the number 

of homogenization passes. 2 and 6 passes were chosen to give different fat globule sizes. 

Figure 7-13 shows microscopic images of fat globules in whole milk concentrate after 2 

and 6 homogenization passes. It can be seen that the higher number of homogenization 

passes reduced the fat globule size. The concentrate after 6 passes had smaller fat 

globules than the concentrate after 2 passes. The fat globule size has been shown to 

have an influence on the amount of solvent-extractable fat (i.e. free-fat) present in 

powders. In general, bigger fat globule sizes lead to higher free-fat in the powder. 

Figure 7-12(B) shows the amount of free-fat extracted from the WMPs produced under 

different processing conditions. It shows that the WMPs made from concentrate that 

was homogenized for 2 passes had a greater amount of free-fat than the WMPs made 

from concentrate that was homogenized for 6 passes. 

 

The effect of homogenization on the surface composition of spray-dried WMP is 

presented in Figure 7-10 and Figure 7-11. As already discussed, the surface  
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Figure 7-13 Effect of homogenization on the fat globule sizes in whole milk concentrates. 
(A) After 6 homogenization passes and (B) after 2 passes homogenization passes. For both 
samples, concentrate solids content was 20%(w/w) and observations were made at ambient 
temperature. 

 

 

compositions of the WMPs produced under different spray-drying conditions were 

surprisingly similar and homogenization did not seem to greatly affect the surface 

composition of the WMP. However, Figure 7-12(A) shows that homogenization had an 

effect on the amount of fat present on the surface of the powder. It can be clearly seen 

that less fat appeared at the surface of the powder with an increasing number of 

homogenization passes. However, this effect appeared to be less significant when the 

drying temperature was low. At a lower drying temperature, a substantial amount of 

water is evaporated before a crust or skin forms and therefore the dissolved or dispersed 

components have more time to migrate within the droplet. It is postulate that the first 

drying period might be long enough for a substantial amount of the smaller fat globules 

to migrate to the surface. 
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Figure 7-14 Scanning electron micrographs of different size fractions of industrial spray-

dried whole milk powder (WMP). (A) Sieve fraction of +212 µm, (B) -212+150 µm, (C) -150+125 

µm, (D) -125+106 µm, (E) -106+90 µm and (F) -90+75 µm. Bar = 200 µm. 

 



Chapter 7.  Effects of spray-drying conditions on the surface composition                        137 

 

7.3.2.4. Effect of droplet size 

The industrial spray-dried WMP was separated into various size fractions by 

sieving and the surface composition of each size fraction was analyzed using ESCA. As 

the fat present on the powder surface acts as a bridge between the particles, the WMP 

particles were highly agglomerated and had a very narrow range of particle sizes. About 

50% of the milk powder was retained in the first three sieves of the series and no size 

fractions smaller than 75 µm in diameter could be obtained. Figure 7-14 shows the 

scanning electron micrographs of the different particle size fractions. As observed for 

SMP above, the particles that did not pass through the 90 µm or larger aperture sieves 

were agglomerates whereas the particles that passed through the 90 µm sieve were 

mainly non-agglomerated single particles. As only one sieve fraction, i.e. -90+75 µm, 

was available for the study, the -106+90 µm and -125+106 µm sieve fractions were also 

analyzed for comparison purposes.  

 

Figure 7-15 shows the surface compositions of the different size fractions of 

WMP. The dashed lines represent the surface composition of the bulk WMP used, 

containing all particle sizes. A slight decrease in the surface fat coverage, with a 

concurrent increase in the surface lactose coverage, was observed with decreasing 

particle size. However, the surface of the WMP was mostly covered with fat regardless 

of particle size (> 93%) and the decrease observed might not have been the effect of 

particle size. The decrease may have resulted from the abrasive nature of sieving. 

During the sieving process, some of the fat present on the surface of the particles could 

probably be stripped off. This factor needs further investigation. 

 

7.4. CONCLUSIONS 

The effects of various spray-drying conditions (feed solids content, drying 

temperature, degree of homogenization and initial droplet size) on the surface 

composition of industrial spray-dried dairy powders (skim milk powder and whole milk 

powder) were investigated. For both skim milk powder and whole milk powder, the 

surface composition of the powders was found to be determined to a large extent by the 

spray-drying conditions employed. At higher feed solids contents or drying  
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Figure 7-15 Effect of droplet size on the surface composition of spray-dried whole milk 
powder (WMP). (A) Surface fat coverage and (B) surface lactose coverage. 

 

 

temperature, less fat and protein migrated to the surface of the powders. Less 

redistribution of components seemed to occur within the drying droplets because of 

high viscosity and rapid crust formation. Increasing the number of homogenization 

passes reduced the fat globule size and consequently the amount of fat present on the 
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powder surface. The initial droplet size did not have a significant effect on the range of 

particle sizes studied in this work. From these results, it can be concluded that feed 

concentrate characteristics and spray-drying conditions play a key role in determining 

the surface composition of industrial spray-dried dairy powders. Strong interaction 

effects between the spray-drying conditions were also found. This suggests that a 

careful combination of spray-drying conditions is necessary to control the surface 

composition of dairy powders. 
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8.1. INTRODUCTION 

The major reason for production of dairy powders is to prolong the shelf-life of 

milk and to facilitate storage and handling. When stored in appropriate storage 

conditions (i.e. dry, cool conditions), whole milk powder has a shelf-life of 12 months 

and skim milk powder in excess of two years. The shelf-life of dairy powder is 

generally established to warrant microbiological safety and to keep acceptable sensory 

characteristics (e.g. colour, flavour). Although dairy powder is microbiologically stable 

and acceptable, many physicochemical changes, such as lactose crystallization, particle 

caking, oxidation of fat, Maillard and enzymatic reactions, may occur during storage 

and these modify physical and functional properties (e.g. flowability, reconstitution 

properties, emulsifying and foaming properties) of the powders [34]. The extent of these 

changes is strongly dependent on the storage conditions (i.e. temperature, relative 

humidity and time), and therefore an understanding of the physicochemical changes that 
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occur under storage conditions will be very useful to predict the behaviour of powders 

during its end use.  

 

The surface composition of dairy powders may be changed during storage, 

deteriorating many powder properties that exist at the interface between particles and 

environments (e.g. flowability, wettability, oxidative stability). Faldt [37] investigated 

the changes in the surface composition of spray-dried model emulsions (sodium 

caseinate, lactose, soy bean oil) during storage using electron spectroscopy for chemical 

analysis (ESCA or X-ray photoelectron spectroscopy (XPS)). They observed a release 

of encapsulated fat onto the powder surface after storage in a humid atmosphere when 

fat is present in the powders, whereas no change in the surface composition in the 

absence of fat. Saito [13] observed a similar phenomenon in whole milk powder stored 

under humid conditions using scanning electron microscopy (SEM). The authors 

explained that this was due to the crystallization of amorphous lactose. Lactose is one of 

the major components in dairy powders. In freshly spray-dried dairy powders, lactose 

usually exists in the metastable amorphous state, which is very hygroscopic, and forms 

a continuous medium where fat globules, protein, and air vacuoles are dispersed. If 

dairy powder is exposed to high relative humidity and/or increased temperature, the 

amorphous lactose proceeds through an irreversible transition to stable crystalline forms 

[35, 36]. The crystallization of lactose generates a network of capillary interstices in the 

whole particle and causes a phase separation between lactose and other milk 

components. When fat is present in the powder, oil droplets inside the powder particles 

are forced to release onto the particle surface, and de-emulsification of the fat due to the 

mechanical action of sharp crystal edges upon the fat globule membrane may also take 

place [15]. However, the release of fat onto the surface of the powder was found to be 

affected by the melting point of the fat present in the powder [7]. When crystalline fat 

(e.g. hardened rape seed oil, melting point ~ 59oC) was used, there was no release of fat 

to the surface during storage, whereas a release of fat to the powder surface was seen 

when semi-solid (e.g. hardened coconut oil, melting point ~ 33oC, butter fat, melting 

point ~ 38oC) or liquid fat (e.g. soybean oil, melting point ~ -20oC) was used. King [15] 

stated that milk proteins can also be expelled to the powder surface, but no experimental 

details were published to support this statement to date. 
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As described above, there is a good understanding of the changes in surface 

composition that occur during storage of dairy powders. However, those studies were 

conducted with the storage condition favouring lactose crystallization (i.e. high 

humidity and/or high temperature) for a short period of time, and questions still persist 

concerning the extent of the surface composition changes during “practical”, long-term 

storage, which is more likely for commercial circumstances. The answers to these 

questions will not only provide the ability to predict the behaviour of powders during its 

end-use, but also provide information in understanding the mechanism behind the 

formation of powder surface composition and ability to control it. The objective of this 

work was, therefore, to investigate the changes in the surface composition of various 

industrial spray-dried dairy powders (skim milk powder, whole milk powder and cream 

powder) during “practical”, long-term storage. In Chapter 3, it was found that the 

surface of fresh spray-dried whole milk and cream powders is mainly made of milk fat 

(98wt.% for whole milk powder, 99wt.% for cream powder), indicating that the surface-

related properties of these powders are largely affected by the melting characteristics of 

the fat present on the surface. In this work, the changes in the melting characteristics of 

the fat present on the surface of the fat-containing powders (whole milk powder and 

cream powder) during storage and the consequent changes in the powder functional 

properties (wettability and flowability) were also investigated. 

 

8.2. MATERIALS AND METHODS 

8.2.1. Materials 

Three industrial spray-dried dairy powders (skim milk powder (SMP), whole 

milk powder (WMP) and cream powder (CP)) were obtained from local dairy 

companies. The powders were commercial products that had been freshly manufactured 

and packed for consumer use. The capacities of the dryers in which the powders were 

made were at least 4 t powder/hr. The compositions of the powders used are shown in 

Table 3-1. The hexane (95%) and the iso-propanol (> 99%) used in this study were 

purchased from Asia Pacific Specialty Chemicals Ltd (Auckland, New Zealand). Boron 

trifluoride-methanol was purchased from Sigma Chemical Company (St. Louis, MO, 

USA).  1,2-Dichloroethane, dichloromethane, acetonitrile (BDH, Poole, UK) were of 
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HPLC grade and were used as received. Helium and nitrogen (oxygen-free grade) were 

supplied by BOC gases (Palmerston North, New Zealand). Deionized water was used 

throughout. 

 

8.2.2. Storage of the powders 

800 g samples of freshly manufactured dairy powders were packed in sealed 

plastic bags. The plastic bags were then placed in well-closed tin containers with a small 

desiccant pack and stored at room temperature for 6 months. The room temperature 

during storage varied from approx. 10 to 30oC (i.e. temperature cycling occurred). 

 

8.2.3. Extraction of milk fat fractions 

The different milk fat fractions in industrial spray-dried dairy powders were 

extracted as previously described in Chapter 5. The extraction procedure is shown 

schematically in Figure 5-1. The details of each extraction procedure are given below. 

The procedures were repeated until a sufficient amount of fat for the analyses had been 

obtained. In all cases, I am referring to the fat which is extractable using organic 

solvents. 

 

① Extraction of surface free-fat 

The free-fat on the surface of a powder particle is quickly dissolved by a very 

brief exposure to the organic solvents. The free-fat from the inner part of the particle 

dissolves much more slowly. In order to extract only surface free-fat and to minimize 

the extraction of free-fat from the interior of the powders, only a brief wash with 

organic solvent was performed. The surface free-fat was extracted by the method 

developed in the previous chapter. Full details of the method are described in Section 

4.3.1. One gram of the fresh powder was accurately weighed on a filter paper (No. 4, 

Whatman, Maidstone, Kent, UK) and washed with 4 x 5 mL of hexane. The powder 

residue was dried under vacuum at room temperature, and the filtrate solution 

containing the extracted fat was allowed to evaporate until the extracted fat residue 
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achieved constant weight. The extracted fat value was then recorded as g surface free-

fat/g fresh powder. 

 

② Extraction of inner-free fat 

The powder residue left after the extraction of the surface free-fat was added to 

40 mL of hexane/g powder, and was shaken frequently by hand for 48 hrs. The powder 

residue and the solvent were separated by filtration through filter paper (No. 4, 

Whatman, Maidstone, Kent, UK). The powder residue was further washed with 2 x 2 

mL of hexane and then dried under vacuum at room temperature. The filtrate solution 

containing the extracted fat was allowed to evaporate until the extracted fat residue 

achieved constant weight. The extracted fat value was then recorded as g inner free-fat/g 

fresh powder. 

 

③ Extraction of encapsulated fat 

The powder residue left after the extraction of the inner free-fat was added to 4 

mL of warm water (50oC)/g powder and was vortexed for 2 min to dissolve the powder 

matrix and release the encapsulated fat. The resulting solution was extracted with 45 mL 

of hexane/iso-propanol (3:1 v/v)/g powder. The suspension was shaken for 15 min, and 

was centrifuged at 1000 x g for another 15 min. The clear organic phase was collected 

and the aqueous phase was re-extracted with the solvent mixture. The organic phase 

containing the extracted fat was allowed to evaporate until the extracted fat residue 

achieved constant weight. The extracted fat value was then recorded as g encapsulated 

fat/g fresh powder. 

 

④ Extraction of total fat 

One gram of the fresh powder was added to 4 mL of warm water (50oC) and 

vortexed for 2 min. The resulting solution was extracted with 45 mL of hexane/iso-

propanol (3:1 v/v). The suspension was shaken for 15 min, and was centrifuged at 1000 

x g for another 15 min. The clear organic phase was collected and the aqueous phase 

was re-extracted with the solvent mixture. The organic phase containing the extracted 
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fat was allowed to evaporate until the extracted fat residue achieved constant weight. 

The extracted fat value was then recorded as g total fat/g fresh powder. 

 

8.2.4. Electron spectroscopy for chemical analysis (ESCA) 

The ESCA measurements were made with an XSAM 800 photoelectron 

spectroscope (Kratos Analytical, UK). The instrument used a non-monochromatic Al 

Kα X-ray source. The pressure in the working chamber during analysis was less than 

1x10-7 Torr. The take-off angle of the photoelectrons was perpendicular to the sample. 

The analyzer operated with a pass energy of 65 eV. The step size was 0.1 eV, and the 

dwell time was 1000 ms. The powders were loosely packed in aluminium sample 

holders, and the surface was levelled. The analyzed area of the powder was a region of 5 

mm x 8 mm. The surface composition of the powders was calculated according to the 

method described in Section 2.3.4. 

 

8.2.5. Analysis of fatty acid composition 

The fatty acid composition of the milk fat fractions was determined after 

conversion of the fatty acids into the corresponding methyl esters. A sample (0.1 g) of 

the milk fat was accurately weighed into a vial, and 10 mL of hexane was added to 

dissolve the sample. Then, 1 mL of this solution was transferred to a screw-cap reaction 

vessel and mixed with 2 mL of boron trifluoride-methanol. The contents of the vessel 

were shaken well and reacted at 70oC for 60 min. After cooling to room temperature, 1 

mL of water was added to stop the reaction, followed by a further 1 mL of hexane. An 

aliquot (2 µL) of the organic phase was injected into a fused silica capillary column 

(DB-WAX; 30 m x 0.25 mm internal diameter; film thickness 0.25 µm; J & W 

Scientific Co., Folsom, CA, USA), which was placed into a Shimadzu 17A gas 

chromatograph equipped with a flame ionization detector connected to a QP5000 

quadrupole mass spectrometer (Shimadzu Corp., Kyoto, Japan). The oven temperature 

was programmed to start at 50oC (2 min) and to increase to 240oC at 2oC/min. The 

injector and detector temperatures were maintained at 230oC. The carrier gas was 

helium and its flow rate was 1.5 mL/min. The fatty acid methyl esters were identified by 

comparison of their retention times with those of a standard mixture from Sigma (St. 
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Louis, MO, USA). Usually, 35 fatty acids could be detected. For clarity, only the main 

fatty acids and groups of fatty acids (e.g. C18:1 as the sum of all positions of the double 

bond) were presented. There can be some differences between analyses, mainly with the 

most volatile compounds. As this can have an influence on the proportion of fatty acids, 

the most volatile fatty acid (C4:0) was excluded from the results. 

 

8.2.6. Analysis of triglyceride composition 

The triglyceride composition of the milk fat fractions was analyzed by the 

method developed by Robinson [114]. Milk fat samples were dissolved in 1,2-

Dichloroethane to 10 mg/mL solution, and then analyzed by a reversed-phase high-

performance liquid chromatography (HPLC) with an evaporative light scattering 

detector (ELSD). The injection volume was 10 µL. Reversed-phase chromatography 

was performed on a LC Module I Plus (Waters Associates, Milford, MA) that included 

a quaternary gradient pumping system, carousel autosampler and helium sparging unit. 

The chromatography column was a Waters Nova-PakTM C18, 4 µm, 3.9 × 150 mm , 

with a precolumn module that contained inserts of the same solid phase.  The 

chromatography column was maintained at 20°C by water circulated from a bath (LKB  

Bromma 2219 Multitemp II, Thermostatic Circulator) to a column jacket. Triglycerides 

were detected with a Varex MKIII evaporative light scattering detector (ELSD)  

 

 

Table 8-1 Mobile phase gradient program used for triglyceride separation at 1 mL/min 
flow rate (A = acetonitrile, B = dichloromethane). 
 

TIME (min) % of each solvent 

 A B 

0 90 10 

20 90 10 

100 65 35 

110 50 50 

115 50 50 

115.1 90 10 

125 90 10 
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(Alltech Associates Inc., Deerfield, Illinois, USA).  Nitrogen gas was supplied to the 

ELSD at a pressure of 80 psi, and the nitrogen flow at the nebulizer was maintained at 

2.00 standard L/min (SLPM) to generate the nebulizer gas pressure of 20 psi.  The 

solvent pressure at the nebulizer was typically 2-3 psi. The ELSD drift tube temperature 

was set at 70°C. Peak data, collected at sampling rate of 2 points/s, were acquired 

through a BUS/LACE interface with Waters Millennium 2010 Software System 

(Version 2.15, Waters Associates, Milford, MA). The mobile-phase gradient program is 

shown in Table 8-1.  The mobile phase composition changed linearly between each step. 

Using a binary solvent system, the method separates the triglycerides into distinct peaks 

on the basis of chain length and number of double bonds. 

 

8.2.7. Scanning electron microscopy (SEM) 

For studying the outer structure, the powder samples were mounted on 

aluminium stubs using a double-sided adhesive tape. Excess particles were removed by 

directing a jet of dry air at the surface of the stub. In order to examine the internal 

structure, the powder samples were attached on an adhesive carbon disc and quickly 

frozen in liquid nitrogen. After freezing the powders, a second piece of adhesive carbon 

disc was attached on the top of the powders, hammered once to break the particle and 

then quickly ripped off. The bottom piece of the carbon disc was then attached to the 

aluminium stub for analysis. The amorphous lactose present in the powders can easily 

absorb moisture and it can change the structure of powders. To avoid or minimize the 

effect of moisture, the fracturing and the sample preparation processes were completed 

in a short period of time. In all cases, the samples were then coated with platinum in a 

Polaron SC7640 sputter coater (VG Microtech, England) and were examined with a 

Philips XL30 S-FEG SEM (Holland) operating at 5 kV accelerating voltage.  

 

8.2.8. X-ray diffraction (XRD) 

The powder samples were mounted on sample stubs using a double-sided 

adhesive tape. The X-ray diffraction patterns of the dairy powders were obtained 

between 5o and 40o using an automated X-ray diffractometer (Philips, Model PW-1710).  
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8.2.9. Determination of wettability 

The wettability of the powders was determined using the static wetting test as 

previously described in Section 3.2.8. One gram of powder was transferred into a glass 

cylinder (diameter = 30 mm) placed on a glass slide covering a water reservoir 

(diameter = 60 mm). The glass slide was then withdrawn to bring the powder into 

contact with 25oC water. The wetting time, i.e. the time necessary for the submersion of 

the last powder particle, was measured. 

 

8.2.10. Determination of flowability 

The flowability of the powders was determined as previously described in 

Section 3.2.7. Ten grams of powder was carefully placed in the top box of the 

flowability test equipment with the trap door closed. The trap door was then opened 

allowing the powder to flow downwards and to form a heap. The flowability of powders 

was determined by measuring the drained angle of repose using horizontal still 

photographs and a protractor. More free-flowing powders tend to have lower drained 

angles of repose. The flowability of powders can be significantly affected by moisture 

content of powders and the relative humidity of the surrounding air [43, 44]. To 

minimize the influence of both moisture content and relative humidity, the powders 

were dried in a desiccating chamber for 12 hrs prior to flowability determination and all 

experimental work was conducted inside the desiccating chamber, which has approx. 

0% relative humidity at room temperature (~ 25oC).  

 

8.3. RESULTS AND DISCUSSION 

8.3.1. Changes in the surface composition of the powders during long-

term storage 

The surface composition of three industrial spray-dried dairy powders (SMP, 

WMP and CP) was studied using ESCA before and after 6 months storage. The results 

are summarized in Table 8-2. The values are an average of five analyses. As discussed 

in Chapter 3, the surface composition of fresh powders was significantly different from 
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their bulk composition. Particularly pronounced was the over-representation of fat on 

the powder surface compared to the fat content of the powder. The surface of fresh SMP, 

which contains 1% fat, was covered with 18% fat. The surface of fresh WMP and fresh 

CP, which contain 29% and 75% respectively, was mostly covered with fat. After 6 

months of storage, the surface composition of the powders was not found to be 

significantly changed. Only a small increase of fat coverage on the powder surface was 

observed for all powders. 

 

8.3.2. Release of encapsulated fat during long-term storage 

Many previous studies [7, 13, 37] have reported that, in the case of fat-

containing powders, there could be a release of fat onto the powder surface during 

storage. ESCA is a useful technique to detect a release of fat onto the powder surface 

after storage. However, if a fresh powder is mostly covered with fat, like WMP and CP 

in this study, it may not be possible to detect further increase in the amount of surface 

 

 

Table 8-2 Surface composition of the industrial spray-dried dairy powders before and after 
6 months storage at room temperature (Assumed that dairy powders are composed of three 
main components, i.e. lactose, protein and fat). 
 

Product  Composition (%) 

  Lactose Protein Fat 

SMP Bulk composition 58 41 1 

 Surface composition before storage 36 46 18 

 Surface composition after storage 36 44 20  

     

WMP Bulk composition 40 31 29 

 Surface composition before storage 2 - 98 

 Surface composition after storage 1  99 

     

CP Bulk composition 13 12 75 

 Surface composition before storage 1 - 99 

 Surface composition after storage - - 100 
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fat, caused by a release of fat during storage, using ESCA because ESCA provides only 

the composition of the outermost surface layer (~ 10 nm) and does not account for the 

thickness of the surface fat layer. In Chapter 5, a step-wise fat extraction method was 

developed to investigate the distribution of fat within the milk powder particles. This 

method provides quantitative measurements or estimates of the amounts of free-fat 

present on the powder surface (surface free-fat), free-fat originating from the interior of 

the powder particle (inner free-fat) and encapsulated fat per gram powder. By this 

method, a release of fat onto the surface of WMP and CP during storage can be detected 

even though ESCA showed that the surface composition remained unchanged. 

 

Table 8-3 shows the amounts of the different milk fat fractions extracted from 

the industrial spray-dried WMP and CP before and after 6 months storage. In fresh 

WMP, almost 90% of the total fat present was encapsulated and only a small proportion 

of the total fat was present as free-fat. After 6 months of storage, a small release of 

encapsulated fat towards the powder surface was observed. The amount of the surface 

free-fat and the inner free-fat increased by 0.003 and 0.019 g/g powder, respectively. In 

fresh CP, about 30% of the total fat present was encapsulated and a substantial 

proportion of the total fat was present as free-fat. In particular, about 40% of the total fat 

was located in the near surface region in the form of a thick layer. After 6 months of 

storage, there was a remarkable release of encapsulated fat towards the powder surface. 

About 75% of the total fat present was located in the near surface region after storage. 

 

 

Table 8-3 Amount of the milk fat fractions extracted from industrial spray-dried dairy 
powders before and after 6 months storage at room temperature. 
 

Product  Amount of fat extracted ( g fat/g powder) 

  

Surface free-

fat 

Inner free-

fat 

Encapsulated 

fat Total fat 

WMP Before storage 0.007 0.015 0.235 0.266 

 After storage 0.010 0.034 0.208 0.261 

      

CP Before storage 0.266 0.211 0.228 0.715 

 After storage 0.509 0.097 0.033 0.679 
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It was expected that the amount of the total fat would remain unchanged before 

and after storage. However, there was a difference in the amounts. The difference was 

relatively small in the WMP (0.005 g/g powder), whereas in the case of CP the amount 

of the total fat significantly decreased by 0.036 g/g powder after 6 months storage. This 

can be explained by losses of some surface fat during storage. The inner surface of the 

plastic bag in which CP was packed was found to be very greasy after storage. Some fat 

might be stripped from the powder surface and remain on the packaging material.  

 

In addition, the sum of the masses of the fat fractions (surface free-fat, inner 

free-fat and encapsulated fat) was not equal to the mass of total fat. This difference may 

have been due to extracted fat remaining on the filter paper and the glassware. 

 

8.3.3. Changes in the compositions of the milk fat fractions during long-

term storage 

Milk fat is a heterogeneous mixture of various triglycerides with a melting range 

from −40 to +40oC. Therefore, the release of encapsulated fat during storage may result 

in changes in the melting characteristics of the fat present on the powder surface. In 

order to find out whether the melting characteristics of the fat present on the powder 

surface are changed by the release of encapsulated fat during storage, the fatty acid 

compositions of the various milk fat fractions extracted from the industrial spray-dried 

WMP and CP were analyzed after 6 months storage and compared with the ones 

obtained from the fresh powders (Chapter 5). The fatty acid composition is an important 

and a most basic parameter for determining the melting characteristics of milk fat. 

 

The fatty acid compositions of the milk fat fractions extracted from the 

industrial spray-dried WMP after 6 months storage are presented as individual fatty acid 

in Table 8-4 and, for simplicity of presentation, as selected fatty acid groupings 

(according to similarities in melting points) in Figure 8-1. As discussed in Chapter 5, in 

fresh WMP, there was a slight compositional difference between the free-fat and the 

encapsulated fat (Figure 8-1(A)). The free-fat fractions (surface free-fat and inner free-

fat) had slightly higher concentrations of C6-C18 saturated fatty acids and slightly 
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lower concentrations of C16-C18 unsaturated fatty acids compared with the total fat. 

Since the encapsulated fat accounted for about 90% of the total fat, the fatty acid 

compositions for the encapsulated fat and the total fat were virtually identical. Few 

compositional differences were observed between the surface free-fat and the inner free-

fat. In general, increases in the short-chain fatty acids (C4–C8) and the long-chain 

unsaturated fatty acids (C16:1 and C18:1–C18:3), with concurrent decreases in the 

long-chain saturated fatty acids (C16:0 and C18:0), result in milk fat with lowered 

melting points and a greater proportion of low-melting triglyceride species. Conversely, 

increases in the long-chain saturated fatty acids, with concurrent decreases in the short-

chain fatty acids and the long-chain unsaturated fatty acids, result in milk fat with 

higher melting points and a greater proportion of high-melting triglyceride species [74-

79]. Taking this into account, these results indicated that there was some fractionation 

among the different milk fat fractions, i.e. high-melting triglyceride species were 

slightly more concentrated in the free-fat fractions whereas there were slightly more 

low-melting triglyceride species in the encapsulated fat. After 6 month storage (Figure 

8-1(B)), decreases in the long-chain saturated fatty acids (C16:0 and C 18:0), with  

 

 

Table 8-4 Individual fatty acid composition of the milk fat fractions extracted from 
industrial spray-dried whole milk powder (WMP) stored at room temperature for 6 months. 
 

Fatty acids Composition (%) 

  Surface free-fat Inner free-fat Encapsulated fat Total fat 

C6:0 Caproic 3.53 3.80 3.58 3.58 

C8:0 Caprylic 1.97 2.15 2.02 2.03 

C10:0 Capric 4.27 4.46 4.30 4.30 

C12:0 Lauric 4.58 4.71 4.58 4.59 

C14:0 Myristic 12.55 12.60 12.44 12.46 

C15:0 Pentadecylic 1.16 1.14 1.14 1.15 

C16:0 Palmitic 29.24 28.28 28.56 28.58 

C16:1 Palmitoleic 1.50 1.61 1.75 1.75 

C18:0 Stearic 14.24 13.25 13.85 13.86 

C18:1 Oleic 24.53 25.49 25.23 25.19 

C18:2 Linoleic 1.47 1.46 1.49 1.48 

C18:3 Linolenic 0.96 1.05 1.04 1.04 
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Figure 8-1 Fatty acid composition (selected fatty acid groupings) of the milk fat fractions 
extracted from industrial spray-dried whole milk powder (WMP). (A) Before storage and (B) after 
6 months storage at room temperature. satd. = saturated fatty acids, unsatd. = unsaturated fatty 
acids. 
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concurrent increases in the long-chain unsaturated fatty acids (C16:1 and C18:1-C18:3), 

were observed in the inner free-fat (arrow indicated). This indicates that low-melting 

triglycerides, which are mobile at the storage temperature, were preferentially released 

from the encapsulated fat into the inner free-fat during storage, thus lowering the 

melting point of the inner free-fat. At ambient temperature, ~ 20oC, a significant 

percentage (~ 77%) of the total milk fat is in the liquid state [115] and therefore is able 

to move within the particles. However, the melting characteristic of the surface free-fat 

was found to remain unchanged since a very small amount of fat was released onto the 

powder surface. 

 

Table 8-5 and Figure 8-2 show the fatty acid compositions of the milk fat 

fractions extracted from the industrial spray-dried CP after 6 month storage, as 

individual fatty acids and as selected fatty acid groupings, respectively. In fresh CP, 

there were significant compositional differences between the milk fat fractions, as 

shown in Figure 8-2(A). High-melting triglyceride species were more concentrated in 

the free-fat fractions whereas there were more low-melting triglyceride species in the  

 

 

Table 8-5 Individual fatty acid composition of the milk fat fractions extracted from 
industrial spray-dried cream powder (CP) stored at room temperature for 6 months. 
 

Fatty acids Composition (%) 

  Surface free-fat Inner free-fat Encapsulated fat Total fat 

C6:0 Caproic 1.89 1.61 1.59 1.51 

C8:0 Caprylic 1.48 1.54 1.42 1.46 

C10:0 Capric 4.43 4.45 4.31 4.46 

C12:0 Lauric 5.94 6.13 6.01 6.17 

C14:0 Myristic 17.91 18.09 17.82 18.30 

C15:0 Pentadecylic 1.44 1.43 1.55 1.62 

C16:0 Palmitic 35.23 35.53 35.76 35.90 

C16:1 Palmitoleic 1.90 1.65 1.80 1.78 

C18:0 Stearic 9.91 10.19 10.17 9.63 

C18:1 Oleic 18.37 17.68 17.99 17.27 

C18:2 Linoleic 0.74 0.79 0.83 0.86 

C18:3 Linolenic 0.77 0.91 0.75 1.05 
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Figure 8-2 Fatty acid composition (selected fatty acid groupings) of the milk fat fractions 
extracted from industrial spray-dried cream powder (CP). (A) Before storage and (B) after 6 
months storage at room temperature. satd. = saturated fatty acids, unsatd. = unsaturated fatty 
acids. 
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Figure 8-3 Triglyceride composition (selected triglyceride groupings) of the milk fat 
fractions extracted from industrial spray-dried whole milk powder (WMP) stored at room 
temperature for 6 months. 

 

 

encapsulated fat. Furthermore, the high-melting triglycerides present in the free-fat 

fractions were slightly more accumulated at the surface of the powder particle (Chapter 

5). After 6 months storage (Figure 8-2(B)), a significant change in fatty acid 

composition was observed. The fatty acid compositions of the surface free-fat, the inner 

free-fat and the encapsulated fat became very similar to that of the total fat after storage. 

This indicates that a substantial amount of encapsulated low-melting triglycerides was 

released towards the surface of the powder and mixed with high-melting triglycerides 

present in the free-fat fractions, thereby lowering their melting points. This may be why 

lumps of powder form during storage of cream powder. 

 

 In order to further confirm these results, the triglyceride compositions of the 

various milk fat fractions extracted from the industrial spray-dried WMP and CP were 

analyzed after 6 months storage. This is a direct analysis of triglyceride species, and 
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Figure 8-4 Triglyceride composition (selected triglyceride groupings) of the milk fat 
fractions extracted from industrial spray-dried cream powder (CP) stored at room temperature 
for 6 months. 

 

 

therefore the melting characteristics of the milk fat fractions may be measured more 

accurately than by analysis of fatty acid composition. The triglyceride compositions of 

the milk fat fractions extracted from the industrial spray-dried WMP after 6 months 

storage are presented as individual triglycerides (peaks) in Table 8-6 and, for simplicity 

of presentation, as selected triglyceride groupings (according to similarities in melting 

points) in Figure 8-3. The results showed that the inner free-fat had higher 

concentrations of low-melting (C24-C34) and medium-melting triglycerides (C36-C40) 

and lower concentrations of high-melting triglycerides (C42-C54), compared with other 

milk fat fractions. Furthermore, high-melting triglycerides were found to be slightly 

more concentrated in the surface free-fat. These results are in excellent agreement with 

those obtained from the fatty acid analyses. However, much larger differences between 

the milk fat fractions could be seen from the triglyceride analyses, indicating that the 

melting characteristics of the fat can be measured more sensitively by analysis of 
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Table 8-6 Reverse-phase HPLC peak area data of the milk fat fractions extracted from 
industrial spray-dried whole milk powder (WMP) and cream powder (CP) stored at room 
temperature for 6 months.  
 

Peak No. Estimated CN

Surface free-fat Inner free-fat Encapsulated

fat

Total fat Surface free-fat Inner free-fat Encapsulated

fat

Total fat

1 26 0.19 0.23 0.20 0.22 0.08 0.09 0.22 0.08

2 28 0.60 0.75 0.68 0.72 0.26 0.29 0.79 0.28

3 32 0.51 0.60 0.61 0.62 0.27 0.29 0.30 0.28

4 30 0.78 0.94 0.84 0.87 0.38 0.39 0.42 0.38

5 36? 0.26 0.30 0.31 0.33 0.17 0.18 0.24 0.15

6 34 1.05 1.30 1.23 1.20 0.70 0.71 0.77 0.72

7 32 2.23 2.67 2.35 2.37 1.40 1.40 1.45 1.40

8 38 1.05 1.17 1.17 1.19 0.84 0.86 1.31 0.89

9 34/36 3.16 4.09 3.67 3.58 2.70 2.71 2.74 2.72

10 34 5.46 6.53 5.74 5.71 4.27 4.32 4.09 4.21

11 42 0.22 0.31 0.28 0.28 0.28 0.29 0.37 0.29

12 40 2.71 3.36 3.02 3.08 2.23 2.28 2.30 2.28

13/14 38 8.51 10.37 9.06 9.24 7.68 7.76 7.55 7.63

15 36 9.49 10.30 9.49 9.58 8.28 8.33 7.55 8.15

16 40 1.01 1.22 1.12 1.26 0.96 0.98 1.01 0.91

18 38/40 3.59 4.28 3.91 3.84 2.89 2.81 2.84 2.89

19 38/40 4.07 4.54 4.22 4.18 3.27 3.29 3.16 3.23

20 38 3.19 3.15 3.10 3.11 2.22 2.27 2.13 2.24

21 44 0.18 0.31 0.27 0.24 0.19 0.23 0.25 0.23

22 42 0.72 0.92 0.87 0.87 0.75 0.73 0.71 0.74

23 42? 0.94 1.08 1.04 1.00 0.82 0.81 0.81 0.83

24 40/42 2.24 2.42 2.35 2.42 1.56 1.56 1.59 1.62

25 40 0.58 0.60 0.60 0.60 0.53 0.52 0.51 0.51

26 40 0.77 0.72 0.75 0.70 0.53 0.51 0.52 0.51

27 40 0.64 0.48 0.44 0.49 0.43 0.45 0.51 0.50

29 44 1.88 1.92 1.89 1.94 1.99 1.92 1.95 1.94

30 44 0.93 0.86 0.85 0.82 0.81 0.74 0.82 0.79

31 42 2.67 2.21 2.39 2.44 1.86 1.95 1.91 1.93

32 42 0.14 0.16 0.14 0.13 0.11 0.14 0.15 0.13

33 42 0.09 0.08 0.08 0.06 0.09 0.09 0.09 0.08

34 48 0.44 0.40 0.47 0.42 0.81 0.70 0.68 0.70

35 48 0.56 0.62 0.65 0.64 0.92 0.82 0.91 0.89

36 46 2.06 2.03 2.12 2.05 2.67 2.53 2.62 2.69

37 46 1.11 0.79 1.01 0.95 1.16 1.05 1.03 1.06

38 44 2.60 1.76 2.11 2.11 2.12 2.28 2.14 2.23

39 47? 0.26 0.20 0.23 0.22 0.42 0.44 0.46 0.45

40 50 1.75 1.71 1.85 1.83 2.98 2.90 3.02 2.98

41 50 1.14 1.34 1.26 1.09 1.70 1.52 1.53 1.64

42 48 3.76 3.29 3.72 3.89 5.84 5.65 5.79 5.89

43 48 1.38 0.89 1.15 1.12 1.31 1.46 1.30 1.39

44 46 2.78 1.75 2.29 2.27 3.19 3.23 3.16 3.17

45 54 0.62 0.55 0.57 0.59 1.06 1.06 0.96 0.99

46 49? 0.70 0.67 0.72 0.75 0.99 0.91 1.05 1.01

47 52 2.69 2.68 2.76 2.79 4.40 4.23 4.21 4.32

48 52 1.88 1.75 1.86 1.81 2.62 2.59 2.50 2.54

49 50 5.27 4.31 4.95 5.01 7.68 7.57 7.33 7.74

50 50 1.51 0.94 1.23 1.22 1.57 1.54 1.52 1.46

51 48 1.99 1.09 1.53 1.53 2.12 2.34 2.23 2.25

52 51? 0.30 0.24 0.24 0.25 0.41 0.46 0.48 0.43

53 54 0.63 0.62 0.64 0.66 0.82 0.74 0.84 0.77

54 54 0.79 0.66 0.75 0.68 1.01 0.86 0.93 0.82

55 52 2.76 2.13 2.55 2.58 3.04 3.14 3.05 3.22

56 52 0.78 0.45 0.62 0.60 0.69 0.72 0.72 0.71

57 50 1.22 0.62 0.94 0.94 1.11 1.26 1.23 1.17

58 54 0.43 0.30 0.43 0.39 0.33 0.43 0.49 0.38

59 54 0.18 0.08 0.16 0.12 0.10 0.16 0.17 0.13

60 52 0.49 0.24 0.45 0.41 0.33 0.45 0.50 0.39

61 54 0.05 0.03 0.04 0.03 0.04 0.04 0.09 0.06

Whole milk powder Cream powder
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triglyceride than by analysis of fatty acid. 

 

Table 8-6 and Figure 8-4 show the triglyceride compositions of the milk fat 

fractions extracted from the industrial spray-dried CP after 6 month storage, as 

individual triglycerides (peaks) and as selected triglyceride groupings, respectively. As 

already observed for WMP, the results showed the triglycerides followed the same trend 

as fatty acids. The triglyceride compositions of the surface free-fat, the inner free-fat 

and the encapsulated fat were very similar to that of the total fat after storage.  

 

An estimated dropping point of the milk fat fractions was also calculated from 

the HPLC data using a model reported by Janssen [116]. The results are summarized in 

Table 8-7. No differences were seen between the milk fat fractions from the CP, 

whereas partitioning of the milk fat into higher- and lower-melting point triglycerides 

could be clearly seen in the WMP. The dropping points of the surface free-fat and the 

inner free-fat of WMP were 32.2oC and 26.5oC, respectively. These are significantly 

different from that of the encapsulated fat, 29.5oC. 

 

 

Table 8-7 Estimated dropping points of the milk fat fractions extracted from industrial 
spray-dried whole milk powder (WMP) and cream powder (CP) stored at room temperature for 6 
months. 
 

Product Estimated dropping point (oC) 

Surface free-fat Inner free-fat Encapsulated fat Total fat 

WMP 32.2 26.5 29.5 29.5 

CP 31.3 32.5 32.0 31.9 

 

 

8.3.4. Changes in the physical state of lactose during long-term storage 

In some previous studies [7, 13, 37, 72], it has been reported that encapsulated 

fat could be released onto the powder surface when lactose-containing powders were 

stored in humid atmosphere and/or at high temperature, in which amorphous lactose 

undergoes crystallization. The crystallization of lactose generates a network of capillary 

interstices in the whole particle and causes a phase separation between lactose and other  
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Figure 8-5 X-ray diffraction patterns of the industrial spray-dried whole milk powder (WMP) 
and cream powder (CP) stored at room temperature for 6 months. 

 

 

milk components. The phase separation causes stresses on the oil droplets inside the 

powder particles and forces the fat to release onto the particle surface. In order to verify 

whether the release of encapsulated low-melting triglycerides towards the powder 

surface observed in this study was caused by the crystallization of amorphous lactose 

during storage, the structure of the WMP and CP was studied using scanning electron 

microscopy (SEM) before and after 6 months storage. The structure of milk powder 

particles is known to be changed when the amorphous lactose undergoes crystallization. 

Lactose crystals and released fat may appear on the particle surface [13, 65]. Moreover, 

particles may agglomerate and sometimes form a continuous mass [7, 37]. The analysis 

of the outer structure of the powders (micrographs not shown) failed to reveal any signs 

of lactose crystallization. In the stored WMP, no crystal-like structure and no significant 

release of fat were detected on the powder surface. In the case of the stored CP, it was 

hard to evaluate the presence of lactose crystals and the release of fat after 

storage because particles were highly agglomerated and its surface was covered by a 
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very thick layer of fat even before storage (Chapter 3). 

 

In order to further verify the internal physical state of the lactose in the stored 

WMP and CP, X-ray diffraction patterns of the stored WMP and CP were obtained 

(Figure 8-5). X-ray diffraction (XRD) is one of the most powerful techniques for 

analysis of crystalline compounds and has been widely used to investigate crystallinity 

in milk powders. In general, milk powders containing α-lactose monohydrates show X-

ray diffraction patterns with characteristic peaks at 2θ = 12.4, 16.4, 19.5, 21.2 and 22.7o, 

whereas β-lactose form at 2θ = 10.5, 21.0 and 24.7o [13]. Figure 8-5 shows a broad band 

at approximately 2θ = 23o without any characteristic peaks representing lactose crystals 

for both WMP and CP. The broad band represents average distances between molecules 

being in liquid or amorphous state. Thus, it can be concluded that the lactose in the 

stored WMP and CP is present in the amorphous state, and therefore the release of 

encapsulated low-melting triglycerides observed with WMP and CP in this study was 

not caused by the crystallization of amorphous lactose during storage. 

 

Lactose in the amorphous state has been known to act as a sealant that limits 

diffusion of encapsulated fat through the powder matrix toward the powder surface. One 

possible explanation of the release of encapsulated low-melting triglycerides towards 

the powder surface observed in this work is migration of fat through cracks and pores 

within the powder particles. Figure 8-6 contains the scanning electron micrographs of 

the cross-sections of the industrial spray-dried WMP and CP before and after free-fat 

extraction. During free-fat extraction, the solvent diffuses through cracks and pores in 

the particles, reaches the fat inside the particles, dissolves the fat and the fat-solvent 

solution then diffuses back through cracks and pores. Therefore, comparing the internal 

structure of the particles before and after free-fat extraction may provide some 

information on the presence of cracks and pores within the powder particles. The WMP 

did not show pronounced changes after free-fat extraction ((A) and (B)). Both before 

and after free-fat extraction, small air cells and fat globules were dispersed throughout 

the powder particles. No visible cracks and pores connecting the environment with the 

encapsulated fat globules could be detected. However, in the case of CP ((C) and (D)), a 

significant change in internal structure was observed after free-fat extraction. After free-

fat extraction, globular shaped greasy substance (fat globules), which filled the particles, 
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Figure 8-6 Scanning electron micrographs of the cross-sections of industrial spray-dried 
whole milk powder (A, B) and cream powder (C, D) before and after free-fat extraction. (A, C) 

Before free-fat extraction and (B, D) after free-fat extraction. Bar = 5 µm. 

 

 

was “cleaned-off” and small empty cavities appeared. As seen, the fat globules inside 

the CP particles were adjacent to each other, separated by a thin layer of protein-lactose 

matrix. The fat globules in the CP seem to be extracted via the holes remained by 

dissolved fat globules in the outer particle layer or close to wide capillaries in the 

particles. These observations indicate that CP has many cracks and pores in the particles, 

through which the fat inside can flow towards the powder surface, whereas WMP has 

only a small number. The migration of fat seems to be time-dependent and mediated by 

temperature fluctuations because temperature gradients are known to induce 

concentration gradients that promote redistribution of components [117]. Another 

possible explanation is the changes in molecular arrangement during long-term storage. 

Nijdam [105] has reported that long-term storage of milk powder affects its molecular 
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arrangement over time. They observed a significant relaxation of the molecular structure 

when the stored skim milk powder was heated by DSC, which was not observed in the 

fresh skim milk powder. The change in molecular arrangement may cause the release of 

encapsulated fat into the powder matrix.  

 

8.3.5. Changes in the properties of the powders during long-term 

storage 

The wettability and the flowability of dairy powders are surface-related 

properties and are therefore largely influenced by the powder surface composition. Of 

special importance is fat on the powder surface. The presence of fat on the powder 

surface renders the powder surface hydrophobic, with a large contact angle between the 

powder surface and the penetrating water, deteriorating wettability. Fat on the powder 

surface can also makes the powder surface sticky to form bridges between particles, 

reducing flowability. These properties are also greatly affected by the melting 

characteristics of fat on the powder surface. Therefore, the change in the composition of 

the fat present on the powder surface observed above, which resulted from the release of 

encapsulated low-melting triglycerides towards the powder surface during storage, may 

modify the powder properties. The wettability and the flowability of three industrial 

spray-dried dairy powders (SMP, WMP and CP), which were stored at room 

temperature for 6 months, were determined and compared with the ones obtained from 

the fresh powders (Chapter 3). The results are summarized in Table 8-8. 

Before storage, the SMP was completely wetted after approximately 10 min, and flowed 

 

 

Table 8-8 Wettability and flowability of the industrial spray-dried dairy powders before and 
after 6 months storage at room temperature. 
 

Product Wetting time  Drained angle of repose 

 Before After  Before After 

SMP ~ 10 min ~ 10 min  ~ 85o ~ 90o 

WMP > 15 min > 15 min  no flow no flow 

CP > 15 min > 15 min  no flow no flow 
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relative easily through the gap as soon as the trap door opened exhibiting the drained 

angle of repose approximately 85o. However, the WMP and CP could not be completely 

wetted within reasonable time periods (i.e. > 15 min), and did not flow. After storage, 

the wettability and the flowability were not changed much for all three powders, even 

though there was a significant release of encapsulated fat onto the surface during 

storage of CP. This may be due to the surface composition of the powders was not 

changed much during storage. These results suggest that it is the ‘surface fat coverage’ 

that predominantly controls the surface-related powder properties, not the ‘quantity’ or 

‘thickness’ of the fat layer present on the powder surface. The change in the melting 

point of surface free-fat, which was detected in the CP, appeared to have only a 

marginal effect on the powder properties. 

 

8.4. CONCLUSIONS 

There is a good understanding of the changes in surface composition that occur 

during storage of dairy powders. However, most of attention has been paid to the 

changes occurring in improper storage conditions (e.g. high lactose and high humidity) 

for a short period of time. In this work, the changes in the surface composition of 

industrial spray-dried dairy powders (skim milk powder, whole milk powder and cream 

powder) during long-term storage, which is more likely for commercial circumstances, 

were investigated. It was found that, during 6 months storage, the lactose present in the 

powders remains in the amorphous state and therefore the surface composition and the 

structure of powders are not significantly changed. However, there is a release 

encapsulated low-melting triglycerides towards the surface of powders and this may 

result in the changes in the melting characteristics of fat present on the surface of 

powders. This phenomenon was observed in both WMP and CP, but more significant 

changes were observed in CP. This work has advanced the understanding of the changes 

occurring during storage of milk powders. 
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9.1. INTRODUCTION 

The previous chapters presented experimental results that would provide 

fundamental insight in the processes occurring within the particles during powder 

production and storage, and thus aid the understanding the mechanism behind the 

formation of the surface composition of dairy powders. In this chapter, the key findings 

from the previous chapters were summarized, and possible mechanism(s) behind the 

formation of the surface composition of industrial spray-dried dairy powders were 

proposed taking into account those findings. 

 

9.2. LITERATURE SEARCH  

Although spray-drying has been a subject of investigation for many years, only a 

few past studies addressed the surface formation mechanism of spray-dried powders. 
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From theoretical and experimental studies, 3 different scenarios on how the surface of 

the drying droplet is formed during spray-drying have been suggested. The details are 

described as follows. 

 

9.2.1. Crust/Skin formation during spray-drying 

The first scenario was suggested by Charlesworth and Marshall [88]. It was 

largely based on theoretical considerations of drying kinetics. As the atomized droplets 

meet the hot air, a saturated vapour film immediately forms close to the droplet surface. 

In the first stage of drying, there is sufficient transport of water from the interior of the 

droplet to the surface to keep saturated conditions, so the evaporation of water from the 

surface proceeds at a constant rate. After some time, the moisture content is too low to 

keep saturated conditions in the boundary layer. At this critical point, the dissolved 

substance from the saturated solution starts to be deposited as a solid phase at the 

droplet surface. The solid deposited at the droplet surface first develops to partial crust 

formation, then complete crust formation.  

 

The situation is probably much more complicated by multicomponent mixtures 

since different constituents may migrate within the droplet during drying. Although they 

suggested the solute diffusion into the core, there is no suggestion about what would be 

the surface composition in the case of mixed biological powders containing 

carbohydrate, protein and/or fat. The next two scenarios deal with how the surface of 

the multicomponent droplet is formed during spray-drying, particularly during the first 

period of drying when the solid crust or skin is not yet formed. 

 

9.2.2. Protein adsorption on air-liquid interface during spray-drying 

The second scenario was suggested by Faldt [30]. It was based on the direct 

measurements of surface composition of powders using electron spectroscopy for 

chemical analysis (ESCA, also known as X-ray photoelectron spectroscopy (XPS)). 

Using this technique, the surface composition of spray-dried dairy-based model 

emulsions has been analyzed and it was found that the composition of the drying liquid 

has a strong influence on the powder surface composition [6-9]. If the solution contains 
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a surface-active component, such as protein, this was shown to dominate the surface of 

the spray-dried powder, even though the solution also contains other components such 

as lactose and fat. This phenomenon was explained by the following scenario. Protein 

adsorbs preferentially to the air-liquid interface of droplets during spray-drying due to 

its surface activity, and thus appears on the powder surface after the drying is completed, 

whilst fat is largely encapsulated inside the powder particles. According to this scenario, 

the surface of the spray-dried particles is expected to be consisted mainly of ‘protein’ in 

the case of dairy powders which are mainly consisted of lactose, protein and fat. 

 

9.2.3. Solid/Solute segregation during spray-drying 

The third scenario was suggested by Meerdink [118]. It was based on slab 

drying experiments with a ternary food model system (water, sucrose and sodium 

caseinate). A number of slabs were dried simultaneously and cut in thin slices after 

different drying times. Analysis of the slices gave the concentration profiles of the 

different components and it was found that the ratio of the sodium caseinate and sucrose 

concentrations near the surface increases, in the centre of the slab the ratio decreases, as 

drying proceeds. This phenomenon was explained by the following scenario. During 

drying, there will be a diffusion of water (solvent) towards the surface and solute 

towards the centre, because of the concentration gradients caused by evaporation of 

water from the droplet surface. Liquid foods consist of many solutes that have very 

different diffusivities. The binary diffusion coefficient in a dilute aqueous solution can 

differ up to two orders of magnitude for a low and high molecular weight component, 

respectively. The transport velocities of the different solutes towards the centre depend 

on the concentration gradients and on the values of their diffusion coefficients. Given 

the large difference in these coefficients, segregation of components can be expected 

during drying.  

 

In order to find out this scenario also prevails in the spray-drying process, model 

simulations were performed under ‘spray-drying’ like conditions. It revealed that during 

spray-drying segregation of solutes will occur in the food droplet, but to a lesser extent 

than found in the ‘slow’ drying experiments. Therefore, according to this, the surface of 

the spray-dried particles is expected to be consisted mainly of the component which has 
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a smallest diffusion coefficient, for instance, the ‘free-fat’ in the case of dairy powders 

which contains various levels of fat and other components. 

 

9.3. SUMMARY OF THE FINDINGS IN THIS WORK 

A comprehensive understanding of the effects of composition of milk 

concentrate before drying, manufacturing processes, processing conditions and storage 

on the surface composition of industrial spray-dried dairy powders were obtained from 

the previous chapters. It was found that: 

� There is redistribution of components within the particles during powder production. 

A kind of solid/solute segregation seems to occur during powder production; 

� The surface of industrial spray-dried dairy powders is largely covered by free-fat, 

even at very low fat content, indicating accumulation of fat on the powder surface; 

� Proteins or fat globules encapsulated by proteins are preferentially located 

underneath the surface free-fat; 

� Lactose is preferentially accumulated in the interior of the particles whereas the fat 

and protein near the surface of the particles; 

� The fat globules are well distributed throughout the round particles. However, there 

is a difference in the size of the fat globules from the outside to the inside of the 

powder particles. There are some larger, more coalesced fat droplets near the surface 

that reduced in size towards the centre; 

� There is some fractionation among the different milk fat present in the powders, 

with the accumulation of high-melting triglycerides in the free-fat and even more at 

the surface of the powders; 

� The surface composition of industrial spray-dried dairy powders is determined to a 

large extent during spray-drying process and by the spray-drying conditions 

employed (feed solids content, drying temperature and degree of homogenization); 

� At higher feed solids contents, less fat and protein (i.e. more lactose) appear on the 

surface of the powders. Less redistribution of components seems to occur within the 

drying droplet due to high viscosity and rapid crust formation; 
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� At higher drying temperatures, less fat and protein (i.e. more lactose) appear on the 

surface of the powders because the surface solidifies sooner; 

� Increasing the number of homogenization passes reduces the fat globule size and 

consequently the amount of fat present on the powder surface; 

� The bigger fat droplets migrate easily and quickly to the surface prior to the surface 

formation, or are present at the surface of droplets leaving the atomizer; 

� At lower drying temperatures, a sufficient amount of small fat globules migrates to 

the surface during the first drying period; 

� The subsequent fluidized bed drying and handling processes have no or little effect 

on the surface composition of industrial spray-dried dairy powders;  

� The fat present on the powder surface after spray-drying process may melt at the 

temperature in the fluidized beds and flow over the particle surfaces resulting in a 

slight increase of the surface fat coverage, but no or little fat leaks out onto the 

powder surface. Some of the surface fat may be stripped off in fluidized beds due to 

air flow and temperature, but this loss is very small and does not significantly affect 

the surface composition of powders; 

� During long-term dry storage, the lactose present in the powders may remain in the 

amorphous state, and therefore no significant changes in structure and surface 

composition of the powders occur. However, in the fat-containing powders, there is 

a release of encapsulated low-melting triglycerides towards the surface of the 

powder during storage, thereby lowering the melting points of the surface free-fat 

and the inner free-fat.  

 

At the beginning of drying when the solid crust or skin is not yet formed, 

adsorption of proteins to the droplet air-liquid interface (scenario 2, mentioned in 

Section 9.2.2.) seems to take place to a substantial degree, resulting in accumulation of 

proteins near the surface of the particles. However, this scenario cannot rationalize the 

following observations. 

 

(1) Accumulation of fat on the surface of the particles after spray-drying 

In addition to the adsorption of proteins to the air-liquid interface of droplets, 

Faldt [30] suggested that, in some cases, the fat phase inside the powder particles may 
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leak out onto the powder surface during spray-drying and partly cover the powder 

surface. If this is the major mechanism behind the formation of the surface composition 

of industrial spray-dried dairy powders, the proteins should predominate at the surface 

of SMP and WPC because the particle porosity of spray-dried SMP and WPC is very 

small regardless the particle size [119] and thus the fat may not leak out onto the 

powder surface during the drying. However, the results (Chapter 3) showed that the 

surface of SMP and WPC is largely covered with fat (18% and 53%, respectively). 

Moreover, the pores or cracks, through which the fat may leak out onto the powder 

surface, arise in the last stage of the drying process. If scenario 2 is the major 

mechanism, the surface fat coverage and the amount surface free-fat of powders would 

be likely further increased after fluidized bed drying process. 

 

(2) Decrease in surface fat coverage at higher feed solids contents and/or higher 

drying temperatures 

The particle porosity of spray-dried powders is influenced by the feed solids 

content and the drying temperature. Buma [119] and Hansen [100] have stated that more 

cracks or pores are formed in the particles at higher drying temperatures. Moreau [61] 

has reported that higher feed solids contents increase pore volume. If scenario 2 is the 

major mechanism behind the formation of the surface composition, the surface fat 

coverage and the amount of the surface free-fat of powders should be increased at 

higher feed solids contents and/or higher drying temperatures, rather than decreased as 

observed experimentally. 

 

These indicate that the adsorption of proteins to the droplet air-liquid interface 

during spray-drying process may not be the only surface formation mechanism of ‘real’ 

spray-dried dairy powders and additional mechanisms exist. 

 

According to the findings in this work, scenario 3 (mentioned in Section 9.2.3.), 

i.e. solid/solute segregation during drying, is the most likely mechanism behind the 

surface formation of the industrial spray-dried dairy powders, at the beginning of drying 

when the solid crust or skin is not yet formed. In supporting such an argument, ‘binary’ 

diffusivities of each components have been compared. 

 



Chapter 9. Surface formation mechanisms of industrial spray-dried dairy powders              171 

 

The data on diffusion coefficients of milk components in liquid are scarce. Thus, 

their diffusion coefficients have been estimated just to show the trend. The most 

common basis for estimating diffusion coefficients in liquid is the Stokes-Einstein's 

equation [117].  The Stokes-Einstein’s equation is : 
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where D is the diffusion coefficient, KB is Boltzmann’s constant, T is the temperature, 

R0 is the solute radius and µ is the solvent viscosity. 

 

According to this equation and its empirical extensions (for higher 

concentrations), the diffusion coefficient can be proportional to R0
-n (n=1,2 or 3). This 

means that the diffusion coefficients of milk components can be estimated by using 

their particle size. Here, instead of estimating the absolute value of the binary diffusion 

coefficient of each milk components in the same liquid (e.g. water), the diffusion 

coefficient ratios between lactose and other components (diffusivity ratios) were 

estimated. The diffusivity ratios have been estimated using the following equation, and 

the estimated diffusivity ratios are summarized in Table 9-1. 
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where ‘i’ can be protein, fat or others. ‘n’ can be 1, 2 or 3 as mentioned above. 

 

Table 9-1 shows very large difference between the diffusivities of milk 

components. It is expected that free-fat and fat globules very slowly diffuse towards the 

centre of droplet during drying, while lactose and salts diffuse very quickly. 

Accordingly, the outermost surface will be enriched by free-fat. Underneath the free-fat, 

fat globules, casein micelles, casein sub-units, whey proteins, lactose and salts will be 

located in this order. Also larger, more coalesced fat globules will be near the surface of 

the particles that reduced in size towards the centre of the particle. This theoretical 
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consideration agrees well with the experimentally observed distribution of milk 

components within the particles. This mechanism can also be rationalized with the 

observed decrease in surface fat coverage at higher feed solids contents. Increasing the 

feed solids content lowers the diffusion coefficients of the components and lessens the 

internal concentration gradient, resulting in rather even distribution of the components 

within the particles. Therefore, it can be concluded that the surface of industrial spray-

dried dairy powders is largely formed by solid/solute segregation during spray-drying. 

 

One may point out that this mechanism can not be rationalized with the observed 

increase in surface lactose coverage at higher drying temperatures, which should 

enhance diffusion of lactose towards the centre, according to the Stokes-Einstein 

equation above. However, it should be noted that the Stokes-Einstein equation estimates 

the diffusion coefficient in ‘liquid’, and does not take into account the drying process. If 

the drying rate is greater than the transport velocities of the components, the system is 

expected to be quenched, having rather even distribution of the components. 

 

 

 

Table 9-1 Relative sizes of particles in milk [120] and their diffusivity ratios in an aqueous 
solution. 
 

Type of particles Size (diameter, m) Diffusivity ratio * 

  R0
-1 R0

-2 R0
-3 

Free fat > 10-5 > 10-4 > 10-8 > 10-12 

Fat globules 10-5 – 10-6 10-4 10-8 10-12 

Casein micelles 10-7 – 10-8 10-2 10-4 10-6 

Casein sub-units 10-8 – 10-9 10-1 10-2 10-3 

Whey proteins 10-8 – 10-9 10-1 10-2 10-3 

Lactose 10-9 – 10-10 1 1 1 

Salts 10-9 – 10-10 1 1 1 

 

* Order of magnitude estimates. 
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9.4. POSSIBLE SURFACE FORMATION MECHANISMS  

On the basis of the literature and the findings in this work, the following 

mechanisms are suggested for the surface formation of industrial spray-dried dairy 

powders.  

 

9.4.1. During spray-drying 

The surface composition of industrial spray-dried dairy powders is mainly 

formed during spray-drying. The findings in this work suggest a slightly modified 

course during the first period of drying compared to the ones presented in the literature. 

This is schematically illustrated in Figure 9-1. According to the literature, in the absence 

of fat and surface-active components (e.g. proteins), the formation of solid crust on the 

droplet surface occurs when there is supersaturation at the drying droplet surface [88]. 

The composition of the crust formed is expected to be largely determined by the 

solubility of components. In the presence of surface-active components but in the 

absence of fat, surface-active components adsorb preferentially to the droplet air-liquid 

interface during spray-drying due to their surface activity, and thus appear on the 

powder surface after the drying is completed [30]. Suggested here is that during spray-

drying of fat-containing materials (e.g. milk): 

� Larger fat droplets are preferentially present at the surface of emulsion droplets 

leaving the atomizing device and thus fat appears in relatively high concentration on 

the powder surface after the spray-drying is completed; 

� There is a further increase in the amount of fat at the droplet surface due to the 

segregation of components within the drying droplets. 

 

In Chapter 7, it was found that the surface of spray-dried dairy powders is 

largely covered with fat, even when dried at high temperature of 205oC, at which the 

surface solidifies and immobilizes the components quickly. This suggests that fat 

accumulates at the surface of milk droplets leaving the atomizing device, even before 

the drying takes place. The milk concentrate leaves the atomizing device as a thin film 

at a velocity of 100-200 m/s, breaking up into droplets which immediately contact the 

hot drying air [53]. Dombrowski [121] and Zakarlan [122] have studied the breakup of the 
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Figure 9-1 Suggested course during spray-drying of sprayed droplets (partly modified from 
Charlesworth [88] and Faldt [30]). 

 

 

liquid films containing fat droplets. They observed that the emulsified oil phase causes 

earlier breakup of the liquid film through a perforation mechanism. As the fat droplet 

size is increased, the film ruptures closer to the atomizing device where the film is 

thicker and the breakup length of the film decreases. These observations indicate that 

the breakup of the liquid films occurs at the oil-water interface of fat droplets 

(preferentially at the oil-water interface of larger fat droplets), and thereby (larger) fat 

droplets are present at the air-liquid interface of emulsion droplets leaving the atomizing 

device. It is therefore postulated that, even when fat is present in low concentrations in 

the milk concentrate being dried, fat droplets are preferentially present at the air-liquid 

interface during atomization, disrupted during atomization or during spray-drying, and 

thus fat appears in relatively high concentration on the powder surface after the drying 

is completed.  

 

The amount of fat present on the surface of powders is further increased by a 

segregation of the milk components within the droplets during drying. During drying, 

the diffusion of water towards the surface is accompanied by an opposite diffusion of 

components towards the centre. Larger molecules diffuse more slowly than smaller 

molecules. Therefore, over time, the outer surface of the droplet becomes enriched in 
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the larger molecules. Since free-fat and fat globules have comparatively much smaller 

transport velocities than smaller components such as lactose, there is an increase in the 

amount of fat at the surface. Underneath the free-fat, fat globules, casein micelles, 

casein sub-units, whey proteins, lactose and salts are located in this order. Also larger, 

more coalesced fat globules are near the surface of the particles that reduced in size 

towards the centre. In addition to this, there is a transport of proteins to the droplet air-

liquid interface due to their surface activity. The segregation of the milk components 

within the droplets can therefore be further enhanced. The transport velocities of the 

components within the drying droplets are highly dependent on the concentration 

gradients and on the values of their diffusion coefficients. However, if the drying rate is 

greater than the transport velocities of the components, the system will be quenched, 

having rather even distribution of the components.  

 

At a certain stage of drying, depending upon the condition, a skin first forms on 

the surface of the droplet and a crust subsequently forms beneath the skin, as observed 

by Hassan [108]. Fat accumulated on the surface of the drying droplets may be 

responsible for skin formation, and lactose and protein for crust formation. Kentish 

[123] confirmed that the skin represents an accumulation of fat molecules. 

 

 There is some fractionation among the different milk fats present in the powders, 

with the accumulation of high-melting triglycerides in the free-fat and even more at the 

surface of the powders. This may be related to the stability of the emulsion. Emulsion 

droplets may coalesce during the intense shearing in the atomization device of the 

spray-dryer, resulting in a broader droplet size distribution. When fat crystals are 

present in the fat globules, it pierces the protein film surrounding the emulsion droplets 

and coalesces with other droplets [72]. Therefore, larger droplets may contain more fat 

crystals than smaller droplets, resulting in accumulation of high-melting triglycerides in 

the free-fat and even more at the surface of the powders. Timmen [124] has also 

reported that large fat globules in milk contain more short chain fatty acids, more stearic 

acid (C18:0) and less oleic acid (C18:1) compared to small fat globules. 
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9.4.2. During the subsequent manufacturing and handling processes 

9.4.2.1. Cyclones 

Faldt [40] has observed that, after separation in the second cyclone, the powder 

surface became uneven with an increase in fat coverage. The authors explained that 

increased mechanical stresses pressed fat out onto the powder surface of some powder 

particles. If the cyclone fraction is exposed to considerable mechanical stress attacking 

the surface and liberating the fat from fat globules located close to the particle surface, 

an increase in fat coverage should also be observed from the powder fractions after 

separation in the first cyclone, rather than unchanged as observed. A more probable 

explanation is that the cyclone fraction has more fat at the air-liquid interface of the 

droplets leaving the atomizing device. The surface to volume ratio of the cyclone 

fractions is generally much larger than of the corresponding main fraction. It is 

postulated that more fat is present at the air-liquid interface of the smaller droplets of 

the cyclone fraction than at the air-liquid interface of the bigger particles of the 

corresponding main fraction. Even though a given amount of fat is present at the air-

liquid interface of the droplets leaving the atomizing device, it may cover different 

proportions of the surface. 

 

9.4.2.2. Fluidized bed drying 

For non-fat containing powders, fluidized bed drying process has no effect on 

the surface composition of dairy powders, even though this process affects many of the 

final powder properties (e.g. moisture content, particle size). For fat-containing dairy 

powders, no or little fat leaks out onto the powder surface during fluidized bed drying 

process, but the fat present on the surface of powders may melt at the temperature in the 

fluidized bed drying and flow over the particle surface resulting in a slight increase of 

surface fat coverage. Some of the fat present on the surface of powders may also be 

stripped off by air flow and temperature in the fluidized beds. 
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9.4.2.3. Instantization (Lecithin treatment) 

Instantization is an additional process to make fat-containing powders ‘instant’ 

in cold water and overcome the hydrophobic nature of fat on the surface of the particles. 

This extra step consists of spraying a small amount of soy lecithin, dissolved in butter-

oil, on the powder in a fluidized bed. Since the surface of the powders, which go 

through this process, is largely covered with fat, the surface composition of the powders 

does not significantly change, but the thickness of the surface fat layer is increased.  

 

9.4.3. During storage 

9.4.3.1. Practical long-term storage 

During practical long-term storage, which is likely for commercial 

circumstances, the lactose present in the powders remains in the amorphous state over 

the storage if dairy powder is stored in good packaging, and thus no significant changes 

in structure of the powders occur. When fat is present in the powders, encapsulated low-

melting triglycerides are migrated towards the surface of powder through cracks and 

pores within the powder particles, thereby the melting points of the surface free-fat and 

the inner free-fat are lowered. The migration of fat towards the surface of the powder is 

largely dependent on the storage time and the porosity of the powders. It is also 

mediated by temperature fluctuations because temperature gradients induce 

concentration gradients that promote redistribution of components. The changes in 

molecular arrange during long-term storage may be another possible cause. 

 

9.4.3.2. Improper storage  

If dairy powder is exposed to high relative humidity and/or increased 

temperature, the amorphous lactose proceeds through an irreversible transition to stable 

crystalline forms [35, 36]. The crystallization of lactose generates a network of capillary 

interstices in the whole particle and causes a phase separation between lactose and other 

milk components. When fat is present in the powders, fat droplets inside the powder 

particles are forced to release onto the particle surface, and de-emulsification of the fat 
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due to the mechanical action of sharp crystal edges upon the fat globule membrane may 

also take place [15].  
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Chapter 10  

CCoonncclluussiioonnss  

 

 

 

 

 

10.1. GENERAL CONCLUSIONS 

In this thesis, the surface composition of various industrial spray-dried dairy 

powders was investigated using electron spectroscopy for chemical analysis (ESCA), 

and the mechanisms behind the formation of the surface composition of the powders 

(from powder production, through storage, to its final application) were identified based 

on thoroughly understanding the distribution of milk components (including 

triglycerides in milk fat) within the powder particles and the effects of the composition 

of the concentrate before drying, manufacturing processes, processing conditions and 

storage on the surface composition of the powder. This has advanced the understanding 

of the fundamentals of droplet drying, particularly, the processes occurring within the 

particles during powder production in the compositional aspects. This study has 

provided a greater understanding of how the processing variables, such as feed 

concentrate characteristics and drying conditions, can be tuned to control the processes 

occurring within the particles during drying and thereby to produce products with 

specific surface composition. The surface composition of powders is found to be an 
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important factor in determining the behaviour of the powders during its storage, 

handling and final application. Therefore, the findings in this study will be very useful 

in the improvement of product quality and the development of new products, getting the 

‘right’ components at the surface of the powder. It will also help to predict the powder 

properties more accurately before trials. This will save both energy and time, which are 

of great value for the production in the industry. Powders are ubiquitous in both food 

and pharmaceutical industries and spray-drying is the most exclusively used 

dehydration technology. The mechanisms proposed in this study are expected to be 

applicable to the production of other foods and pharmaceuticals. 

 

10.2. RECOMMENDATIONS FOR FUTURE RESEARCH  

There are some areas which require further research before a complete 

understanding of the mechanism behind the formation of the surface composition of 

industrial spray-dried dairy powders and ability to control it can be achieved. These are 

listed below. 

 

� Investigation into the dynamics of the formation of drying droplet surface 

The situation in a drying droplet is probably much more complicated than the situation 

described in this thesis. Due to the high shear rate in the spray-nozzle, it can be assumed 

that the liquid in the spray-droplet is not stagnant, and it may even be turbulent. Internal 

circulation caused by free convection due to density gradients (caused by temperature 

and concentration) and the viscous drag of the passing air as well as internal forces 

remaining from the creation of droplets, probably occur. Under such turbulent 

conditions, the accumulation of fat and proteins on the powder surfaces may be 

enhanced. The dynamics of the formation of drying droplet surface, in the 

compositional aspects, needs to be investigated to confirm the mechanisms proposed in 

this thesis or to determine whether an alternative mechanism is occurring. 

 

� Development of a mathematical model 

In order to correctly predict and control the surface composition of powders, a 

comprehensive mathematical model needs to be developed, which will predict the 
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processes in a single droplet/particle under spray-drying conditions. Data on diffusion 

coefficient of milk components in liquid are required for mathematical modeling. 

 

In this thesis, it was shown that reduction of the surface free-fat will be 

advantageous for improving the properties of the dairy powders. Development of a 

technology which can reduce the surface free-fat or modify the surface composition will 

be very useful for the improvement of product quality. 
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