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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. 

 

 



 

 

 

 

 

 

AAcckknnoowwlleeddggeemmeennttss  

 

 

First and foremost, I give my greatest thanks to God for giving me this great 

learning opportunity. All glory to God who has given me the wisdom, ability, health and 

endurance to complete this degree.  

 

I would like to express my sincere gratitude to my supervisor Professor Xiao 

Dong Chen for his encouragement, ever-lasting support, guidance and supervision of 

this thesis. It was a privilege to have him as my supervisor. 

 

I would like to thank specially Dr. David Pearce of Fonterra Research Centre for 

his valuable advice and support throughout the course of this research. I also gratefully 

acknowledge the Fonterra Research Centre for financial support. 

 

I would also like to thank all staff and my postgraduate colleagues at the 

Department of Chemical and Materials Engineering, former and present, for their help 

and friendship. Especially Jin-Ah Yoo for her friendship, who made my postgraduate 

years memorable.  

 

Last but most, I would like to thank my family. I would like to thank my sisters 

and brother, Nam-Hee, Hyun-Joo and Woo-Sung, for their loving support. Thanks to 

my husband, Hyung-Suk. This thesis was completed with his love and support. My 

highest tribute must go to my parents who give me unconditional love and support. 

None of this would be possible without their support and encouragement. 아버지, 

어머니 감사합니다! (Thank you, Mum and Dad!) 

 



 

 

 

 

 

 

LLiisstt  ooff  PPuubblliiccaattiioonnss  

 

 

This thesis is based on the following publications. 

 

1. Kim E. H.-J., Chen X. D., and Pearce D. (2002) “Surface characterization of 
four industrial spray-dried dairy powders in relation to chemical composition, 
structure and wetting property”, Colloids and Surfaces B : Biointerfaces, 26(3), 
197-212. 

 
2. Kim E. H.-J., Chen X. D., and Pearce D. (2003) “On the mechanism of surface 

formation and the surface compositions of industrial milk powders”, Drying 

Technology, 21(2), 265-278.  
 
3. Kim E. H.-J., Chen X. D., and Pearce D. (2005) “Melting characteristics of fat 

present on the surface of industrial spray-dried dairy powders”, Colloids and 

Surfaces B : Biointerfaces, 42, 1-8. 
 
4. Kim E. H.-J., Chen X. D., and Pearce D. (2005) “Effect of surface composition 

on the flowability of industrial spray-dried dairy powders”, Colloids and 

Surfaces B : Biointerfaces, 46, 182-187. 
 
5. Kim E. H.-J., Chen X. D., and Pearce D. “Surface composition of industrial 

spray-dried milk powders. 1. Development of surface composition during 
manufacture”, Journal of Food Engineering, Submitted. 

 
6. Kim E. H.-J., Chen X. D., and Pearce D. “Surface composition of industrial 

spray-dried milk powders. 2. Effects of spray-drying conditions on the surface 
composition”, Journal of Food Engineering, Submitted. 

 
7. Kim E. H.-J., Chen X. D., and Pearce D. “Surface composition of industrial 

spray-dried milk powders. 3. Changes in surface composition during long-term 
storage”, Journal of Food Engineering, Submitted. 

 

 



 

 

 

 

 

 

TTaabbllee  ooff  CCoonntteennttss  

 

Abstract ............................................................................................................................. ii 

Acknowledgements .......................................................................................................... iv 

List of Publications ........................................................................................................... v 

Table of Contents ............................................................................................................. vi 

List of Figures ................................................................................................................. xii 

List of Tables ................................................................................................................. xix 

Abbreviations and Symbols ........................................................................................... xxi 

 

Chapter 1. Project Overview  

1.1. Problem definition ............................................................................................ 1 

1.2. Project objectives .............................................................................................. 3 

1.3. Thesis outline .................................................................................................... 4 

 

Chapter 2. Electron Spectroscopy for Chemical Analysis (ESCA) for the study of 

dairy powder surfaces 

2.1. Introduction ....................................................................................................... 6 

2.2. Basic principles of ESCA ................................................................................. 7 

2.3. Application of ESCA to spray-dried dairy Powders ....................................... 11 

2.3.1. Storage .................................................................................................... 12 

2.3.2. Sample preparation ................................................................................. 13 

2.3.3. Spectrum recording ................................................................................. 16 

2.3.4. Data treatment ......................................................................................... 17 

2.4. Conclusions ..................................................................................................... 21 

 

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



 

3.1. Introduction ..................................................................................................... 23 

3.2. Materials and methods .................................................................................... 25 

3.2.1. Materials ................................................................................................. 25 

3.2.2. Extraction of free-fat ............................................................................... 25 

3.2.3. Extraction of total fat .............................................................................. 26 

3.2.4. Removal of surface free-fat .................................................................... 26 

3.2.5. Electron spectroscopy for chemical analysis (ESCA) ............................ 26 

3.2.6. Scanning electron microscopy (SEM) .................................................... 27 

3.2.7. Determination of flowability .................................................................. 27 

3.2.8. Determination of wettability ................................................................... 28 

3.2.9. Determination of oxidative stability ....................................................... 29 

3.3. Results and discussion .................................................................................... 29 

3.3.1. Surface composition of the industrial spray-dried dairy powders .......... 29 

3.3.2. Evaluation of the surface composition estimated by ESCA ................... 33 

3.3.2.1. Surface composition changes after removal of total fat ..................... 35 

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

…………………….…………………………………………………38 

3.3.2.3. Flowability of powders before and after removal of surface free-fat . 41 

3.3.2.4. Wettability of powders before and after removal of surface free-fat . 46 

3.3.2.5. Effect of surface composition on the oxidative stability of powders . 47 

3.4. Conclusions ..................................................................................................... 49 

 

Chapter 4. Distribution of milk components within spray-dried dairy powders 

4.1. Introduction ..................................................................................................... 51 

4.2. Materials and methods .................................................................................... 52 

4.2.1. Materials ................................................................................................. 52 

4.2.2. Extraction of free-fat ............................................................................... 52 

4.2.3. Electron spectroscopy for chemical analysis (ESCA) ............................ 53 

4.2.4. Scanning electron microscopy (SEM) .................................................... 53 

4.2.5. Confocal laser scanning microscopy (CLSM) ........................................ 54 

4.3. Results and discussion .................................................................................... 54 

4.3.1. Thickness of surface fat layer ................................................................. 54 

4.3.2. Composition underneath the surface free-fat .......................................... 58 



 

4.3.3. Interior composition of the powders ....................................................... 64 

4.3.4. Distribution of fat within powders .......................................................... 69 

4.3.5. A physical model of the industrial spray-dried dairy powders ............... 75 

4.4. Conclusions ..................................................................................................... 78 

 

Chapter 5. Melting characteristics of fat present on the surface of fat-containing 

powders 

5.1. Introduction ..................................................................................................... 79 

5.2. Materials and methods .................................................................................... 81 

5.2.1. Materials ................................................................................................. 81 

5.2.2. Extraction of milk fat fractions ............................................................... 81 

① Extraction of surface free-fat ......................................................................... 81 

② Extraction of inner-free fat ............................................................................ 82 

③ Extraction of encapsulated fat ........................................................................ 83 

④ Extraction of total fat ..................................................................................... 83 

5.2.3. Analysis of fatty acid composition ......................................................... 83 

5.2.4. Differential scanning calorimetry (DSC) ................................................ 84 

5.2.5. Wetting test ............................................................................................. 85 

5.3. Results and discussion .................................................................................... 85 

5.3.1. Masses of the milk fat fractions .............................................................. 85 

5.3.2. Fatty acid compositions of the milk fat fractions ................................... 86 

5.3.3. Melting profiles of the milk fat fractions ................................................ 90 

5.3.4. SFC profiles of the milk fat fractions ..................................................... 92 

5.3.5. Melting point of the surface free-fat ....................................................... 94 

5.4. Conclusions ..................................................................................................... 95 

 

Chapter 6. Development of surface composition during manufacture 

6.1. Introduction ..................................................................................................... 97 

6.2. Materials and methods .................................................................................. 100 

6.2.1. Materials ............................................................................................... 100 

6.2.2. Electron spectroscopy for chemical analysis (ESCA) .......................... 101 

6.2.3. Surface free-fat extraction .................................................................... 102 



 

6.2.4. Free-fat extraction ................................................................................. 102 

6.2.5. Moisture content measurements ........................................................... 102 

6.3. Results and discussion .................................................................................. 102 

6.3.1. Skim milk powder (SMP) ..................................................................... 102 

6.3.2. Whole milk powder (WMP) ................................................................. 104 

6.3.3. Instant whole milk powder (IWMP) ..................................................... 106 

6.4. Conclusions ................................................................................................... 108 

 

Chapter 7. Effects of spray-drying conditions on the surface composition 

7.1. Introduction ................................................................................................... 110 

7.2. Materials and methods .................................................................................. 114 

7.2.1. Materials ............................................................................................... 114 

7.2.2. Laboratory-scale production of milk powders ...................................... 114 

7.2.3. Separation of powders into different size fractions .............................. 115 

7.2.4. Electron spectroscopy for chemical analysis (ESCA) .......................... 116 

7.2.5. Surface free-fat extraction .................................................................... 116 

7.2.6. Free-fat extraction ................................................................................. 116 

7.2.7. Measurement of fat droplet size ............................................................ 116 

7.2.8. Scanning electron microscopy (SEM) .................................................. 117 

7.3. Results and discussion .................................................................................. 117 

7.3.1. Spray-dried skim milk powder (SMP) .................................................. 117 

7.3.1.1. Effect of feed solids content ............................................................. 117 

7.3.1.2. Effect of drying temperature ............................................................. 122 

7.3.1.3. Effect of droplet size ......................................................................... 125 

7.3.2. Spray-dried whole milk powder (WMP) .............................................. 128 

7.3.2.1. Effect of feed solids content ............................................................. 128 

7.3.2.2. Effect of drying temperature ............................................................. 132 

7.3.2.3. Effect of homogenization .................................................................. 134 

7.3.2.4. Effect of droplet size ......................................................................... 137 

7.4. Conclusions ................................................................................................... 137 

 

Chapter 8. Changes in surface composition during long-term storage 

8.1. Introduction ................................................................................................... 140 



 

8.2. Materials and methods .................................................................................. 142 

8.2.1. Materials ............................................................................................... 142 

8.2.2. Storage of the powders ......................................................................... 143 

8.2.3. Extraction of milk fat fractions ............................................................. 143 

① Extraction of surface free-fat ....................................................................... 143 

② Extraction of inner-free fat .......................................................................... 144 

③ Extraction of encapsulated fat ...................................................................... 144 

④ Extraction of total fat ................................................................................... 144 

8.2.4. Electron spectroscopy for chemical analysis (ESCA) .......................... 145 

8.2.5. Analysis of fatty acid composition ....................................................... 145 

8.2.6. Analysis of triglyceride composition .................................................... 146 

8.2.7. Scanning electron microscopy (SEM) .................................................. 147 

8.2.8. X-ray diffraction (XRD) ....................................................................... 147 

8.2.9. Determination of wettability ................................................................. 148 

8.2.10. Determination of flowability ................................................................ 148 

8.3. Results and discussion .................................................................................. 148 

8.3.1. Changes in the surface composition of the powders during long-term 

storage ................................................................................................... 148 

8.3.2. Release of encapsulated fat during long-term storage .......................... 149 

8.3.3. Changes in the compositions of the milk fat fractions during long-term 

storage ................................................................................................... 151 

8.3.4. Changes in the physical state of lactose during long-term storage ....... 159 

8.3.5. Changes in the properties of the powders during long-term storage .... 163 

8.4. Conclusions ................................................................................................... 164 

 

Chapter 9. Surface formation mechanisms of industrial spray-dried dairy powders 

9.1. Introduction ................................................................................................... 165 

9.2. Literature search ........................................................................................... 165 

9.2.1. Crust/Skin formation during spray-drying ............................................ 166 

9.2.2. Protein adsorption on air-liquid interface during spray-drying ............ 166 

9.2.3. Solid/Solute segregation during spray-drying ...................................... 167 

9.3. Summary of the findings in this work .......................................................... 168 



 

9.4. Possible surface formation mechanisms ....................................................... 173 

9.4.1. During spray-drying .............................................................................. 173 

9.4.2. During the subsequent manufacturing and handling processes ............ 176 

9.4.2.1. Cyclones ............................................................................................ 176 

9.4.2.2. Fluidized bed drying ......................................................................... 176 

9.4.2.3. Instantization (Lecithin treatment) .................................................... 177 

9.4.3. During storage ....................................................................................... 177 

9.4.3.1. Practical long-term storage ............................................................... 177 

9.4.3.2. Improper storage ............................................................................... 177 

 

Chapter 10. Conclusions 

10.1. General conclusions ...................................................................................... 179 

10.2. Recommendations for future research .......................................................... 180 

 

Bibliography ................................................................................................................ 182 

 

 

 

 

 

 

 



 

 

 

 

 

 

LLiisstt  ooff  FFiigguurreess  

 

 

Figure 1-1 The possible factors influencing the surface composition of powders. ........................... 3 

Figure 2-1 Schematic representation of electron spectroscopy for chemical analysis (ESCA) 

process (Redrawn from Andrade [32]). ........................................................................... 8 

Figure 2-2 Schematic view of interaction of an X-ray photon with an atomic orbital electron 

(Redrawn from Chastain [31]). ....................................................................................... 9 

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] ). ............................................................................................................................. 10 

Figure 2-4 Sequence of operations involved in the ESCA analysis of a sample. ............................ 11 

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). ............................................................................................................................... 14 

Figure 2-6 ESCA spectra of pure milk components. (A) Lactose, (B) sodium caseinate and (C) 

anhydrous milk fat. ........................................................................................................ 19 

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. ................................ 28 

Figure 3-2 Schematic representation of the wettability test apparatus used (A) and the wettability 

test (B) ........................................................................................................................... 29 

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). ......................................................................................................... 30 

Figure 3-4 Surface composition of the industrial spray-dried skim milk powders (SMPs). � Bulk 

composition of the powder,  � Surface composition estimated by ESCA. .................... 31 

Figure 3-5 Surface composition of the industrial spray-dried whole milk powders (WMPs). � Bulk 

composition of the powder,  � Surface composition estimated by ESCA. .................... 31 



 

Figure 3-6 Surface composition of the industrial spray-dried cream powders (CPs). � Bulk 

composition of the powder,  � Surface composition estimated by ESCA. .................... 32 

Figure 3-7 Surface composition of the industrial spray-dried whey protein concentrates (WPCs). � 

Bulk composition of the powder,  � Surface composition estimated by ESCA. ........... 32 

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) ............................................................................. 34 

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. ...................................................... 36 

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. ....................................................................................................... 39 

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. ....................................................................................................... 40 

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). .................... 40 

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. .......................................................................................... 41 

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. .............. 43 

Figure 3-15 Surface oxygen uptake of powders during storage of 40oC for 48 hrs .......................... 48 

Figure 4-1 Extraction of free-fat from a powder. ............................................................................ 55 

Figure 4-2 Extraction of free-fat from industrial spray-dried cream powder (CP) by successive 

solvent washes. Each wash took ~ 10 seconds. ............................................................. 56 

Figure 4-3 Extraction of free-fat from industrial spray-dried whole milk powder (WMP) by 

successive solvent washes. Each wash took ~ 10 seconds ............................................ 56 

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. ......................................................................................... 60 



 

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. ......................................................................................... 61 

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. ..................................................................................................... 62 

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. ............................................................ 63 

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. ........................................................................................................................... 65 

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. ........................................................................................................................... 66 

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. ........................................................................................................................... 67 

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. ........................................................................................................................... 68 

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). ......... 70 

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). ......... 71 



 

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). ................ 72 

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). ................................................................................................................. 73 

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. ............................................................................................................. 74 

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). .................................................................... 77 

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. ......................................... 82 

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. .................................................................................................. 87 

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. .................................................................................. 89 

Figure 5-4 DSC melting thermograms of the milk fat fractions extracted from industrial spray-

dried cream powder (CP). ............................................................................................. 90 

Figure 5-5 DSC melting thermograms of the milk fat fractions extracted from industrial spray-

dried whole milk powder (WMP). ................................................................................ 91 

Figure 5-6 Solid fat content (SFC) profile of the milk fat fractions extracted from industrial spray-

dried cream powder (CP). ............................................................................................. 92 

Figure 5-7 Solid fat content (SFC) profile of milk fat fractions extracted from industrial spray-

dried whole milk powder (WMP). ................................................................................ 93 

Figure 5-8 Wettability of industrial spray-dried fat-containing dairy powders at various water 

temperatures. ................................................................................................................. 94 

Figure 6-1 Schematic flow diagram for industrial production of spray-dried milk powder (Adapted 

from Pearce [83]). ......................................................................................................... 98 

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.103 



 

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. ............................................................................ 105 

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. ..................... 107 

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. ..................................................... 111 

Figure 7-2 Cause-and-effect relationships between the processing parameters and the powder 

properties. .................................................................................................................... 112 

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 = 145/85oC, 2 surface composition of 

20% skim milk dried at Tin/Tout = 145/85oC, 3 surface composition of 30% skim milk 

dried at Tin/Tout = 145/85oC, � surface composition of 10% skim milk dried at Tin/Tout = 

205/105oC, 	 surface composition of 20% skim milk dried at Tin/Tout = 205/105oC and 


 surface composition of 30% skim milk dried at Tin/Tout = 205/105oC. ................... 118 

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. ........................................ 119 

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). ................................................. 120 

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 = 

145/85oC. ..................................................................................................................... 121 

Figure 7-7 Scanning electron micrographs of spray-dried skim milk powders (SMPs) dried at 

different drying temperatures. (A, B) Tin/Tout = 145/85oC (bar = 100 and 5 µm, 

respectively) and (C, D) Tin/Tout = 205/105oC (bar = 100 and 5 µm, respectively). The 

powders were prepared from 20% skim milk. ............................................................. 123 

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. ............................ 126 



 

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. ..................................................................................................................... 127 

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 = 145/85oC, 2 surface composition of 20% whole milk dried at 

Tin/Tout = 145/85oC, 3 surface composition of 30% whole milk dried at Tin/Tout = 

145/85oC, � surface composition of 10% whole milk dried at Tin/Tout = 205/105oC, 	 

surface composition of 20% whole milk dried at Tin/Tout = 205/105oC and 
 surface 

composition of 30% whole milk dried at Tin/Tout = 205/105oC. (A) 6 homogenization 

passes and (B) 2 homogenization passes. .................................................................... 128 

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. ............................................................................... 130 

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. ....................................... 133 

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. ................................................................................................... 135 

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.

 ..................................................................................................................................... 136 

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. .......................... 138 

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. ................................................................................................ 153 

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. ................................................................................................................... 155 

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. ........................................................................................... 156 



 

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. ..................................................................................................................... 157 

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. ................................... 160 

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. .......... 162 

Figure 9-1 Suggested course during spray-drying of sprayed droplets (partly modified from 

Charlesworth [88] and Faldt [30]). .............................................................................. 174 

 

 



 

 

 

 

 

 

LLiisstt  ooff  TTaabblleess  

 

 

Table 2-1 Effect of sample mounting techniques on the relative elemental composition of pure 

milk components measured by ESCA. .......................................................................... 15 

Table 2-2      Relative elemental composition of pure milk components measured by ESCA............ 20 

Table 2-3      Relative elemental composition of different milk proteins measured by ESCA. .......... 21 

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

dairy company). ............................................................................................................. 25 

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). ..................................................................... 33 

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

various extraction time. ................................................................................................. 35 

Table 3-4 Surface composition of the industrial spray-dried dairy powders before and after a 

series of fat extraction with ethanol. ............................................................................. 37 

Table 3-5 Amount of surface free-fat removed from the industrial spray-dried dairy powders. ... 44 

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. .................................................. 46 

Table 4-1 Amount of free-fat extracted from industrial spray-dried dairy powders with petroleum 

ether for various extraction time. .................................................................................. 59 

Table 4-2 Surface composition of the industrial spray-dried dairy powders before and after a 

series of free-fat extraction with petroleum ether. ......................................................... 59 

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). ......................................................................................................................... 64 

Table 4-4 Distribution of milk components within four industrial spray-dried dairy powders (SMP, 

WMP, CP and WPC). ..................................................................................................... 76 

Table 5-1 Amount of the milk fat fractions extracted from industrial spray-dried dairy powders. 85 

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%) .................................................................... 86 



 

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%) ....................................................... 88 

Table 6-1      Composition of the industrial spray-dried dairy powders used. .................................. 101 

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. ................................... 104 

Table 8-1 Mobile phase gradient program used for triglyceride separation at 1 mL/min flow rate 

(A = acetonitrile, B = dichloromethane). .................................................................... 146 

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). ................................................. 149 

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. ............................................. 150 

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. ... 152 

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. ................ 154 

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. ........................................................................................... 158 

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. ........................................................................................................................ 159 

Table 8-8 Wettability and flowability of the industrial spray-dried dairy powders before and after 

6 months storage at room temperature. ....................................................................... 163 

Table 9-1 Relative sizes of particles in milk [120] and their diffusivity ratios in an aqueous 

solution. ....................................................................................................................... 172 

 

 

 

 

 



 

 

 

 

 

 

AAbbbbrreevviiaattiioonnss  aanndd  SSyymmbboollss  

 

 

AMF  anhydrous milk fat 

CLSM  confocal laser scanning microscopy 
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