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Abstract 

Three heat liable protein-based materials β-galactosidase, whey protein isolate (WPI) 

and egg white (with 30-35% w/w total solids) were dried through conventional spray 

drying and monodisperse drying respectively with constant inlet air temperature 200 ℃ 

and different outlet air temperature. The purpose was to test the hypothesis that 

monodisperse droplet drying could produce more control over time-temperature 

experience during drying, resulting in reduced loss of structure or activity. The residual 

enzyme activity of the dried lactase product was determined by ONPG β-galactosidase 

assay, and the extent of denaturation of WPI and egg white was determined by 

differential scanning calorimetry (DSC). Particle size and morphology were also 

measured and observed.  

The results showed that for both spray drying and monodisperse drying, the extent of 

protein denaturation increased as outlet air temperature increased. In comparison with 

spray drying, monodisperse drying had a longer residence time using our particular 

apparatus and gave rise to higher extent of heat degradation for all three materials. The 

dried products from monodisperse drying showed a narrower particle size distribution 

but had larger particle size compared to the products from spray drying. The majority of 

monodisperse dried powders had a multivesicular hallow morphology due to high 

interior temperature and coalescence of neighbouring particle in flight. The feasibility of 

using monodisperse drying in real industry is still under investigation. Although the 

results obtained from this study denied the expectation that monodisperse drying can 

reduce the thermal degradation of product during drying process, they are still useful in 

developing the monodisperse drying system and optimizing the operating parameters.  

 



 
  

ii 
 

 

 

 

 

 

 

  



Acknowledgment 

iii 

Acknowledgements 

Firstly, I would like to express my sincere gratitude to my supervisors Professor 

Richard Archer and Dr. Jeremy Smith for them giving me the chance to conduct this 

project and guiding me the direction to broaden my thinking. I am also thankful for their 

help and support throughout the whole project. The knowledge and experiences that I 

achieved from this project are invaluable.  

My special thanks go to Dr. Jim Q Chen for helping me with understanding the 

rationale of reaction kinetic and calculations; and Professor Patrick Morel for the 

assistance on data analysis and statistical problems.  

I sincerely appreciated the support from the following people: 

 Mr John Pedley for helping with the electrical issues, heating system and

insulation of the heater stack. 

 Mr Garry Radford, Mr Byron McKillop and Mr Warwick Johnson for their

support on spray drying and other equipment in the pilot plant. 

 Ms Michelle Tamehana for the help with spectrophotometer and rheometer.

 Mr Steve Glasgow for his guidance on Kjeldahl determination, moisture content

and water activity measurement. 

 Mr Chris Hall for the training and help with DSC measurement.

 Mr John Sykes for his assistance on particle size measurement.

 Mr Trevor Loo for training me on nano-DSC technique.

I would also like to thank the other postgraduate students and interns who helped me 

during the project, especially Jolin Morel, Lukas Frieler who helped me a lot on the 

monodisperse drying system and Sarah Priour who gave me advice on DSC 

measurement.  



Acknowledgment 

iv 
 

Thanks also to Dr. Michael Parker, Ms Yvonne Parkes, Ms Pip Littlejohn and Ms 

Hannah Hutchinson for their administrative assistance. Mr Matt Levin for his IT and 

network support.   

I am also grateful for the support and understanding from all my friends and flatmates 

especially Xin Wang, Lisanne Fermin and Xuan Song. Special thanks to my parents for 

giving me continuous love and encouragement. I could not have done it without you all.  



Table of Contents 

v 
 

Table of Contents 

 

Abstract ............................................................................................................................. i 

Acknowledgements ......................................................................................................... iii 

List of Figures ................................................................................................................. ix 

List of Tables ................................................................................................................ xiii 

Chapter 1    Introduction ................................................................................................ 1 

Chapter 2    Literature Review ...................................................................................... 5 

2.1 Drying ...................................................................................................................... 5 

2.2 Spray drying ............................................................................................................ 8 

2.2.1 Drying behaviour of droplets during spray drying ......................................... 10 

2.2.2 Atomization and feed droplet size .................................................................. 13 

2.2.3 Product and air flow pattern of spray dryer .................................................... 15 

2.2.4 Effects of operating parameters on product quality in spray drying ............... 17 

2.3 Single droplet drying and monodisperse spray drying .......................................... 20 

2.3.1 Single droplet drying ...................................................................................... 20 

2.3.2 Monodisperse spray drying ............................................................................. 24 

2.3.3 Factors affecting product quality in single droplet drying .............................. 27 

2.4 Thermal-related denaturation and loss of activity of heat labile compounds during 

drying ........................................................................................................................... 28 

2.5 Other quality-related properties of the dried products .......................................... 30 

2.5.1 Particle size distribution ................................................................................. 30 

2.5.2 Moisture content ............................................................................................. 31 

2.6 Differential Scanning Calorimetry (DSC) ............................................................. 32 

Chapter 3    Materials and Methods ............................................................................ 35 

3.1 Materials ................................................................................................................ 35 

3.1.1 Whey protein isolate ....................................................................................... 35 

3.1.2 Lactase ............................................................................................................ 35 

3.1.3 Egg white ........................................................................................................ 35 

3.1.4 Maltodextrin.................................................................................................... 36 

3.1.5 2-Nitrophenyl β-D-galactopyranoside (ONPG) ............................................. 36 

3.1.6 Other chemicals .............................................................................................. 36 

3.2 Equipment and Methods ........................................................................................ 37 



Table of Contents 

vi 
 

3.2.1 Spray drying .................................................................................................... 37 

3.2.2 Monodisperse drying ...................................................................................... 39 

3.2.3 Enzyme activity determination (ONPG β-galactosidase assay) ..................... 42 

3.2.4 Differential scanning calorimetry (DSC) ........................................................ 43 

3.2.5 Determination of particle size ......................................................................... 45 

3.2.6 Determination of moisture content ................................................................. 45 

3.2.7 Determination of water activity (aw) ............................................................... 46 

3.2.8 Optical microscopy ......................................................................................... 46 

3.2.9 Kjeldahl determination ................................................................................... 46 

Chapter 4    Influence of air temperature on the denaturation of proteins during 

spray drying ................................................................................................................... 49 

4.1 Introduction ........................................................................................................... 49 

4.2 Materials and Methods .......................................................................................... 50 

4.2.1 Feed preparation ............................................................................................. 50 

4.2.2 Drying conditions ........................................................................................... 51 

4.2.3 Data analysis ................................................................................................... 55 

4.3 Results and Discussion .......................................................................................... 56 

4.3.1 Effects of inlet temperature on the denaturation of lactase ............................ 56 

4.3.2 Effects of outlet temperature on moisture content and water activity ............ 58 

4.3.3 Effects of outlet temperature on drying Ratio, productivity and drying Rate 60 

4.3.4 Effects of outlet temperature on the denaturation of proteins and enzymes ... 61 

4.3.5 Reaction rate kinetic, Arrhenius plot and activation energy ........................... 66 

4.3.6 Particle size distribution of spray drying ........................................................ 72 

4.4 Conclusions ........................................................................................................... 73 

Chapter 5    Investigation of operating parameters for monodisperse drying and 

their impact on protein denaturation .......................................................................... 75 

5.1 Introduction ........................................................................................................... 75 

5.2 Experimental set-up ............................................................................................... 75 

5.2.1 Feed delivery and single droplet generation ................................................... 77 

5.2.2 Droplet visualization ....................................................................................... 79 

5.2.3 Feed preparation ............................................................................................. 79 

5.2.4 Drying and temperature control ...................................................................... 80 

5.2.5 Cleaning of the system .................................................................................... 81 

5.3 Operating parameters and factorial design ............................................................ 83 



Table of Contents 

vii 
 

5.3.1 Factorial design ............................................................................................... 83 

5.3.2 Experimental parameters establishment ......................................................... 86 

5.4 Development of the system ................................................................................... 86 

5.4.1 Heating system ................................................................................................ 87 

5.4.2 Air flow pattern ............................................................................................... 89 

5.4.3 Printing head setup.......................................................................................... 89 

5.5 Trouble-shooting ................................................................................................... 91 

5.5.1 Wet and sticky product formation .................................................................. 91 

5.5.2 Block of the nozzle ......................................................................................... 93 

5.5.3 Low powder yield ........................................................................................... 93 

5.6 Results and Discussion .......................................................................................... 94 

5.6.1 Residence time ................................................................................................ 94 

5.6.2 Factors affecting protein denaturation in monodisperse drying ..................... 94 

5.6.3 Arrhenius plot and activation energy ............................................................ 100 

5.6.4 Impacts of nozzle orifice size, feed viscosity, feed flow rate and frequency on 

droplet formation ................................................................................................... 105 

5.6.5 Particle size distribution and morphology of monodisperse dried products . 108 

5.7 Conclusions ......................................................................................................... 111 

Chapter 6    Overall discussion and recommendations for future work ................ 113 

6.1 Overall discussion ............................................................................................... 113 

6.2 Optimization and Recommendations .................................................................. 119 

References .................................................................................................................... 121 

 

 

 

 

 

 



  

viii 
 

  



List of Figures 

ix 
 

List of Figures 

Figure 2.1 Drying rate curves for sand and minced meat (Earle & Earle, 1983). .......... 6 

Figure 2.2 Typical drying rate of a hygroscopic product (the time scale of the different 

periods are exaggerated to indicate the different drying period). .................................... 7 

Figure 2.3 Design mode of spray dryer with bag filter (GEA Process Engineering). ..... 9 

Figure 2.4 Schematic illustration of heat and mass transfer of single droplet  in the first 

drying stage (a) and the second drying stage (b) of spray drying  (Mezhericher et al., 

2008a). ............................................................................................................................ 11 

Figure 2.5 Typical drying behaviour of droplet temperature (a) and moisture content  

(b) of a single particle (Mezhericher et al., 2010). ......................................................... 12 

Figure 2.6 Different atomizers for spray drying: (a) rotary atomizer; (b) two-fluid 

nozzle; (c) pressure nozzle (fountain) (GEA Process Engineering). .............................. 14 

Figure 2.7 Typical feed and air flow modes of spray dryer (Woo & Bhandari, 2013) .. 16 

Figure 2.8 Three types of single droplet drying system: (a) droplet levitated by  acoustic 

or aerodynamic fields; (b) droplet suspended on the tip of a glass filament;  (c) free-

falling droplet in a tall tower (Fu et al., 2012). .............................................................. 21 

Figure 2.9 Systematic diagram of drying kinetics analyzer™ and zoom on the levitated 

droplet in the ultrasonic field (helix) (Pajander et al., 2015). ........................................ 23 

Figure 2.10 Illustration of contact levitation: (a) glass filament single droplet  drying 

system (Fu et al., 2012); (b) single droplet on a hydrophobic surface  (Perdana et al., 

2013). .............................................................................................................................. 24 

Figure 2.11 Photograph of monodisperse droplet stream (The nozzle is  originally 

pointed downwards) (Fu, Zhou, et al., 2011). ................................................................. 25 

Figure 2.12 Factors affecting convective heat and mass transfer and the  solidification 

process of the single droplet (Woo & Bhandari, 2013). ................................................. 27 

Figure 2.13 Histogram of particle diameters for monodisperse dried skim milk powder 

(Rogers, Fang, et al., 2012). ........................................................................................... 31 

Figure 2.14 Schematic illustration of heat flux DSC with disk-type measuring system 

(Höhne et al., 2004). ....................................................................................................... 33 

 

Figure 3.1 Image of spray drier, MOBILE MINOR, GEA. ............................................ 38 

Figure 3.2 Schematic image of the printing system (TNO, 2014). ................................. 40 

Figure 3.3 Schematic diagram of the monodisperse droplet drying system................... 41 

Figure 3.4 Standard curve of lactase. ............................................................................ 43 

 

Figure 4.1 Relationship between rotor pump rate and liquid feed flow rate. ................ 55 

Figure 4.2 Effect of inlet air temperature on residual lactase activity in spray dried 

lactase powder indicated by the absorbance in ONPG assay  (error bar = 1 standard 

error). .............................................................................................................................. 57 



List of Figures 

x 
 

Figure 4.3 Relationship between outlet temperature and moisture content of  the spray 

dried powder (error bar = 1 standard error). ................................................................ 59 

Figure 4.4 Relationship between outlet temperature and water activity of  the spray 

dried powder (error bar = 1 standard error). ................................................................ 59 

Figure 4.5 Effect of outlet temperature on the percentage activity of spray dried lactase 

products (Letters a-e indicate the grouping for the differences between pairs of means 

according to Duncan’s Multiple Range Test, error bar = 1 standard error). ................ 62 

Figure 4.6 Effect of outlet temperature on the percentage non-denatured value of spray 

dried WPI products (Letters a-c indicate the grouping for the differences between pairs 

of means according to Duncan’s Multiple Range Test, error bar = 1 standard error). 64 

Figure 4.7 Effect of outlet temperature on the percentage non-denatured value of spray 

dried egg white products (Letters a-d indicate the grouping for the differences between 

pairs of means according to Duncan’s Multiple Range Test, error bar = 1 standard 

error). .............................................................................................................................. 65 

Figure 4.8 Arrhenius plot for lactase: ln k against 1/T. All of the data points for  each 

trial present in the figure with the linear regression line. Regression models:  y = -9.64x 

+ 22.36, R² = 0.87 (Trial 1); y = -16.26x + 38.98, R² = 0.85 (Trial 2);  y = -14.06x + 

32.78, R² = 0.70 (Trial 3). Integrated slope = -13.298, SE=0.901. ............................... 68 

Figure 4.9 Arrhenius plot for WPI: ln k against 1/T. All of the data points for  each trial 

present in the figure with the linear regression line. Regression models:  y = -5.39x + 

8.52, R² = 0.58 (Trial 1); y = -4.95x + 7.75, R² = 0.81 (Trial 2);  y = -5.78x + 10.01, R² 

= 0.79 (Trial 3). Integrated slope = -5.371, SE=0.605. ................................................. 69 

Figure 4.10 Arrhenius plot for egg white: ln k against 1/T. All of the data points for  

each trial present in the figure with the linear regression line. Regression model:  y = -

11.06x + 26.04, R² = 0.79 (Trial 1); y = -8.19x + 17.83, R² = 0.77 (Trial 2);  y = -7.89x 

+ 16.78, R² = 0.69 (Trial 3). Integrated slope = -8.949, SE=0.786. .............................. 70 

Figure 4.11 Powder particle size distribution of spray dried lactase powder  with outlet 

temperature 80 ℃. .......................................................................................................... 73 

 

Figure 5.1 Overall setup of the monodisperse drying system. ....................................... 76 

Figure 5.2 Schematic principle of the actuation mechanism (modified from TNO, 2014).

 ......................................................................................................................................... 77 

Figure 5.3 Images of the droplet generating system  (a: HPLC pump, b: amplifier, c: 

delay pulse generator, d: PC screen,  e: signal generator, f: print head, g: LED, h: 

camera & lens, i: piston reservoir). ................................................................................ 78 

Figure 5.4 Synchronisation of strobe with actuation mechanism (TNO, 2014). ............ 79 

Figure 5.5 Images of the heating and drying system  (a: mounting rack, b: inlet air 

heater, c: RTDs, d: insulations, e: valves, f: air heater switch, g: air filters, h: pipe 

connected to the blower,  i: pipe connected to the vacuum cleaner, j: cyclone, k: 

collecting jar, l: temperature control panel). ................................................................. 82 

Figure 5.6 Analysis results for factorial design from Minitab ....................................... 85 

Figure 5.7 Images of the previous heating system (a: main heater, b: pre-heater). ...... 88 

Figure 5.8 Images of the previous and modified nozzle setup. ....................................... 91 



List of Figures 

xi 
 

Figure 5.9 Effect of middle air temperature on the percentage enzyme activity of 

monodisperse dried lactase products (setting 1: low air flow; setting 2: high air flow).

 ......................................................................................................................................... 97 

Figure 5.10 Effect of middle air temperature on the percentage non-denatured value of 

monodisperse dried WPI products (setting 1: low air flow; setting 2: high air flow). ... 98 

Figure 5.11 Effect of middle air temperature on the percentage non-denatured value of 

monodisperse dried egg white products (setting 1: low air flow; setting 2: high air flow).

 ......................................................................................................................................... 98 

Figure 5.12 Arrhenius plot for monodisperse dried lactase: ln k against 1/T.  

Regression model: y = -2.90x + 4.62, R² = 0.65 (Setting 1: low air flow, 93-100 ℃);  y 

= -5.53x + 12.51, R² = 0.87 (Setting 2: high air flow, 98-113 ℃).  Integrated slope = -

5.002, SE = 0.617. ......................................................................................................... 102 

Figure 5.13 Arrhenius plot for monodisperse dried WPI: ln k against 1/T.  Regression 

model: y = -19.89x + 49.43, R² = 0.92 (Setting 1: low air flow, 94-99 ℃);  y = -2.25x + 

2.02, R² = 0.12 (Setting 1: low air flow, 99-104 ℃);  y = -1.7071x + 1.6713, R² = 0.36 

(Setting 2: high air flow, 107-116 ℃). Integrated slope for high temperature range = -

1.85, SE = 1.06. ............................................................................................................. 103 

Figure 5.14 Arrhenius plot for monodisperse dried egg white: ln k against 1/T.  

Regression model: y = -17.25x + 41.80, R² = 0.83 (Setting 1: low air flow, 93-103 ℃); 

y = -8.11x + 17.48, R² = 0.16 (Setting 1: low air flow, 103-107 ℃);   y = -3.05x + 5.13, 

R² = 0.74 (Setting 2: high air flow, 110-129 ℃).  Integrated slope for high temperature 

range = -3.29, SE = 1.32. ............................................................................................. 104 

Figure 5.15 Effect of frequency on droplet size. Left: 13.2 kHz, Right: 12.8 kHz  (Feed: 

lactase with 3 ml/min flow rate). ................................................................................... 106 

Figure 5.16 Effect of feed flow rate on droplet size. a: 2 ml/min, b: 2.5 ml/min,  c: 3 

ml/min, d: 3.5 ml/min (Feed: water at frequency of 7.5 kHz). ...................................... 107 

Figure 5.17 Powder particle size distribution for monodisperse dried lactase powder 

obtained from nozzles with different diameters (red line: 50 µm nozzle, middle air 

temperature 110 ℃; green line: 80 µm nozzle, middle air temperature 100 ℃). ........ 108 

Figure 5.18 Light micrograph for monodisperse dried powder. a: WPI (35% T.S., 50 

µm nozzle, middle air temperature 116 ℃), b: lactase (35% T.S., 80 µm nozzle, middle 

air temperature 107 ℃), c: egg white (30% T.S., 50 µm nozzle, middle air temperature 

110 ℃) (100 × magnifications, 5 µm scale bar). ......................................................... 110 

 

Figure 6.1 Powder particle size distribution for spray dried and monodisperse dried 

lactase (blue line: spray drying, outlet air temperature 80 ℃;  red line: 50 µm nozzle, 

middle air temperature 110 ℃;  green line: 80 µm nozzle, middle air temperature 

100 ℃). ......................................................................................................................... 114 

Figure 6.2 Comparison between spray drying and monodisperse drying  on the 

percentage activity of dried powders for (a) lactase, percentage non-denatured values 

for (b) WPI and (c) egg white; and outlet air temperature  (middle air temperatures are 

presented for monodisperse drying) ............................................................................. 117 

 



  

xii 
 

  



  

xiii 
 

List of Tables 

Table 2.1 Applications of typical dryers in food processing (Rotstein & Crapiste, 1997).

 ........................................................................................................................................... 8 

Table 2.2 Main operating parameters of spray drying (Woo & Bhandari, 2013).......... 18 

Table 2.3 Comparison between the different single droplet drying techniques (Fu et al., 

2012). .............................................................................................................................. 22 

Table 2.4 Size range of particles by various spray drying process. ............................... 30 

 

Table 3.1 List of chemicals and their suppliers. ............................................................. 37 

 

Table 4.1 Experimental conditions used in the spray drying experiments for each 

sample and their effect on moisture content, water activity and residence time. ........... 52 

Table 4.2 Effect of outlet air temperature on drying ratio, productivity and drying rate.

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

Table 4.3 Summary of the integrated slope of linear regressions and activation energy.

 ......................................................................................................................................... 70 

 

Table 5.1 ½ Fractional Factorial Design test factors and levels. .................................. 83 

Table 5.2 Full program and results of ½ Fractional Factorial Design. ........................ 84 

Table 5.3 Recording of temperature values during monodisperse drying...................... 96 

Table 5.4 Summary of activation energy with different temperature ranges ............... 104 

 

Table 6.1 Comparison of activation energy obtained from different techniques ......... 118 

 

 

 

  



  

xiv 
 

 

 

  


