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Abstract

Spray drying has been widely used to extend the shelf life of perishable goods and reduce
the cost of transportation, and one of the typical applications of spray drying processes is milk
powder production or the production of other spray-dried dairy products. The combination of
high protein and reducing sugars makes milk particularly subject to Maillard reactions during
thermal processing, including spray drying. Given the importance of food safety and the
complex nature of Maillard reactions, it is important to study the kinetics of Maillard reactions
that occur during the spray drying processes. In this thesis, the kinetics of Maillard reactions in

spray dryers were investigated more systematically from an engineering point of view.

This work has started with investigating the kinetics of Maillard reactions in spray dryers
with different feed compositions under different operating conditions. The impact of different
feed compositions and operating conditions, including inlet gas temperature and dimensions of
dryers, were investigated. The extent of the Maillard reactions in the spray-dried products was
evaluated based on fluorometric and colourimetric methods. In general, a significant increase
in reaction rates was specifically observed when the inlet gas temperature increased from 180
€ 10190 € (Tout = 136 - 141 <€), suggesting that proteins (protein unfolding) in the feed could
play an important role in the reaction kinetics. Results from experiments with model systems
with different component lactose-WPI ratios (1:2, 1:1, 2:1) further emphasised this point. A
null result obtained from experiments with the laboratory-scale spray dryer suggested that the
kinetic of Maillard reactions could also be significantly affected by the particle residence time

distribution, which leads to the next research topic of this thesis.

Particle residence time distribution (RTD), an important performance indicator for spray
dryers, determines the reaction time for Maillard reactions within spray dryers. Particle
residence time distributions for four different designs of a newly-designed pilot-scale spray
dryer were investigated here. A laser-based non-intrusive RTD measurement system has been
developed for this purpose and validated against data available in the literature. The RTD

measurements result showed a significant difference in mean particle residence time due to
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different dimensions and designs. The mean particle residence time for a smaller spray dryer
is significantly shorter than those for larger spray dryers (3.3 seconds vs. 6.8 - 27.2 seconds).
This observation explained the null results observed for the laboratory-scale dryer in the earlier
section of this thesis. In addition to explaining previous experimental observations, the RTD
measurement results also showed that the later designs of spray dryers have clear advantages
over earlier designs, mainly in terms of the particle-to-gas residence ratios
(Design 1: 1.5 - 2.7 s/s, Design 2: 1.5 - 2.6 s/s, Design 3: 1.5 - 2.5 s/s, and Design 4: 1.0 - 1.7
s/s). Furthermore, fluctuations observed in the measured system response curves also
demonstrated the potential connection between drying chamber geometry and the wall

deposition and re-entrainment processes.

Apart from experimental works, this thesis has also developed a mathematical model for
predicting the Maillard reactions kinetics in spray dryers. Two different modelling approaches,
lumped and distributed-parameter modelling approaches, have been used, and prediction
results have been compared. In general, prediction results from both approaches are
comparable to the experimental data measured earlier in this thesis, which is a significant
improvement over similar models developed in other studies. The performance of the
distributed-parameter model is 17.7% better compared with the lumped-parameter model,

though the fact that the effects of component segregation were only approximated.

In summary, this thesis used a more systematic approach to the question of Maillard
reactions in spray dryers from an engineering point of view. The methods and findings in this
thesis could be further developed and refined in future studies. The correlations between colour
intensity and the extent of Maillard reactions can be further developed as a rapid online quality
evaluation method. The RTD measurement system developed in this thesis can also be easily
adapted for measuring the RTD of other spray dryers and used to validate computational fluid
dynamics (CFD) simulation results. Last but not least, the preliminary mathematical model
developed in the last part of the thesis has clearly demonstrated the advantages of the
distributed-parameter modelling approach over the lumped-parameter model for
multi-component reactions. The distributed-parameter modelling approach can also be adapted
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for reactions in many other processes. Its applications are not limited to multi-component
reactions (e.g., Maillard reactions) as it provides potentially more realistic temperatures and

moisture contents profile within the system than lumped-parameter approaches.



List of publications:

The following works have been published for submission in international refereed journals
at the time this thesis was written. | designed the study, analysed the data and wrote the majority
of the draft with the guidance of the supervisor of this thesis, Professor Timothy Langrish.
Other co-contributors of the works have assisted with the design of the experiment, data
acquisition, or editing of the manuscript. Unless stated otherwise, I am the first author and the
corresponding author of the following works.

The order of the publications is based on the date of the manuscripts published.

Zhou, Z., Langrish, T.A.G., 2021a. A review of Maillard reactions in spray dryers. J. Food
Eng. 305, 110615. https://doi.org/10.1016/].jfoodeng.2021.110615

Zhou, Z., Langrish, T.A.G., 2021b. Color formation and Maillard reactions during the spray
drying process of skim milk and model systems. J. Food Process Eng.
https://doi.org/10.1111/jfpe.13936

Zhou, Z., Langrish, T.A.G., Cali, S., 2022. Using particle residence time distributions as an
experimental approach for evaluating the performance of different designs for a pilot-
scale spray dryer. Processes 11, 40. https://doi.org/10.3390/pr11010040

| also co-authored the following works, which were published in international refereed

journals when this thesis was written.

Cheng, S., Zhong, C., Langrish, T.A.G., Sun, Y., Zhou, Z., Lei, Z., 2022. The relative
importance of internal and external physical resistances to mass transfer for caffeine
release from apple pectin tablets. Curr Res Food Sci 5, 634-641.
https://doi.org/10.1016/j.crfs.2022.03.014

Sun, Y., Zhong, C., Zhou, Z., Lei, Z., Langrish, T.A.G., 2022. A review of in vitro methods
for measuring the Glycemic Index of single foods: Understanding the interaction of
mass transfer and reaction engineering by dimensional analysis. Processes (Basel) 10,
759. https://doi.org/10.3390/pr10040759

Zhong, C., Tan, S., Zhou, Z., Zhong, X., Langrish, T.A.G, 2023. Applications of aged powders
of spray-dried whey protein isolate and ascorbic acid in the field of food safety. Drying
Technol. 1-11. https://doi.org/10.1080/07373937.2023.2175214

Zelin Zhou

As supervisor for the candidature upon which this thesis is based, | can confirm that the
authorship attribution statements above are correct.

Timothy Langrish


https://doi.org/10.1016/j.jfoodeng.2021.110615
https://doi.org/10.1111/jfpe.13936
https://doi.org/10.3390/pr11010040
https://doi.org/10.1016/j.crfs.2022.03.014
https://doi.org/10.3390/pr10040759
https://doi.org/10.1080/07373937.2023.2175214

Abbreviations

Abbreviations Full name
AMP Advanced Maillard reactions products
BI Browning index
CFD Computational fluid dynamics
CPS Count per second
CSTR Continuous stirred tank reactor
DG Deoxyosone
Fluorescence of advanced Maillard products
FAST
and soluble tryptophan
FTIR Fourier transform infrared spectroscopy
FVM Finite volume method
Lac Lactose
NEB Non-enzymatic browning
OD Optical density
RTD Residence time distribution
SEM Scanning electron microscopy
SNR Signal-to-noise ratio
Trp Tryptophan
UV-Vis Ultraviolet-visible spectroscopy
WPI Whey protein isolate

Xl



Table of contents

Maillard reactions in SPray OIYEIS.......cvciveeeeieeesie st e eee et e st e et e e sre e nns 1
Statement Of OFIgINAIILY.........cccviiiiie e Il
ACKNOWIEAGEMENTS ...ttt v
oA \Y

Abstract VI

LiSt OF PUBIICALIONS: ...t bbb X
Abbreviations XI
Table OF CONTENTS ..o s Xl
Chapter 1. INFOAUCTION ...c.veiiiiiece ettt ee e 1
I 1o 2=\ VAo [ V[0 o PO USSP PP PP PP PRURORPR 2
1.2, Milk pOWdEr PrOQUCTION ......c.eoviiiiiiiiiiieeie e 3
1.2.1.  PhySiCal PrOPEITIES.......cciiiieeie ettt 4
1.2.2.  Thermal degradation..........ccoceiiieiiriie e 4
1.2.3. Maillard reaCtioNS.........ccoiiiiiieieiee s 5
1.3.  Importance of spray dryer deSIgNS ........coiuieiuieiieeiie it 7
1.4, Segregation during SPray dryiNg........ccc.cceiieeieeresieesieseseeseesieseesae e seesreenee e 8
1.5, TRESIS ATM .ottt bttt b bbbt 9
1.6, TRESIS SITUCKUIE ..ot 10
Chapter 2. LItErature FEVIEW.......ccuvoie ettt sre e ens 12
2.1, INTrOAUCTION ....etiiiiiieee ettt 14
2.2. Maillard reaCIONS .......cc.oiviiiiiiieic e 18
2.2.1.  The early stage of Maillard reactions ...........ccccceveviiiiienienenie e 19

Xl



2.2.2.  The intermediate stage of Maillard reactions.............ccccceevvvenieninicennene 22

2.2.3.  The final stage of Maillard reactions...........c.cccceceeveiieieiieie e 24
2.2.4.  Application of Maillard reactions in spray drying..........cccccevveveiveervenene. 25
2.3.  Kinetic studies of Maillard reactions.............cccoceverininnieiennees e, 25
2.3.1.  Kinetic studies of Maillard reactions in liquid Systems...........cccceeveevvverinns 25
2.3.2.  Kinetic studies of Maillard reactions applicable to spray drying............... 27
2.3.3.  Studies on Maillard reactions in spray-dried powders during storage ....... 31
2.4.  Factors affecting the kinetics of Maillard reactions in spray dryers.................. 31
2.4.1.  Effect of feed COMPOSITION .......ooiviiiiiiiieiie e 32
2.4.2.  ETFTECT OF OXYQEN w.ooviiieiiiecte s 34
243, EFFECTOF PH oo 34
244,  The role Of WALEI.........ccoiiiiiicce s 35
2.4.5.  Glass transition temperature (Tg) ......cceevereeieerieere e 36
2.4.6.  SEOIEQALION ....ocviiiieieieee ettt 37
2.4.7.  Wall deposition and re-entrainment ............ccocvveririeienene e 39
2.4.8.  Particle residence time distribution in spray dryers...........ccccevevevvvervenenne 40
2.4.9.  Drying Kinetics IN SPray AryerS.......ccooeiererererenieeeiesiesie et seseeneas 42
2.4.10. Artificial neural networks (ANN) models..........cccooeiiiiiiiiiiiiiiceen 46
2.5, CONCIUSIONS ...ttt 47
Chapter 3.  Methods and MaterialS...........cccceiieiieiiiie e 49
3L, IMAEETIAIS ..o 51
1011\ 0[] £ USROS 52
3.2.1.  Laboratory-scale SPray dryer.........ccccccciveieeiieieeriesieseesie e e see e e 52
3.2.2.  Pilot-SCale SPray Aryer ......cccccceiveieiiesieeie e see et sae e 53



3.3, SPraY ArYING . .eceeiieiiee et ae e 56

3.3.1.  Effect of different operating conditions and feed compositions on the

kinetics of Maillard reactions in SPray dryers.........cccccveeeeieiieeriesieeseese e 56

3.3.2.  Effect of different designs and sizes of the spray dryer on particle residence

TIMIE GISTIIDULION ..o eeeeeeeeeeeeeee ettt ettt eeeeeeeeeeeeeeeeeeerereeeeeeeeeeeeeeereeeeeeeeeeererereeeeeees 57
3.4. Particle residence time distribution MeasuremMeNt ........oevvveveeeeeeeeeeeeeeeeeeeeeeeeeeeen 58
3.4.1. Particle residence time diStribUtioN .........oooooeeeeeeeeeee e 58

3.4.1. Spray drying conditions used for particle residence time distribution

measurement59

3.4.2.  Particle residence time measurement devices for laboratory-scale spray

dryer 60

3.4.3.  Particle residence time measurement device for pilot-scale spray dryer....64

3.4.4.  Analysis of the fluctuations in the signal............cccooeiiiniiii 69
3.5, Product quality aSSESSMENTS......ccuiiiuieiieeieeiie ettt 69
3.5.1.  ColoUr MEASUIEIMENT.......cviitiitieiiiiieiieie ettt 69

3.5.2.  Fluorescence of Advanced Maillard products and Soluble Tryptophan

(FAST) 71
3.5.3.  Particle size diStribDULION .........ccccoiiiiiii 72
3.5.4.  Scanning electron microscopy (SEM)......cccccceiveiiiiieiieie e 72
3.5.5.  Moisture content MEASUIEIMENT..........cviriirireriesie e 72
3.6.  Heating model systems under isothermal conditions.............cccoccevvevviieneennene. 72
3T, CONCIUSTIONS ...ttt 73

Chapter 4.  Maillard reactions with different inlet gas temperatures and feed

compositions 74

4.1. INEFOAUCTION .o, 76

XV



4.2. Fluorometric measurement results — Fresh skim milk & reconstituted skim milk

77
4.3.  Fluorometric measurement results — lactose-WPI model systems .................... 80
4.4,  Colour analysis Of the SAMPIES ........ccoiiiiiiiii e 82

4.5. Maillard reactions occur during the spray drying process within the

1ab0ratory-SCale SPray AV ......ccvi ittt ae e 86
4.6, CONCIUSIONS.....citiiiiiiiiiieieie ettt bbbt b e 87

Chapter 5.  Effect of different designs of the spray dryer on the particle residence time

distribution and the quality of the final Product.............ccooeiiiiiiiii e, 88
5.1, INrOAUCTION ....ceiiiiii e 90

5.2, Method Validation ...........ccceiiiiiiieiie e 90
5.2.1.  Validation against published data.............cc.cocuriiriiiiiininen 90

5.2.2.  Difference between the automated injection system and manual dye

injection 93

5.2.3.  Effect of different dye injection VOIUMES............cccocovevveieiieieciecc e, 94
5.3.  Particle residence time distribution for pilot-scale spray dryer ..........ccccevene.. 94
5.3.1.  Mean particle residence time — 7 ......cccooeriiiiinieiieieee e 94

5.3.1.  The ratios between mean particle residence times and gas residence times

98
5.4.  Spread of particle residence time — M. 101
5.5.  Fluctuations in measured SIgNAIS .........ccccoeieiiiinininieee s 103
55.1.  Flow related factors .........coiiiiiiiiiiiese e 105
5.5.2.  Wall deposition and wall deposit re-entrainment related factors.............. 108
5.6.  Effect Of feed SICKINESS ........ccoiiiiiiiieeie s 116

XV



5.7.  Other performance Parameters..........cocirereereeieerieesiesiee e see e see e see e 118

5.7.1. SOl FECOVENY FALES ....c.veiveeieeie sttt 118
5.7.2.  Morphology of the partiCles ...........ccccviveiieie i 120
STt T O] o [1] o] o SO UT PRSP PRPSTRRP 121

Chapter 6.  Modelling Maillard reactions under different spray drying conditions....122

B.1.  INEFOAUCTION.....c.eiiiiiiiiici e 124
6.2.  Modelling the drying KINELICS .........cccovriiiiiiiiiri s 125
6.2.1.  Lumped-parameter modelling approach............ccoeveieienniiiiiiicee, 126
6.2.2.  Distributed-parameter modelling approach ..........ccccoevvvviiiiieiiiciiie i, 130
6.3.  Kinetic model for Maillard reactions in spray drying.........ccccoceeeererenennnnenn 138
6.3.1.  Effect of temperature on the kinetics of Maillard reactions.................... 139
6.3.1.  Effect of moisture content on the kinetics of Maillard reactions ............. 140
6.3.2.  Effect of reactant ratio on the kinetics of Maillard reactions.................... 140
6.3.3.  Fitting of the KiNetic parameters..........cccocvveiiiiiiiieie e 143
6.3.4.  Sensitivity analysis for different factors...........ccccceceiveiiiinr e 145
6.4.  Prediction model for KinetiCs CONSLANTS ...........cceviereiiiiieciseee e 146
6.4.1.  Temperature dependency of the kinetics constant..............cccceevevvriennnnn 147
6.4.2.  Combined effects of temperature and moisture content.............cccccoeveee. 149

6.4.3.  Modelling Maillard reactions kinetics with different drying kinetic models

152
6.5.  Simulation results from different modelling approaches.............c.ccocvvvrvnnnne. 153
6.5.1.  Drying kinetics predicted by different modelling approaches.................. 153

6.5.2.  Predicted internal particle temperature, moisture content and component

distribution 158

XVI



6.5.3.  Effect of the number of sublayers on prediction results............ccccccoceeeeen 159

6.5.4.  Prediction results from the lumped-parameter model ...........c...cccceenenen 161
6.5.1.  Prediction results from the distributed-parameter model ....................... 162

6.6.  Limitations of the simulation models developed...........cccccooeiiiiniiiiiicnenn. 165
6.6.1.  Particle reSidence tIMe........cccviiiiiiieiii e 165
6.6.2.  Moisture content of the particles ..........cccoveviiiiie i 165
6.6.3.  Markers for Maillard reaCtions............ccooceiiiiiininicieeee e 166

B.7.  CONCIUSIONS......oiiiiiiiiiiiieiete st 166
Chapter 7. Conclusion and further consideration............ccccoceivievieiiic e, 168
7.1, OVerview OF the theSiS ... s 169
7.2.  Maillard reactions under different spray drying conditions.............cc.cceeveeene. 170

7.3.  Effect of different designs of the spray dryer on the particle residence time

distribution and the quality of the final product..............ccccoeiii i, 171
7.4.  Modelling Maillard reactions under different spray drying conditions........... 173
7.5. Recommendations and fUture WOrks............cooririiininieienc s 173

7.5.1.  Additional markers for thermal degradations..............ccccccvevveiieeiieinnnn, 174
7.5.2.  Maillard reactions kinetics at lower moisture contents ............cc.ccceenne. 175
7.5.3.  Effect of component SEgregations ..........cocooervrereeieenenese s, 175

7.5.4.  Computational fluid dynamics (CFD) simulations for different designs of the

spray dryer 175

7.5.5.  Effects of other spray drying conditions............ccccceevveeviveveiiieieese e 176
Chapter 8.  Impact of COVID-19 on the scope of this thesis...........ccccvveviviiriiennenn, 178
8.1.  Overview of the COVID-19 IMPACES ......cceririiiiriiiinieiee s 179
8.2.  Potential research projects and outcomes without COVID-19 restrictions......179



8.2.1.  Measuring kinetic of Maillard reactions at lower moisture contents ....... 179

8.2.2.  Measuring furosine content in SAMPIeS .........ccccevveieiievi e 180

8.3, CONCIUSION ...ttt bbbt 181
References 182

Appendix: 196

A.1.  Codes for controlling automated dye injection System...........ccccceeverivervenenne. 196
A.2.  Codes fOr COOUN ANAIYSIS.......cviiiieiiieiie sttt 197
A.3. Codes for CSTR-TIS model fitting.........ccocoiiriiiiniiiicc e 200
A.4.  Code for Fourier transform of measured signals ...........cccccvvvevieiiiiiiesieesinns 203

XVIII



List of figures:
Figure 1.1 Schematic diagram of a typical spray dryer. .........ccccecviveiveieiiieieeie e 2

Figure 2.1 Overview of Maillard reactions scheme (reproduced based on Nursten, 2005).

.................................................................................................................................................. 19
Figure 2.2 Condensation and formation of Schiff base of lactose and lysine.................... 20
Figure 2.3 Formation of AmMadori ProdUCTS. .........cccueeririreninineseeeee s 20
Figure 2.4 Open-chain form and closed-form of glucose. ..........cccevviiiineiciinince 21
Figure 2.5 Amino acids in different pH environments. ...........c.ccoovvoeieiinennneneeee 22

Figure 2.6 Schematic diagram of 3-deoxyosone-pathway via the 1,2 enolisation route. ..23
Figure 2.7 Schematic diagram of 1-deoxyosone-pathway via the 2,3 enolisation route. ..23
Figure 2.8 Schematic diagram of the 4-deoxyosone-pathway. ............cccceevvveiieeiieiieennnns 24
Figure 2.9 Kinetic model for the early stage of Maillard reactions ((Ge and Lee, 1997)..25
Figure 2.10 Kinetic model for Maillard reactions (Boekel and Martins, 2002). ............... 26

Figure 2.11 Summary of factors and their main effects on Maillard reactions in spray dryers.

Figure 2.12 Schematic diagram of dominant components in different layers of spray-dried

MK PAITICIES. ...ttt 38
Figure 3.1 Schematic diagram of Buchi mini spray dryer B-290. ..........ccccocevvvevveiieennnnns 52
Figure 3.2 Spray dryer with 4-inch cylindrical connection (Design 1). .......cccccevvvvivveennenn 53
Figure 3.3 Spray dryer with 6-inch cylindrical connection (Design 2). .......cccccevvevvvivenen. 54

Figure 3.4 Spray dryer with cylindrical drying chambers and box connection (Design 3).

Figure 3.5 Spray dryer with conical drying chamber and box connection (Design 4). .....55
Figure 3.6 Particle residence time measurement device for Buchi mini spray dryer B-290
VEISION 1 (NOT 0 SCAIE). ...ttt 61
Figure 3.7 Detailed dimensions of the Buchi mini spray dryer B-290. ..........ccccccevvvvennnn 61
Figure 3.8 Light scattered by particles (a) particles without dye (b) particles with dye....62

Figure 3.9 Enlarged view of the signal measurement devicCe. ..........cccccevvveverieieeiecinennn, 62

XIX



Figure 3.10 3D printed holder for photomultipliers use with the lab-scale spray dryer. (a)

photomultiplier end (sampling window) (b) laser pointer end (c) pass-through for drying

Figure 3.11 Detailed dimensions of the 3D printed holder for photomultipliers use with the
lab-scale spray dryer. Left: bottom view Right: right-side VIEW. ..........ccccovvieieiie e, 63
Figure 3.12 Particle residence time measurement device for Buchi mini spray dryer B-290
(V=] 657 0] PP PP TP URPRPRPROPIR 64
Figure 3.13 Schematic diagram of RTD measurement device on pilot-scale spray dryer
(2] o ) PSR TR 64

Figure 3.14 Schematic diagram of manual dye injection system for pilot-scale spray dryer.

Figure 3.15 Schematic diagram of the automated dye injection system.............cccccccevenen. 66
Figure 3.16 Schematic diagram of particle residence measurement device for pilot-scale
0]\ | /=] SO SOTPTO T TPRPRURPPPPRO 67
Figure 3.17 Detailed dimensions of the 9099ong radius elbow (R = 1.5D). Left: front view
Right: top view. Flanges on the elbow are not Shown. ..., 67
Figure 3.18 3D printed holder for photomultipliers used with the pilot-scale spray dryer. (a)
Top view of the holder; (b) side view of the holder; (c) bottom view of the holder. .............. 68
Figure 3.19 Detailed dimensions of the 3D printed holder for photomultiplier use with the

pilot-scale spray dryer. Left: side view of the fitting for measuring the particle residence time

Right: top view of the fitting for measuring the particle residence time. ...........c.ccccovevvvenenne. 68
Figure 3.20 Schematic diagram of standard lighting DOX. .........ccccceveiiiineiiiiiine 70
Figure 3.21 Standard colour correction card used in this thesis. ...........cccocveiiiiiiennnn, 70

Figure 4.1 The changes in AMP/Trp ratios as functions of inlet gas temperature for real
food systems. M : reconstituted skim milk @: fresh skim milk —: fitted curve for reconstituted
skim milk (Y=4.35*10"19X®8 R2=0.92) =~ fitted curve for fresh skim milk (Y=2.89*1034X%°,
RZZ0.96). ... v e e e ee e ee e e eee e e e e e e e e e 77

XX



Figure 4.2 Predicted temperature profile for the particles and the drying air with an inlet
gas temperature of 130°C = : gas temperature == particle temperature..............c.ccoceevvvennnnns 79
Figure 4.3 The changes in AMP/Trp ratios as functions of inlet gas temperature for model
systems. M : Lactose:WPI 1:2 @: Lactose:WPI 2:1 —: fitted curve for reconstituted skim milk
(Y=1.98*104"X*% R?=0.81) == : fitted curve for fresh skim milk (Y=4.33*10*X%4 R?=0.84).

Figure 4.5 Chroma values as functions of the changes in AMP/Trp ratios for real food
systems. M : experimental data points — : fitted curve (y=4.68X%° R?=0.90). .................... 85
Figure 5.1 Particle residence time distribution in Buchi mini spray dryer B-290 (Schmitz-
Schug et al., 2013). ..o et re e a e e re e 91
Figure 5.2 Particle residence time distribution in Buchi mini spray dryer B-290. ............ 92
Figure 5.3 Mean particle residence time (t) H: Design 1: 4-inch connection®: Design 2:
6-inch connection A: Design 3: Box connection ¥ Design 4: Conical drying chamber.......95
Figure 5.4 Ratios between particle and gas residence time for different configurations and
gas flow rates W: Design 1: 4-inch connection®: Design 2: 6-inch connection A: Design 3:
Box connection ¥ Design 4: Conical drying chamber. ..........ccccccooviiveiiiciiecce e 98

Figure 5.5 CFD simulation results for the first two designs. Left: Design 1 Right: Design 2

(Langrish et al., 2020). ......ccuoiieieiieie ettt nr e nnes 99
Figure 5.6 CFD simulation results for Design 3 (Langrish et al., 2020). ...........c.cceen..... 100
Figure 5.7 Difference between cylindrical and conical drying chambers. ............c........ 101

Figure 5.8 Number of equivalent CSTR in series (n) for different configurations and gas
flow rates. l: Design 1: 4-inch connection®: Design 2: 6-inch connection A: Design 3: Box
connection ¥ Design 4: Conical drying chamber. ... 102

Figure 5.9 Averaged normalised signals for all designs at the maximum gas flow rate (257-
315) m3/hr (a): Design 1: 4-inch connection (b): Design 2: 6-inch connection (c): Design 3:

Box connection (d): Design 4: Conical drying chamber. ..........ccccoooveiiiiiiiiiccccecce, 103

XXI



Figure 5.10 Dominant frequencies for different configurations and gas flow rates l: Design
1: 4-inch connection®: Design 2: 6-inch connection A: Design 3: Box connection W Design
4: Conical drying ChambEr. .........ooiiieec e 105
Figure 5.11 Factors affecting the wall deposition and wall deposit re-entrainment........ 108
Figure 5.12 SEM image of particle collected from different gas flow from maximum gas
flow rate (a): Design 1: 4-inch connection (b): Design 2: 6-inch connection (c): Design 3: Box
connection (d): Design 4: Conical drying chamber. ............ccociiiiiiiiei e 120
Figure 6.1 Schematic diagram for finite volume method (FVM) applied in this thesis. R:
Radius of the droplet AR: thickness of the sub-layer.............c.ccooiiiiiiin 131
Figure 6.2 Schematic diagram of different cells used in this thesis. CV-1: Core control
volume CV-X: intermediate control volume CV — n: outermost control volume. ................ 131
Figure 6.3 Experimentally measured changes in AMP/Trp ratios under different
temperatures as functions of heating time for model systems with different reactant ratios and
MOISTUIE COMTENTS. ..ttt bbbt bbbttt e bbb e ene s 139
Figure 6.4 Experimentally measured changes in AMP/Trp ratios for model systems with
different reactant ratios with X=10 kg/kg heated at 100€............ccceverireneniinesineeeeeen 143
Figure 6.5 Example of the Kkinetic constant fitting process (X=10 kg/kg heated at 100
with different reactant ratins). .........cveiieiiiiiie e 144
Figure 6.6 Fitting result of the Arrhenius equation for the rate constant......................... 148
Figure 6.7 Moisture content dependency of the constant krer in the Arrhenius equation. 150
Figure 6.8 Moisture content dependency of the constant c in the Arrhenius equation....150
Figure 6.9 Temperature history of drying gas and particles (average) predicted by different

modelling approaches (initial stage). (a) Lumped-parameter model (b) distributed-parameter

Figure 6.10 Particle (average) temperature history predicted by different modelling
APProaches (WHOIE IYEI).....ue it ae e sreeanes 155
Figure 6.11 Particle moisture content history predicted by different modelling approaches

(L IR = To ) TSR RRPSURRRN 155

XXII



Figure 6.12 Particle moisture content history predicted by different modelling approaches
QAT (=0 /=1 o) S RSPUSURRN 156
Figure 6.13 Moisture content history of the outermost layer of the particle (from the
distributed-parameter model) and the value predicted by the lumped-parameter model. .....157
Figure 6.14 Prediction result from the lumped- and distributed-parameter approaches. a —
c: lumped-parameter model d — f: distributed-parameter model .............ccoovevveieiivececiennnnn 158
Figure 6.15 Prediction result from the distributed-parameter model with a different number
of sub-layers. a—c: 3 layers d —f: 5 layers g —i: 10 layers.......ccccvveeveninviene e 160
Figure 6.16 Predicted result from lumped parameter model and experimental data. ......161

Figure 6.17 Predicted reaction rate for each sublayer from the distributed-parameter model.

Figure 6.18 Predicted result from distributed-parameter model and experimental data..164

XXI



List of tables:

Table 2.1 Summary of relevant studies on Maillard reactions in spray dryers.................. 15

Table 2.2 Fraction of open-chain form of glucose at different temperatures and pHs
(reproduced based on Yaylayan et al., 1993)........cccoiiiiieiiciiiicceee e 21

Table 3.1 Materials used in thiS theSIS. ..........eoiiiiiriiiire e 51

Table 3.2 Operating conditions for investigating the effect of operating conditions and feed
(0101001 0107 11 0] £ T TSSO PR PSR PRPPRO 57

Table 3.3 Operating conditions for measuring RTD in Buchi mini spray dryer B-290. ...59

Table 3.4 Operating conditions for measuring RTD in different designs of the spray dryer.

Table 4.1 Summary of actual and estimated outlet gas temperatures for different inlet gas
TIMIPEIALUIES. ...ttt ettt ettt ettt e et e e e bt e e e bb e e e bb e e e bb e e e abe e e enbee e anbeeennbeeennbeeeas 80
Table 4.2 Summary of colour analysis result for samples collected from different spray
ArYING CONAITIONS. ...viiieiiiieee bbbttt b et bbb e ne e 83
Table 5.1 CSTR fitting results for RTD measurement using different injection volumes and
MEENOUS. ... b bbbttt bbbttt 94
Table 5.2 Key difference between designs and internal volume of different designs. ......97
Table 5.3 Summary of gas velocity, Re, Sr for different parts of the spray dryer at different
Arying gas FlOW FALES. ........eeiieiiie ettt et e e e sree s 107
Table 5.4 Cmax and Cminwere Used for estimating outer normalised turbulent burst frequencies
at different Re (Values of C are from Metzger et al. (2010)). .....cceovveveiiieiieiiceceee e 111
Table 5.5 Estimated turbulent burst frequency based on outer variables for Design 1&2
(IAMELET = 0.3 M), et b et bbbttt bbbttt 112
Table 5.6 Estimated turbulent burst frequency based on outer variables for Design 3
(IAMELET = 0.3 M) oot b bbbttt bbb 112
Table 5.7 Estimated turbulent burst frequency based on inner variables for Designs 1 - 3
(HAMELET = 0.3 M) 1.ttt sttt ettt enbeesbesbe e be et e ebeenbeenteaneenneas 116

Table 5.8 RTD measurement result summary for experiments with salt solution........... 117



Table 5.9 Physical properties of spray-dried powder collected from different designs and
08S FIOW FALES. ..vieieeeeie et e s e e s be e beane e s aeenteereesteenbeaneenre s 119

Table 6.1 Estimated binary diffusion coefficients of main components of milk at infinity

dilution (Foerster et al., 2016)........cccciiieieiieiieie et sre e nre s 135
Table 6.2 Lactose solubility in water (HUdson, 1904)........c.cccceviveieiiienneie e 142
Table 6.3 Whey protein isolate solubility in water (Pelerine and Gomes, 2008). ........... 142

Table 6.4 Fitted kinetics parameters (k in cps/cps/S *107°) of experimental data (Zero-order).

Table 6.5 P values for the impact heating temperature on the fitted reaction kinetic constants
at the same moisture content and reactant ratio. ..........coceeveiieiiin e 146
Table 6.6 P values for the impact moisture content on the fitted reaction Kinetic constants
at the same heating temperature and reactant ratio. ...........ccccceevveierieeresie s 146
Table 6.7 P values for the impact reactant ratios on the fitted reaction kinetic constants at
the same heating temperature and MOIStUre CONTENT. .......ccvvvvvereerieiiere e 146
Table 6.8 P values for the impact reactant ratios on the fitted reaction kinetic constants
under the same heating temperature and reactant ratio...........coccoeeeerieeresieneere e 148
Table 6.9 Fitted parameters for a model describing the temperature and moisture content
dependency of Maillard reaction rate CONSEANES...........cceviveiiieiie i 152

Table 6.10 Initial conditions of the base case SImulation. ..........oooevvveeeeeeeeeeeeieeeeeeeeeeen 153

XXV



Chapter 1. Introduction

In this chapter, the general background and motivation of this thesis are given. The overall

aim and the structure of this thesis are also provided.
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Zhou, Z., Langrish, T.A.G., 2021. A review of Maillard reactions in spray dryers. J. Food Eng.
305, 110615. https://doi.org/10.1016/j.jfoodeng.2021.110615

Zhou, Z., Langrish, T.A.G., 2021. Color formation and Maillard reactions during the spray
drying process of skim milk and model systems. J. Food Process Eng.
https://doi.org/10.1111/jfpe.13936

Zhou, Z., Langrish, T.A.G., Cali, S., 2022. Using particle residence time distributions as an
experimental approach for evaluating the performance of different designs for a pilot-
scale spray dryer. Processes 11, 40. https://doi.org/10.3390/pr11010040

I am the first and the corresponding author for the journal articles. | designed the study,
analysed the data and wrote the majority of the drafts with the guidance of the supervisor of
this thesis, Professor Timothy Langrish. Professor Langrish has assisted with the editing and
structure of the manuscripts. Other co-contributors of the works have assisted with the design

of the experiment, data acquisition, or editing of the manuscript.

Permission for including published materials in this chapter has been granted by the

supervisor of this thesis, Prof. Timothy Langrish.
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1.1. Spray drying

Drying is the process of removing moisture from materials. Drying has been widely used
to extend the shelf life of perishable goods and reduce the cost of transportation. There are
many drying methods, including but not limited to freeze-drying, spray drying, oven drying
and fluidised bed drying (Fathi et al., 2022). Spray drying is one of the most common methods
for drying liquid stock into powders and has been widely used in many industries since the 18%
century (Caric and Kalab, 1987). A schematic diagram of a typical spray dryer is shown in

Figure 1.1.

Feed Air out

. —
Atomizer

A '/

Heater Drying chamber Cyclone

N

Figure 1.1 Schematic diagram of a typical spray dryer.

Fan

A typical spray dryer setup consists of a heating unit, an atomising unit, drying chambers,
and a powder collection unit. The heating unit heats up the drying medium to a desirable
temperature. Depending on the application, the drying medium usually consists of air or other
inert gases (Nunes et al., 2019). The atomising unit atomises the feed into small droplets to
provide a higher surface-to-volume ratio to accelerate the drying process. The drying chamber
of the spray dryer is where most of the heat and mass transfer between the drying medium and
feed droplets occurs. The solvent in the feed droplets transfers to the drying medium within the
drying chamber. The hot drying medium also increases the droplet temperature via heat transfer,
thus increasing the evaporation rate. At the end of the drying process, dry particles are collected

by a cyclone collector or collectors. Sometimes, bag filters are also used after the cyclone
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collector to collect fine particles. Fluidised beds are sometimes combined with spray dryers to

achieve the desired product properties (Masters, 1972).

Besides freeze-drying and other low-temperature drying methods, spray drying is one of
the most commonly used operations in the drying process for many thermally-sensitive
products, including foods and pharmaceutical products (Fathi et al., 2022). Compared with
freeze drying, spray drying is a well-developed continuous drying method requiring minimal
manual handling (Haseley and Oetjen, 2018). Furthermore, the operating and capital costs of
spray dryers are also significantly lower than freeze dryers due to their simpler design and

higher energy efficiency (Roser, 1991; Santivarangkna et al., 2007).

1.2. Milk powder production

Milk is a typical perishable good, which can be easily spoiled if not stored properly. Under
optimum storage conditions, pasteurised whole milk can only last for up to two weeks
(Australia New Zealand Food Standards, 2006). In order to extend the shelf life of whole milk,
whole milk is made into various dairy products, including cheeses, yoghurt and milk powder.
Milk powder is one of the most common dairy products that is produced from milk. Removing
most of the water from milk extends the shelf life and reduces storage and
transportation-related costs (Fathi et al., 2022). Milk powders are usually produced via spray
drying. During the production of milk powders, pasteurised milk is pre-concentrated to 48 - 52%
solids content via falling-film evaporators to reduce energy consumption in drying. Then the
concentrated feed is fed into a spray dryer, where the feed will be spray dried and become
powder. Due to the heat exposure during the spray drying process, the quality of the final
product may be affected. After the spray-drying process, the spray-dried powder will go
through a series of conditioning treatments (Pisecky, 1997). Milk and milk-like model systems
have been chosen as the main materials used in this thesis mainly due to their wide applications

and the importance of food safety in the dairy industry.



1.2.1. Physical properties

The quality of the spray-dried products mainly includes considering the physical and
chemical properties of the product. Physical properties of spray-dried products include but are
not limited to, the moisture content, the particle size distribution, and the microstructure of the
spray-dried products. Some of these properties are critical to the functionality of the powder
(Kim et al., 2002; Pisecky, 1997). For example, the moisture content may affect the shelf life
of the spray-dried product. If the moisture content is above a specific value, it will encourage
the growth of microorganisms or chemical reactions that may lead to a shorter shelf life or the
spoilage of the product (Nursten, 2005). The particle size of the powder is another important
property that needs to be considered. Particle size mainly affects the re-wettability of the
powder and the ease of storing and transporting the powder. In general, if the particle size is
too small, it may lead to difficulties in re-dissolving the powders. For milk powders, a particle

diameter of 200 - 300 um is considered the optimal range (Pisecky, 1997).

1.2.2. Thermal degradation

Besides the physical properties of the spray-dried product, changes in chemical
composition during the spray-drying process are also important. Studies have shown that
people are more and more interested in the quality of foods in terms of food safety and the
nutritional value of food (Lakni and Jayasinghe-Mudalige, 2010). Due to the thermal exposure
of the product during the spray drying process, chemical reactions that are flavoured at elevated
temperatures may occur and change the composition of the final product. The changes in
chemical composition are commonly known as thermal degradations. There are mainly four

types of thermal degradation that may occur during the spray drying process for milk.

The first type of thermal degradation is protein denaturation and aggregation (Jaskulski et
al., 2017). Milk is a material that is rich in proteins. Proteins may lose their special structure
due to thermal exposure during spray-drying processes. This process is commonly known as
protein denaturation (Bylund and Svensson, 1995). Protein denaturation has many
consequences, including reduced bioavailability and solubility, which may adversely affect the
quality of the final products (Meshram et al., 2018; Singh et al., 2015). In industry, milk
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powders are classified into three broad classes based on the whey protein nitrogen index

(WPNI), which measures the degree of protein denaturation (Pisecky, 1997).

Enzymes are proteins that can act as catalysts to affect the reaction rate of a specific
biochemical reaction. As with other proteins, enzymes are subject to "denaturation™ due to
thermal exposure during spray-drying processes (Meshram et al., 2018; Fox and Kelly, 2006).
Based on this characteristic of enzymes, some enzymes in milk have been used as markers for
evaluating the extent of thermal exposure for hygiene purposes or simulating the extent of

reactions (Fox, 2002; Lorenzen et al., 2010; Ritota et al., 2017; Wijlhuizen et al., 1979).

Other than proteins, milk is rich in sugars, mainly lactose. Under elevated temperatures,
lactose may undergo isomerisation and form lactulose with appropriate catalysts (Adachi, 1958;
Ritota et al., 2017). Lactose is also involved in other reactions, and lactose isomerisation is
more favoured at higher temperatures. As a result, lactulose is commonly used as a marker for

high-temperature exposure combined with other markers for thermal exposure (Nursten, 2005).

Lactose and proteins contribute to more than 60% of the solids in bovine milk on a mass
bias (Pisecky, 1997). Thus, the interactions between lactose and protein under elevated
temperatures are important factors that must be considered. The reactions between reducing
sugars like lactose and proteins are commonly known as the non-enzymatic browning reactions

or the Maillard reactions (Maillard, 1912), which is the main focus of this thesis.

1.2.3. Maillard reactions
Maillard reactions, named after Louis Camille Maillard, are reactions between reducing
sugars and amino acids. Maillard reactions involve more than 200 reactions that have various
consequences (Maillard, 1912; Nursten, 2005). Due to the complex nature of Maillard reactions,

the exact reaction pathways, reaction products, and their effect on humans are complicated.

Some of the Maillard reaction products are less desirable. During the early stage of Maillard
reactions, lysine residues on proteins react with reducing sugars via Schiff base formation,
followed by Amadori transformation. As a result, the bioavailability of proteins decreases
(Birlouez-Aragon et al., 2004; Schmitz et al., 2011; Boekel, 1998). Ascorbic acid (Vitamin C)
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may also be involved in the early stage of Maillard reactions, and further reduces the nutritional
values of the product (Nursten, 2005; Zhong et al., 2019). Advanced Glycosylation End (AGE)
products, which are considered a class of harmful products linked to diabetes and other diseases,
are formed during the intermediate stage of the Maillard reactions (Nursten, 2005; Uribarri et
al., 2010). Other than AGE products, studies have also reported that some of the intermediate
products are mutagenic or carcinogenic (Friedman, 1996; Lee and Shibamoto, 2002). Some of
the intermediate products produce visible browning, which is often regarded as the sign of the
start of the intermediate stage of Maillard reactions (Nursten, 2005). Protein crosslinking
during the final stage of the Maillard reactions may decrease the solubility of the spray-dried
products (Nursten, 2005). Other than reducing the solubility of the product, nitrogen-containing
browning pigments (melanoidins) are formed as a result of the polymerisation of products
formed during the previous stages of Maillard reactions (Hodge, 1953). Melanoidins are mainly
responsible for browning in the final product. During the intermediate and the final stages of
Maillard reactions, small flavour species are formed and contribute to the characteristic flavour
and smell in the final product (Park et al., 2016; Reineccius, 1999). These flavoured products

may be desirable in some cases. However, they may be less desirable in spray-dried powders.

On the other hand, studies have reported that some Maillard reaction products have
antioxidant properties (Nursten, 2005; Samborska et al., 2019). Maillard reaction conjugates
are sometimes used as encapsulation agents or emulsifiers during some spray-drying processes
(Lee et al., 2017, 2015). Maillard reaction products prepared from specific systems are also
believed to have antimutagenic, antibiotic and antiallergenic effects (Einarsson, 1987;

Einarsson et al., 1988, 1983; Kato et al., 1987; Yen and Hsieh, 1994).

In conclusion, the effect of Maillard reactions on the quality of the spray-dried product is
complicated, which is related to the complex reaction scheme. Given the importance of food
safety, it is important to study the kinetics of Maillard reactions that occur during the spray

drying process for milk.



1.3. Importance of spray dryer designs

Historically, studies of reactions during the spray drying processes have mainly focussed
on the operating conditions and the feed itself (Koca et al., 2015; Park et al., 2016). Only limited
attention has been paid to the impact of the design of the spray dryer on the reactions that occur
during spray drying (Jeantet et al., 2008; Schmitz-Schug et al., 2013). Redesigning and
improving spray dryers have always been important parts of drying technology research. One
of the important aspects of the spray-dryer redesign process is reducing the extent of wall
deposition. Wall deposition involves particles and droplets depositing on the inner walls of the
equipment. Other than the loss of products and related fire hazards, the re-entrainment process
of wall depositions is another important factor that may affect the quality of the spray-dried
products. Wall depositions may affect the quality of the spray-dried products through changing
the residence time of the material in the equipment (Keshani et al., 2015). Re-entrainment of
wall depositions is the process of particles on the inner wall of the spray dryer re-entraining
into the gas flow after staying on the wall for a period of time. Compared with those particles
that do not interact with the wall, wall deposits that are re-entrained have a greater extent of
thermal exposure, which may and affect the product quality adversely (Francia et al., 2015;
Hanus and Langrish, 2007a; Mazza et al., 2003). The re-entrained wall deposits may
contaminate the final product. Re-entrainment is an important factor that needs to be considered

when studying Maillard reactions that occur during spray drying.

Traditionally, optimisation and redesign processes are based on trial-and-error methods
and simplified mathematical modelling. These traditional approaches are time-consuming,
expensive or can only provide a rough approximation of the actual process. With the
advancements in computational power, the use of more complex modelling methods has
become practical with the assistance of computers. One of the examples is computational fluid
dynamics (CFD). CFD has been commonly used to study the flow of fluids in many areas. CFD
simulations can provide theoretical insights into the flow regime and gas and particle flow
patterns within the equipment. CFD technology has made the redesign process less

time-consuming and more cost-effective. However, assumptions in calculations are still



required for CFD simulations due to the need to model turbulence, connected with the time
required to obtain well-converged simulations that capture all the required physical phenomena
of turbulence, time-dependent flow, and multiphase flow (including drying, particle size
changes, and stickiness). Thus, validations of the simulation results are still essential (Jeantet

et al., 2008).

One of the key performance indicators for the performance of a spray dryer is the particle
residence time distribution at a given operating condition. The particle residence time measures
the time that the particles stay in the equipment. The particle residence time distribution (RTD)
can provide significant insight into the combined effect of the material properties, designs and
operating conditions (Jeantet et al., 2008). It is also a useful tool for validating CFD simulation
results. In the case of spray drying, the particle residence time is the contact time between the
drying medium and the particles, which also determines the total time for any chemical
reactions. Similar to most reactions, Maillard reactions are time-dependent (Hodge, 1953;
Morales and Boekel, 1998). Therefore, investigating how the particle residence time is affected

by the design of a spray dryer is relevant to the study of Maillard reactions in spray dryers.

1.4. Segregation during spray drying

Component segregation is a physical process where components of a mixture separate into
different layers (Baklouti et al., 1998; Kim et al., 2003). Segregation is expected to occur during
the spray-drying process of multi-component feeds, such as milk. Many studies have reported
the segregation processes that occur during the spray drying process of milk, due to the
differences in physical properties of proteins and sugars (solubilities and diffusivities). The
surface of the milk powders is mainly covered in fats or proteins, while the core of the
spray-dried powder mainly consists of sugars (lactose, in milk) (F&dt and Bergenstl, 1994;
Kim et al., 2003; Nijdam and Langrish, 2006). This process of segregation results in a
significant difference in the protein to lactose ratios from the outside to the inside of the
particles. Proteins and reducing sugars are the two main reactants for Maillard reactions, and
thus the kinetics of Maillard reactions are likely to be affected by the segregation process
(Hodge, 1953). Therefore, it is also important to consider the segregation process that occurs
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during the spray drying process as a part of the study for the kinetics of Maillard reactions in

spray dryers.

1.5. Thesis Aim

The aim of this thesis is to investigate the Maillard reactions that occur during the spray
drying process from an engineering point of view with a more systematic approach. Milk and
milk-related materials have been chosen as the raw materials for the spray drying process due
to their common usage, significant experience in research, and relative safety and non-toxicity.
Studies on the kinetics of reactions that occur during the spray drying process have typically
been focused on the operating conditions (Koca et al., 2015; Park et al., 2016). In contrast,
limited attention has been paid to the design characteristics (dimensions and geometry) of the
spray dryer itself. In addition to traditional factors, such as temperature and feed composition,
the design characteristics of the spray dryer should also be considered while investigating the
kinetics of any reactions that occur during spray-drying processes. Physical processes, such as
component segregation, which occur during the spray-drying processes, are also important
factors and need to be considered. In summary, this thesis aims to address the following

objectives:

e Investigate how operating conditions and feed compositions may affect the kinetics
of Maillard reactions in spray dryers.

e Investigate how designs of drying chambers may affect particle residence time, the
re-entrainment behaviour of wall deposits, and the impact of these different designs
on the quality of the spray-dried product.

e Propose a model for modelling of Maillard reactions that occur during the spray
drying process with the inclusion of the segregation process in this modelling

approach.



1.6. Thesis structure

To address the aims of the thesis, this thesis has been divided into eight chapters.
Chapter 1: Introduction

The first chapter is the introduction chapter. In this chapter, the general background,

motivations and aims of this research project have been briefly introduced.
Chapter 2: Literature review

The second chapter is the literature review chapter. In this chapter, current developments
in fields that are relevant to this thesis have been summarised, and the background of the
research has been further explained. The research gaps that are aimed to be addressed in this

thesis have been discussed in greater detail.
Chapter 3: Materials and methods

In this chapter, the materials and methods used in this thesis have been discussed in more

depth.
Chapter 4: Maillard reactions under different spray drying conditions

The fourth chapter mainly focused on how different operating conditions and feed

compositions affect the kinetics of the Maillard reactions in spray dryers.

Chapter 5: Effect of different designs of the spray dryer on the particle residence time

distribution and the quality of the final product

The fifth chapter mainly focused on how chamber designs may affect the particle residence

time and the potential impact of different designs on the quality of the final product.
Chapter 6: Modelling Maillard reactions under different spray drying conditions

The sixth chapter mainly focused on developing a model for simulating component
segregation and its potential connection to the kinetics of Maillard reactions using both the

lumped and distributed-parameter modelling approach.
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Chapter 7: Conclusions and further considerations

The seventh chapter contains conclusions and further recommendations. In this chapter,
findings in the previous chapters have been discussed and summarised, and future studies that

can be developed based on these findings were also suggested.
Chapter 8: Impact of COVID-19 on the scope of this thesis

The eighth chapter highlighted the impact of COVID-19 related government-imposed
restrictions on the scope of this thesis, as per the requirement of thesis examination under

emergency conditions.
Appendix:

Supporting materials, including codes developed for control of the automated systems and

data processing are included in this section.
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Chapter 2. Literature review

In this chapter, current developments in relevant fields to this thesis have been summarised,
and the background of the research has been further explained. The research gaps that are aimed

to be addressed in this thesis have been discussed in greater detail.

This chapter is developed based on a published journal article: "A review of Maillard
reactions in spray dryers." that was published in the Journal of Food Engineering. | am the first
and the corresponding author for this journal article. | designed the study, analysed the data,
and wrote the majority of the draft with the guidance of the supervisor of this thesis, Professor
Timothy Langrish. Professor Langrish has assisted with the editing and structure of the

manuscript.

Permission for including published materials in this chapter has been granted by the

supervisor of this thesis, Prof. Timothy Langrish.

12



Symbols

A
AP
AS
aw

DG

AEy

Amino acid
Amadori product
Schiff base product
Water activity

Deoxyglucosone
Normalised drying rate
Reaction kinetic constant
Melanoidins
Specific drying rate
Vapour concentration
Ideal gas constant
Reducing sugar
Glass transition temperature
Moisture content
Activation energy
Dimensionless moisture content
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2.1. Introduction

Spray drying has been used since the 18" century as a method for extending the shelf life
of dairy and other food products (Caric and Kalab, 1987). The quality of spray-dried products
is commonly assessed on the basis of physical properties, such as moisture content, wettability,
and particle size (Pisecky, 1997). With the growing interest in the nutritional value and the
integrity of components in foods, it is important to understand the mechanism of thermal

degradation in spray dryers (Lakni and Jayasinghe-Mudalige, 2010).

One of the common types of thermal degradation that occurs during the spray drying
processes of many food products is Maillard reactions (Schuck, 2006). Maillard reactions are
chemical reactions that occur between amino acids and reducing sugars (Maillard, 1912).
During the spray drying process of milk or other dairy products, depending on the processing
conditions, Maillard reactions may occur. Maillard reactions have many consequences,
including the loss of nutritional value, the formation of nitrogen-containing brown pigments
(melanoidins), the formation of potential mutagenic products, and the formation of flavour

products (Morales and Boekel, 1998; Nursten, 1986).

Current studies on Maillard reactions in spray dryers are mainly focused on the following
areas: the effect of the operating conditions (e.g., inlet gas temperature, feed flow rate) on the
quality of spray-dried products (Koca et al., 2015; Park et al., 2016), using Maillard reactions
products as emulsifiers or encapsulation agents in spray-drying processes (Lee et al., 2017,
2015), Maillard reactions that occur during the storage of spray-dried products, and changes in
physical or sensory properties in the spray-dried products that may be related to Maillard
reactions (Carter et al., 2018; Ceylan Sahin et al., 2018; Park et al., 2016). A summary of some
relevant studies is shown in Table 2.1. Although the kinetics of Maillard reactions in liquid
systems have been studied extensively, little attention has been paid to the kinetics of Maillard
reactions inside spray dryers. Nevertheless, spray dryers of various sizes and configurations
have been used in current studies, which all have different characteristics, making it difficult
to assess the wider applicability of their findings. Thus, a more systematic approach to the
question is still lacking.
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Table 2.1 Summary of relevant studies on Maillard reactions in spray dryers.

Spray drying conditions

Degree of Maillard reactions

Authors Food systems
Tomlinson et al. Model system:
(1993) Glucose: 1M
Glycine: IM
Vasbinder and de Gelatin hydrolysz:)tf ;-rid($7£)()de)(trln at a ratio
Kruif (2003) )

Solid conc. 2% w/v

Model system:
Lactose 45 wt%, trehalose 45 wt%, xylose
S5wt%, and lysine wt5%

Miao and Roos
(2004)

Cheese slurry

Koca et al. (2015) Solid conc. 25 wt%

Huang et al.
(2016)

Glycine and sucrose at ratio of 2:1 (w/w)
Solid conc. 1.5% w/v

Skim milk

Park et al. (2016) Solid conc. 30 - 50 wt%

Bench-scale spray dyer
Inlet/Outlet gas temperature:
235°C /170°C
Flowrate: 20 mL/min
Bench-scale spray dyer
Inlet/outlet gas temperature:
160°C - 200°C/92°C -112°C;
Flowrate: 4.0 mL/min
Samples were conditioned to
different moisture contents
Heated 40 - 90°C for 5 - 15 min
Pilot-scale spray dryer
Inlet/outlet gas temperature:
160°C - 230°C/60°C - 100°C
Atomisation pressures :

294 kPa - 588 kPa
Feed flow rate was controlled to
maintain a specific outlet gas
temperature
Bench-scale spray dyer
Inlet/outlet gas temperature:
160°C - 230°C/75°C - 107°C
Feed flow rate: 5g/min - 25g/min
Pilot-scale spray dryer
Inlet/outlet gas temperature:
160°C - 260°C/90°C
Feed flow rate was controlled to
maintain the same outlet gas
temperature

Structure elucidation of Maillard
reaction product

Colour analysis based on CIELab
colour space: L*: 15-20,
a*:-0.38 - 0.14, b*:5 -16, AE: 5 - 11

Optical density at 280nm (0 - 450
OD/g of dry mass) and 420nm
(0 - 80 OD/g of dry mass)

Measured as Non-enzymatic
browning (NEB):

Chroma values:10 - 20:
Browning index: 11 - 30.
Degree of NEB: 0.12 - 0.343 optical
density/g of dry mass

Browning pigment formation and
intermediate product as absorbance
at 294 nm and 420 nm, respectively.

HMF concentration: 0 - 0.8 w/w%

Furosine: 10 - 20 mg/100g of
protein
Changes in sensory properties and
volatile compounds
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Table 2.1 Continued.

Authors Food systems Spray drying conditions Degree of Maillard reactions
Rongsirikul and Whey protein concentrates with/without Bench-scale spray dyer . . .
. . . Inlet /Outlet gas temperature: Browning pigment formation as
Hongsprabhas modification and trehalose at a ratio of 3:7 130°C /100°C absorbance at 420 nm
(2016) Solid conc. 20% w/v '

Fialho et al.
(2018)

Katekhong and
Charoenrein
(2018)

Gomez-Narvaez
etal. (2019)

Lactose-hydrolyzed concentrated milk and
concentrated milk.
Solid conc. 40% w/w dry mass

Egg white

Model system:
2.91% moisture, 5.62% ash, 11.07% protein,
77.78% lactose

Flowrate: 4.0 mL/min
Bench-scale spray dyer
Inlet/outlet gas temperature:
160°C/53 - 93°C
Feed flow rate: 5g/min -
25g/min
Pilot-scale spray dryer
Inlet /Outlet gas temperature:
140°C - 180°C/80°C
Feed flow rate was controlled
to maintain the same outlet gas
temperature (13 - 20 mL/min)

Colour analysis based on CIELab
colour space: L*: 86 - 96
HMF concentration: 0 - 130 mg/kg

Visual appearance and Colour
analysis based on CIELab colour
space: AE: 0 - 15

Available lysine:1.63 - 11.3 g/100g of
protein
Furosine : 0.44 - 11.1 mg/100g of
protein
HMEF: ND - 57.7 mg/100g of protein
Browning index: 0.01 - 0.11
Colour analysis based on CIELab
colour space: AL*: -10 - 0, Aa*: 0 - 8,
Ab*: 0 - 15, AE: 0 - 18

Samples were conditioned to
different moisture contents
Heated at 60 - 90°C for 2 - 40
min
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Table 2.1 Continued.

Authors Food systems Spray drying conditions Degree of Maillard reactions
Bench-scale spray dyer Colour analysis based on CIELab
- _ "
Ascorbic acid (vitamin C) and whey protein Inlet/outlet gas temperature: colour space: Eg({/gge)en values (a*)
Zhong et al. isolate (WPI) at different ratios (0 - 1:2) 150°C - 72°C Fluorescence measurements with
(2019) (10 wt% WPI, and concentration of Vitamin C Feed flowrate: 8 mL/min

varies based on ratios)

Samples were aged at 20°C for
21 days

excitation wavelengths of
380/500nm, and emission

wavelengths 440/600nm
Available lysine: 52.5 - 60.5
) Samples were conditioned to mmol/100g of protein
. , Nano-filtered whey: . . .
Gomez-Narvaez . . different moisture contents Furosine : 4.4 - 10.0 mmol/100g of
2.91% moisture, 5.62% ash, 11.07% protein, o .
et al. (2022) o Heated at 60 - 90°C for 2 - 40 protein
77.78% lactose . . _
min Browning index: 20.7 - 21.8
Abs/100g of protein
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Due to the rapid changes in the moisture content and the temperature of particles in most
spray dryers, the mechanisms of the Maillard reactions in spray dryers may be different to these
reactions in liquid systems, and there is a need to investigate this area. The structure of this
review can be summarised as follows. The chemical reactions and kinetics of the Maillard
reaction scheme have been reviewed first, and then the difference between Maillard reactions
in liquid systems and in spray dryers has been outlined. General factors, such as the
composition of the feed, the pH values, and the water activity, have then been discussed.
Significant attention has been paid to the factors that are mainly related to the spray-drying
process. Spray-drying specific factors, including component segregation due to the
spray-drying process, wall deposition and re-entrainment and the particle residence times in

spray dryers, have been discussed in the context of Maillard reactions.

2.2. Maillard reactions

The exact mechanisms of Maillard reactions remain unclear due to their complicated
natures (Nursten, 2005). Essentially, Maillard reactions are a group of reactions that occurs
between amino acids and reducing sugars, and these reactions are more favoured at elevated
temperatures (Maillard, 1912). Hodge (1953) developed a simplified version of the Maillard
reactions scheme where most of the reaction routes are included within that scheme. Nursten
later included a reaction route where fission products are formed from Schiff based products

to account for the more recent discoveries in the kinetics of Maillard reactions (Nursten, 2005).

In general, Maillard reactions can be divided into three different stages. In the study of
Hodge (1953), the Maillard reaction scheme has been divided into three different stages,

namely the initial stage, the intermediate stage, and the final stage, as shown in Figure 2.1.
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Figure 2.1 Overview of Maillard reactions scheme (reproduced based on Nursten, 2005).

2.2.1. The early stage of Maillard reactions

During the early stage of Maillard reactions, reducing sugars (carbohydrates) react with
amino acids via Schiff base formation. Then Schiff base products are rapidly transformed into
Amadori products via the Amadori transformation. The Amadori rearrangement is generally
considered to be an irreversible process. However, some studies have suggested a different
opinion (Boekel, 2001). A significant amount of lysine was recovered by incubating 15nM
N-formyl-N-fructosyl-lysine (fFL) in pH 7.4 buffer for 15 days at 37 <C. Ahmed et al. (1986,
2002) considered the reproduction of lysine to be a result of the reversal of the Amadori

rearrangement. Later study by Davidek et al. (2002) showed that the reaction rate for the
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reversal of an Amadori product is low, and the Amadori rearrangement can still be considered

to be effectively irreversible (Davidek et al., 2002; Nursten, 2005; Boekel, 1998).
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Figure 2.2 Condensation and formation of Schiff base of lactose and lysine.
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Figure 2.3 Formation of Amadori products.
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As with other reactions, the reaction rate for Amadori product formation is dependent on

the reactant concentration. Both amino acids and reducing sugars are present in two forms in

aqueous systems, reactive and unreactive forms (Boekel, 2001).
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Sugars consist of two forms in aqueous solutions, open-chain and closed forms, where the
open-chain form is considered to be the reactive form (Figure 2.4). The ratio between the
open-chain and closed form depends on the pH and the temperature of the environment. Studies
show that the open-chain form is more favoured at greater pHs and temperatures (Yaylayan et
al., 1993). The fractions for the open-chain form of D-glucose in aqueous solutions at different
temperatures and pHs have been investigated by Yaylayan et al. (1993), and their results are

shown in Table 2.2.

Glucose alpha-D-glucopyranose

Figure 2.4 Open-chain form and closed-form of glucose.

Table 2.2 Fraction of open-chain form of glucose at different temperatures and pHs (reproduced based on Yaylayan et al.,

1993).

Temperature (°C) pH 2 pH3 pH7 pH 8 pHY
25 0.9 0.9 0.7 0.7 0.8
30 1.5 1.5 1.3 1.5 1.5
35 23 23 2.1 2.3 2.2
40 3.1 3.1 2.9 3.2 3.1
45 4 4 3.8 4.2 4.1
50 5 5.1 4.9 5.2 5.2
55 6.1 6.2 6 6.4 6.4
60 7.3 7.4 7.2 7.6 7.8
65 8.6 8.7 8.5 8.9 9.2
70 10 10.1 10 10.3 10.8
75 11.5 11.5 11.5 11.7 12.5
80 13.1 13.1 13.1 13.3 14.3

Similar to sugars, proteins (amino acids) also consist of two different forms in aqueous
solutions, protonated and unprotonated forms. The unprotonated protein form is considered to
be the reactive form of proteins (Figure 2.5) (Boekel, 2001). The equilibrium between

protonated and unprotonated proteins depends on the pH of the environment and the pKa of
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the amino acid. Usually, less than 1% of the protein remains unprotonated when the pH is

below 7 (Boekel, 2001).

0 0 o)
[
HsN—CH—C——O0H =~—== H,;N—CH—C——OH =w—= H,;N——CH—C—0
CHs CHs CHs
Acidic Neutral Alkaline

Figure 2.5 Amino acids in different pH environments.

The ratios between different reactants also play an important role in the early stage of
Maillard reaction kinetics. Copado et al. (2017) created microcapsules formulated with
different concentrations of chia oil and with different carbohydrate-to-protein ratios in a freeze
dryer. They found that a higher carbohydrate-to-protein ratio increased both the rate and the

extent of Maillard reactions for their system.

2.2.2. The intermediate stage of Maillard reactions
After the initial stage of the Maillard reactions, the Amadori products start to break down
into different small pigments, depending on the pH of the environment. There are three main
different breakdown routes: 1. The 3-deoxyosone pathway via the 1,2 enolisation route under
acidic environments (Figure 2.6). 2. The 1-deoxyosone pathway via the 2,3 enolisation route
under neutral and alkaline environments (Figure 2.7). 3. The 4-deoxyosone pathway under
slightly alkaline conditions (Figure 2.8) is less common than the other two pathways (Boekel,

1998).
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All three different breakdown pathways involve the formation of deoxyosones, which are
reactive intermediate products. Some of the breakdown products of these reactive intermediates
are known as advanced glycosylation end products (AGEs). These products have strong
ultraviolet absorbance prior to the start of visible browning, and they can be used as indicators
for the start of the intermediate stage of Maillard reactions (Nursten, 2005). Some of the
methods used for estimating the extent of thermal degradation of food products have also been
developed based on these products (Birlouez-Aragon et al., 1998; Keeney and Bassette, 1959).
Furfural and reductones are formed during this stage and have been found to be related to the

browning outcomes in the later stages (Hodge, 1953).

2.2.3. The final stage of Maillard reactions
During the final stage of Maillard reactions, the intermediate products that are produced
during previous stages react with each other via polymerisation, and nitrogen-containing brown

pigments (melanoidins) are formed. Melanoidins have high molecular weights (up to about
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100000 g/mol). The exact mechanism for the formation of melanoidins and their structures
remains unclear. The main reactions involved in the formation of melanoidins are expected to
include aldol condensation, aldehyde-amine polymerisation, and the formation of heterocyclic

nitrogen compounds (Hodge, 1953).

2.2.4. Application of Maillard reactions in spray drying

Maillard reaction products are sometimes used as emulsifiers or encapsulation agents
coupled with spray drying or other drying processes (Lee et al., 2017). The uses of Maillard
reaction products as encapsulants for palm-based medium- and long-chain triacylglycerol were
studied by Lee et al. (2015). They found that the Maillard reactions can be controlled
satisfactorily by choosing a suitable mixture of sodium caseinate, soy proteins, and
maltodextrin when heated as a solution for a particular temperature and time and that Maillard
reaction products can act as natural emulsifiers and encapsulation agents. The anti-oxidant
properties of Maillard reaction products have been reported in many studies (Lee et al., 2017).
In a study by Samborska et al. (2019), the effects of low-temperature spray drying with
dehumidified inlet air on the phenolic content, antioxidant activity and level of aroma
compounds in rapeseed honey have been investigated. Maltodextrin and NUTRIOSE® were
used as carriers, and skim milk was assessed as a substitute for water. The authors suggested
that Maillard reaction products may contribute to the increased anti-oxidant activity in the

spray-dried powders (Samborska et al., 2019).

2.3. Kinetic studies of Maillard reactions
2.3.1. Kinetic studies of Maillard reactions in liquid systems
To understand the kinetics of the Maillard reactions in spray dryers, kinetic modelling is
necessary. Ge and Lee (1997) proposed a model for the early stage of Maillard reactions, as

shown in Figure 2.9.

k k
A+S kl [AS] =2= AP

-1

Figure 2.9 Kinetic model for the early stage of Maillard reactions ((Ge and Lee, 1997).
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Here A is an amino acid; S is a reducing sugar; AS is the Schiff base product, and AP is the

Amadori product.

In their results, k-1 and k2 are significantly greater than ki, which suggests that the formation
of Schiff base is the rate-limiting step for the early stages of Maillard reactions. The formation
of Amadori product is strongly temperature-dependent and favoured at higher temperatures, as
suggested by the higher activation energy for step 2 compared with step 1 and the reverse of

step 1 (Ge and Lee, 1997).

Since there are various products that may be formed during Maillard reactions, and they
may interact with each other, using a multi-response modelling approach is necessary. A
multi-response modelling approach is an approach that includes multiple and potentially
simultaneous chemical reactions in a complex reaction scheme; this approach predicts the
changes (responses) in both reactants and products at the same time. This terminology has been
used by Martins et al. (2000). They have explained the distinction between this concept and
the concept of "analysing and modelling more than one component simultaneously”. Mundt et
al. (2002) have proposed a multi-response model for the maltose-glycine system. The
multi-response scheme gave a good fit to the experimental results. The multi-response scheme
has been further developed and extended by including key intermediates that are produced
during different stages of the Maillard reactions, as shown in Figure 2.10 (Martins and Boekel,

2002).

1 k2
AS ARP 1-DG + A

Figure 2.10 Kinetic model for Maillard reactions (Boekel and Martins, 2002).
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The extended reaction scheme showed a good fit with experimental data obtained from the
glucose-glycine system. Their results also suggested that the 3-DG pathway is the main
pathway for the formation of melanoidins. In their later study for the glucose-glycine model
system, glucose was found to be involved in reactions to a greater extent. Based on their results,
they concluded that this phenomenon is due to (1) glucose isomerisation; and (2) glycine is

being regenerated during the second stage of the Maillard reactions (Boekel and Martins, 2002).

The multi-response modelling approach has also been used in many other studies (Bertrand
et al., 2015; Chansataporn et al., 2019; Kocadagli and Gokmen, 2016). There are also some
other kinetic models that focus on other products that are produced due to Maillard reactions.
For example, the kinetics of flavour compound formation due to Maillard reactions have also
been studied by Jousse et al. (2002). The kinetics of the formation of some other components,

such as fluorescent products, are still unclear (Matiacevich et al., 2005)

2.3.2. Kinetic studies of Maillard reactions applicable to spray drying
Most of the studies mentioned above are based on liquid systems, where the kinetic
parameters may be different from those in solid systems or systems with much lower moisture
content. The differences in the moisture contents may result in different component mobilities
in the systems and, thus different kinetic parameters. The effect of the water activity and

component mobilities will be discussed in more detail in subsequent sections.

Some studies have investigated the effect of moisture content and temperature on Maillard
reactions under conditions that are applicable to spray drying. A freeze-dried mixture of lactose,
trehalose, xylose and lysine in a 45:45:5:5 weight ratio was used in the work of Miao and Roos
(2004). Freeze-dried powders were conditioned to different moisture contents by placing them
above different saturated salt solutions. Samples were then heated at different temperatures
(40°C - 90°C) in sealed containers for different lengths of time. The extent of Maillard
reactions in their study was based on measuring the optical density (OD) at 280 nm and 420
nm. In their study, the kinetics of Maillard reactions have been modelled as a zero-order

reaction. A zero-order reaction model fitted the browning process in the samples well, but it
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does not provide insights into the reaction mechanism for complex reaction schemes, such as
the overall Maillard reactions. Additionally, the browning behaviours observed in Maillard
reactions do not occur until the advanced stages of the Maillard reactions, which means that
the products of the early Maillard reactions were not measured in their study. In a later study,
Aalaei et al. (2019) found that, despite different infant formula powders having similar lysine
levels (markers for early-stage reactions), the levels of CML (N(g)-Carboxymethyllysine, a
marker for advanced-stage reactions) varied sevenfold, indicating that the advanced stages of
Maillard reactions vary considerably between different spray-dried samples. Their results
suggested that the kinetics for different stages of Maillard reactions may be different from each
other. Therefore, it is necessary to monitor more than one stage of the Maillard reaction scheme
in a kinetic study of Maillard reactions. In addition, Ren et al. (2015) confirmed that the early
stages of Maillard reactions are the rate-limiting steps in the overall reaction, which further
emphasises the importance of monitoring the early Maillard reaction products that occur in

spray dryers.

Gdmez-Narv&z et al. (2019) performed a similar study when they were assessing the
usefulness of different markers for Maillard reactions under conditions that are applicable to
the spray drying process. In their study, freeze-dried whey powders were conditioned to
different water activities (aw, 0.11 - 0.71) using four different saturated salt solutions in a
similar approach to that of Miao and Roos (2004). Conditioned samples were subsequently
heated at 60°C,75°C, and 90 °C for up to 40 minutes. Then the samples were analysed using
different analytical methods. Their results suggested that furosine and bioavailable lysine are
sensitive markers for Maillard reactions under spray drying conditions, while HMF is less
useful as a marker. Studies have shown that the formation of HMF could also be caused by
other reactions other than Maillard reactions. The conversion rate of HMF from the Amadori
product is low, and most of the HMF comes from lactose rather than the Maillard reactions
(Morales et al., 1997). As a result, HMF could still be used as an indicator of heat-induced
damage under more severe conditions. The colour formation was also found to agree with the

markers of furosine and bioavailable lysine, although the sensitivity was reduced at lower
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temperatures. Both the studies of Miao and Roos (2004) and GAnez-Narv&z et al. (2019)
showed how Maillard reactions could be affected by the moisture content and temperature at

conditions applicable to spray drying.

A recent study by Gdmez-Narv&ez et al. (2022) attempted to model the effect of different
spray-drying conditions on the extent of Maillard reactions in spray-dried whey powders.
Similar to their previous study (GAnez-Narv&z et al., 2019), freeze-dried whey powders
(lac:Protein 7:1 w/w) were conditioned to four different water activities (aw, ranging from
0.14 - 0.71) using saturated salt solutions. Conditioned samples were subsequently heated at
60°C, 75°C, and 90°C for up to 40 minutes. Thermal degradation markers, including available
lysine, furosine, and browning index of the heated samples were measured. The changes in
these markers were modelled using first-order kinetic reaction models. The developed reaction
kinetics models were then combined with a drying kinetic model to predict the Maillard
reactions and protein denaturation occurring during a spray-drying process. The predicted
results were compared with experimentally-measured values obtained from spray drying a
whey solution using a laboratory-scale spray dryer (Buchi mini spray dryer B-290). Their
model successfully predicted the extent of protein denaturation (in terms of loss in lysine
bioavailability). However, the prediction for the extent of Maillard reactions in the spray-dried

product was less successful. This outcome is likely due to three factors:

1. The drying kinetic modelling approach, namely the characteristic drying curve (CDC)
approach. The CDC modelling approach is a lumped-parameter approach, and it treated
the particles as a whole (Keey, 1978). As a result, the temperature, moisture, and
component ratios gradients across the particles during the spray-drying process have
not been included. The effects of these factors and the drying kinetic modelling will be
discussed in a subsequent section of this chapter.

2. Another cause of the disagreement between the predicted and experimentally measured
values in Ganez-Narv&z et al. (2022) is likely to be due to the choice of modelling
approaches for the reaction kinetics. As mentioned previously, the Maillard reactions
have a complex reaction scheme and involve a series of reactions (Nursten, 2005). Thus,
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a more comprehensive approach, such as the multi-response modelling approach used
in studies for Maillard reactions in liquid systems (Martins and Boekel, 2005), may be
more suitable for establishing a better understanding of the kinetics of Maillard
reactions in spray dryers. Kocadagli and Gokmen (2016) have investigated the kinetics
of Maillard reactions in systems with low moisture content systems using heated
glucose/wheat flour model systems (1:10 w/w, 7% humidity) at 160, 180 and 200 <C for
up to 20 min. A multi-response modelling approach was used in their study. Their study
has shown that the multi-response modelling approach is applicable to systems with
low moisture contents. Although the temperatures used in their studies were much
higher than the particle temperatures that might be expected in a spray dryer (Chiou et
al., 2008), some of their findings may still be applicable for particles that stick to the
walls of spray dryers.

3. The dryer model itself was the simplest possible model for a spray dryer, which assumes
that the gas has the same temperature and humidity (for both air and solids) everywhere
inside the dryer, and this temperature is the same as the outlet gas temperature. This
type of model was described by Langrish (2009) as the coarsest scale modelling, with
a well-mixed dryer where the gas and solid temperatures, humidities and moisture
contents may be estimated only using mass and energy balances and sorption isotherms.
A dryer model is possible for a straightforward personal computer solution that gives
more detailed information, called finer-scale modelling. This approach "treats dryers
as having the gas and solids flowing in parallel to each other™" (Langrish, 2009). This

more detailed approach has been used in later chapters of this thesis.

Last but not least, in the studies mentioned above, single model systems were used instead
of a set of model systems with different ratios between the reactants, and thus the effects of
different ratios between reactants at various moisture contents and temperatures were not

studied.
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2.3.3. Studies on Maillard reactions in spray-dried powders during storage

Many other studies have addressed the problem of Maillard reactions in stored spray-dried
powders (Hurrell et al., 1983; Nishanthi et al., 2018). Although most of the studies use lower
temperatures and longer durations than those that could be expected in a spray dryer (Chiou et
al., 2008), their findings about Maillard reactions may still be applicable for Maillard reactions
in spray dryers. A study by Hurrell et al. (1983) found that Maillard reactions in milk powder
were more rapid when the samples were stored at temperatures above 70°C than those stored
at 40°C - 50°C. Their results suggested that the rates of Maillard reactions may increase
significantly when the samples are kept above a certain temperature. Similar
temperature-dependent behaviour was also reported in other studies (Miao and Roos, 2004).
Nishanthi et al. (2018) monitored the physical properties of different types of whey protein
powders during storage at temperatures of 4°C, 25°C, and 45°C and relative humidities of 22%
and 33% for 90 days. The Maillard reaction was found to be involved in changes to the surface
composition and the physical properties of the powders (Huang et al., 2020; Nishanthi et al.,

2018).

2.4. Factors affecting the kinetics of Maillard reactions in spray dryers

Studies on the kinetics of Maillard reactions in liquid systems have shown that the kinetics
of Maillard reactions may be affected by various factors, including but not limited to
temperature, pH, and reaction time (Nursten, 2005). Some of the factors may be applicable to
the Kkinetics of Maillard reactions in spray dryers, while others are not so clearly linked. In
general, Nunes et al. (2019) have covered general factors that affect Maillard reactions in infant
formulae. However, the connection between those factors and connected to the spray-drying
process was not discussed, and spray-drying specific factors were not mentioned. Thus, a more
detailed review of Maillard reactions in spray dryers is required. A summary of different factors

that may change the kinetics of Maillard reactions in spray dryers is shown in Figure 2.11.
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Figure 2.11 Summary of factors and their main effects on Maillard reactions in spray dryers.

2.4.1. Effect of feed composition

Other than the concentration of sugars and amino acids in their reactive forms, other
components in the feed may also play an important role in the kinetics of Maillard reactions in
spray dryers. The study of Claeys et al. (2003) showed that the fat present in milk promotes the
formation of furosine during the thermal processing of milk when the temperature is below
130 °C. Furosine is an acidic degradation product of the Amadori product and is often used as
a marker for the early stage of Maillard reactions (Finot et al., 1981). Their results suggested
that reducing the fat content in the feed may be an effective way to reduce the extent of Maillard
reactions occurring during the spray-drying process. Furthermore, Nijdam and Langrish (2005)
showed that the spray drying of skim milk (low fat contents) results in a higher recovery rate
of the spray-dried product by comparing the product recovery rate of spray-drying skim and

whole milk.
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Ascorbic acid (Vitamin C) in the feed may also contribute to Maillard reactions that occur
during spray drying. In the study of Zhong et al. (2019), redness generation was observed in
the spray-dried ascorbic acid-WPI mixture, possibly due to Maillard reactions. Other literature
also reported the involvement of ascorbic acid in Maillard reactions (Nursten, 2005). It is
important to investigate the role of ascorbic acid in the kinetic of Maillard reactions in spray
dryers, as it is commonly used as an additive in spray-dried products, such as infant formula.
Additionally, the redness generation observed in the particles from the study of Zhong et al.

(2019) was found to give suitable materials for use as a potential thermal exposure indicator.

The effect of the minerals (i.e., metal ions) on the kinetics of the Maillard reactions is rather
complex, as they may inhibit the formation of some products, while the formation of other
products is promoted. Akagawa et al. (2002) investigated the influence of metal ions, anions
(e.g., phosphate, carbonate), oxygen and some other chelating agents on the early stages of
Maillard reactions. Their results suggested that metal ions accelerate the degradation of
Amadori products, while chelating agents reversed the effects (Gokmen and Senyuva, 2007).
They also found that the formation of Amadori products is accelerated by phosphate and

carbonate ions.

Carrier agents (sometimes described as drying aids), such as maltodextrin, gum arabic, and
starches are commonly used in the spray drying processes for sugar-rich materials (Shishir and
Chen, 2017). Michalska et al. (2019) studied the effect of freeze-, vacuum- and spray-drying
on the polyphenolic contents of blackcurrant juice powders. Greater degradation of
anthocyanins and a significantly higher hydroxymethyl-I-furfural (HMF) content was found in
powders containing inulin than those containing maltodextrin after vacuum drying at 90<€.
This difference in the powders might be due to the fructose in the inulin being involved in the
formation of HMF via Maillard reactions or caramelisation at high temperatures (Michalska et
al., 2019). This finding regarding inulin is significant and interesting, since common carriers
used in spray dryers are basically poly-carbohydrates, which may also contribute to Maillard
reactions in spray dryers (Shishir and Chen, 2017). Thus, more investigation about the effect
of different carriers on the kinetics of Maillard reactions is required.
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2.4.2. Effect of oxygen

Oxygen plays an important role in the Maillard reaction scheme, but it is not essential to
the Maillard reactions. The presence of oxygen may promote the formation of the reductones,
but it may also oxidise some reactants and reduce the reaction rate (Nursten, 2005). Pokorny
et al. (1988) found that the absence of oxygen can limit the reaction rate in their model systems.
Their model systems were glucose and L-alanine, and the products were Amadori ones. They
reported that, when air was replaced by bubbling nitrogen into the reaction system, the reaction
rate was nearly halved. This result is likely to be due to the formation of reactive hexosulose
(1) in the presence of oxygen. Oxygen may also play an important role in some systems by
promoting lactose degradation (McSweeney and Fox, 2009). The solubility of reactive oxygen
in liquids decreases with higher temperatures (unlike the solubility of most solids in liquids),
so the impact of oxygen in liquid droplets inside spray dryers may be somewhat limited,
because the droplet and particle temperatures increase towards the outlet temperature in spray
dryers as shown in Chiou et al. (2008). However, the role of oxygen in dry particles or powders
inside spray dryers may be more important, because the access to oxygen does not limit by the
solubility of oxygen in the reaction medium. Nunes et al. (2019) reported that, using nitrogen
gas as the drying gas has been found to reduce the extent of Maillard reactions in the production
of infant formulae. The situation may be further complicated by the possibility that Maillard
reaction products may have some antioxidant activity, as pointed out in the review by Lee et

al. (2017).

2.4.3. Effect of pH
As mentioned in section 2.2.2, the pH of the system affects the concentration of available
(reactive) reactants and the degradation pathway of Amadori products (Boekel, 1998; Yaylayan
etal., 1993). The rate of reaction generally increases with the pH. Verardo et al. (2017) reported
that the furosine level (a marker for the early stage of Maillard reactions) in a spray-dried
pasteurised egg mixture was 55 times higher than that in the ordinary pasteurised egg. The
large differences in the furosine levels in their samples may have been due to Maillard reactions

that were encouraged by the alkaline and high protein content environment. The effect of the
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pH is also dependent on the composition of the systems. For systems with disaccharides, the
reaction rate will be more favoured at lower pH as these conditions promote the degradation of
the disaccharides to form reducing sugars (Huang et al., 2016; Lea and Hannan, 1949). During
the second stage of Maillard reactions, formic acid and other organic acids are formed. The
formation of these organic acids may reduce the pH of spray-dried droplets and change the
reaction rate or shift the degradation pathway of Amadori products. However, these organic
acids are volatile and can be evaporated easily during the spray-drying process, and the impact
of the formation of these acids on the kinetics of Maillard reactions in spray drying may not be
so significant. Nevertheless, the formation and evaporation of the organic acids may cause

changes in the morphology of the spray-dried particles (Huang et al., 2016).

2.4.4. The role of water

Water activity (aw) is another factor that affects the kinetics of Maillard reactions in spray
dryers. At high water activity, the dilution effect leads to low reactant concentrations, reducing
the rate of the reactions. At a low water activity, low mobility of the molecules also reduces
the rate of reactions. The water activity giving the maximum reaction rate for Maillard reactions
was found to correspond to a moisture content of approximately 50 wt% (Nursten, 2005).
Spray-dried products typically have a moisture content of no more than 3 - 4 wt% to prevent
the growth of micro-organisms, to prolong the shelf-lives of the products (Nursten, 2005). In
practice, the feeds are usually dewatered before spray drying to 48 - 52 wt% solid content to
reduce energy consumption during drying (Pisecky, 1997). The initial moisture content of the
feed may have a limited impact on the kinetics of the Maillard reactions in spray dryers, since
most of the water evaporates rapidly in a short time, and the particle temperature rises slowly

due to the cooling effect of the rapid evaporation.

In addition to affecting the concentration and mobility of the reactants, water may also play
an important role in the kinetics of Maillard reactions in spray dryers. During the formation of
Amadori products, a water molecule is eliminated. Thus, there are two possible degradation
pathways for Amadori products, hydrolysis or direct cleavage (Kocadagli and G&kmen, 2016).
When the water becomes a limiting reactant, the hydrolysis pathway is expected to be limited,
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while the dehydration pathway is preferred. As a result, certain reaction pathways, such as
direct dehydration of glucose, are expected to be favoured at high temperatures and low
moisture contents. This type of situation is applicable to particles near the outlet of spray dryers

and particles stuck to the dryer walls (Kocadagli and Gokmen, 2016).

Water is produced during different stages of the Maillard reactions, and a substantial
proportion of water is produced during the second stage of the Maillard reactions (Nursten,
1986). The production of water due to Maillard reactions that may occur inside a spray dryer
is likely to have a limited impact on the kinetics of Maillard reactions in spray dryers since the
amount of water produced is typically insignificant compared with the amount of water in the
droplets and the drying rate of the powders. On the other hand, the production of water during
the storage of the spray-dried product may be an important factor, since the products typically
have a low moisture content (Pereyra Gonzales et al., 2010). In a study by Ceylan Sahin et al.
(2018), different water activities were found in spray-dried samples stored using different
packaging materials. Samples with higher water activity were also found to have a greater
extent of Maillard reactions. Water production in low water activity products (e.g., spray-dried

powders) products may also promote the growth of micro-organisms.

2.4.5. Glass transition temperature (Tg)

The glass transition temperature is the temperature at which amorphous materials transform
from hard glassy to sticky rubbery states (Reid and Levine, 1991; Roos, 2016; Sherrington,
1993). As mentioned in the previous section, the physical state of the reactants has a critical
role in the kinetics of Maillard reactions for "dry™ systems. Glass transition will affect the
physical properties of the material and may increase the amount of wall deposition in spray
dryers (Roos, 2009; Straatsma et al., 1999). Other than affecting the stickiness of the particles,
glass transition also affects the mobility of the molecules in the spray-dried powders. When the
materials are in a glassy state, the molecule mobility is somewhat limited, while in the rubbery
state, greater molecular mobility is observed (Roos, 2002; Sherrington, 1993). Different
molecular mobilities may affect the reaction kinetics of the Maillard reactions. An increase in
the reaction rate of Maillard reactions has been observed when the temperature is above the
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glass transition temperature, and the glass transition temperature of the samples (Tg) is
depressed significantly due to water production via Maillard reactions (Roos, 2002;
Sherrington, 1993). Other than water, melanoidin produced in the final Maillard reactions may
also contribute to the change in glass transition temperature. Ames et al. (2000) proposed a
recipe for producing a standard melanoidin from glucose and glycine to better understand the
properties of melanoidins. The glass transition temperature of the standard freeze-dried
melanoidin was investigated by Anese et al. (2001) and found to be 56°C. The physical
properties of the melanoidins differing dependent on their formation pathways, and the overall
glass transition temperature of the particle is expected to be affected by the formation of
melanoidins. In the study of Miao and Roos (2004), a critical value of difference between the
particle and its glass transition temperature (T-Tg) was observed. When the temperature
difference was above this critical value, a significant increase in the rate of Maillard reactions
was observed for the occurrence of Maillard reactions. A later study by GAnez-Narvez et al.
(2019) on whey powders also suggested that lactose in the rubbery-like state promotes Maillard
reactions. During the spray drying process, the moisture contents of the particles change rapidly,
and thus the glass transition temperatures of the particles also change. The results of Miao and
Roos (2004) suggested that the change in the glass transition temperature during the spray
drying process is also an important factor that needs to be considered when studying Maillard

reactions in spray dryers.

2.4.6. Segregation

Segregation is a process where different components in a mixture separate from each other
during processing. Many studies have reported heterogeneous distributions of components in
spray-dried products, which has suggested that segregation does occur during the spray-drying
process of a multi-component system (Baklouti et al., 1998; Kim et al., 2003). These studies
found that, for spray-dried protein-sugar systems, the surface of the particles is generally rich
in protein. When fat is present in the systems, the surfaces of the particles are dominated by
fats instead of proteins, likely due to the fact that fats are more surface-active than proteins

(Kim et al., 2003).
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Figure 2.12 Schematic diagram of dominant components in different layers of spray-dried milk particles.

For Maillard reactions in spray dryers, amino acids are most likely to come from proteins,
and reducing sugars are found in carbonyl compounds. These two types of compounds have
significantly different physical properties, which may cause segregation behaviour inside
particles during the spray-drying process, according to the hypotheses identified above
(Charlesworth and Marshall, 1960; F&dt and Bergensténl, 1994; Meerdink, 1994). For
example, a-Lactalbumin, one of the main components of whey protein isolate (WPI), has a
diffusion coefficient of 0.12 x 10" m?%/s in water at 25 (Saltzman et al., 1994), while lactose
has a much higher diffusion coefficient under the same conditions (0.566 x 10° m?/s) (Killie
etal., 1991). Proteins also have higher surface activities than sugars (Fang et al., 2013). These
two components are found in skim milk, in significant quantities, and various studies have
reported that segregation occurs during the spray-drying process of milk or similar systems

(F&dt and Bergenstdal, 1994; Kim et al., 2003; Nijdam and Langrish, 2006; Wang et al., 2013).

As a result of component segregation during the spray-drying process, the ratios of each
component in various layers of the particles will be different. The different compositions of
each layer may change the reaction kinetics. For example, for the outer layers of skim milk
particles during the spray-drying process, the concentrations of lactose are likely to be the
rate-limiting factor for the initial stages of Maillard reactions, since proteins are the dominant

component. However, in the inner layer of the particles, the concentration of protein is likely
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to be the rate-limiting factor, since lactose is the dominant component (F&dt and Bergenstal,

1994).

The impact of segregation on the overall extent of the Maillard reactions in spray-dried
products was not considered in most of the studies investigating Maillard reactions in spray
dryers. More investigation is required to understand the segregation process and how this

phenomenon may be used to improve the quality of the final product.

2.4.7. Wall deposition and re-entrainment

During the spray drying process, some of the particles may deposit onto the inner walls of
spray dryers, and this process is known as wall deposition. The main consequences of wall
deposition include the loss of products, the build-up of material within the spray dryer, the
effects on the gas flow patterns, the contamination caused by re-entrainment, and extended
particle residence times (Keshani et al., 2015). Extended particle residence times mean
extended reaction times for the Maillard reaction. Wall deposition can be affected by the
configurations of the spray dryers. The geometry of the spray dryer is important, and
inappropriate geometries, sizes and shapes of spray dryers may result in an increased amount
of deposition (Masters, 1979; Oakley, 1994). The wall material may also play an important
role in wall deposition (Huang et al., 2003; Huang and Mujumdar, 2006). Experimental work
by Ozmen and Langrish (2003) showed that reducing the amount of swirl in the air flow at the

entrance of the spray dryer may also reduce the amount of wall deposition.

Other than the configuration of the spray dryer, material stickiness also affects the wall
deposition rate in a spray dryer. The study of Ozmen and Langrish (2003) showed that less
deposition is observed when the temperature of the particles is below the sticky-point value.
Component segregation will also affect the amount of wall deposition. Migration of
components that have higher glass transition temperatures to the surfaces of the droplet will
result in a protective layer and will result in less wall deposition (Keshani et al., 2013; Kim et

al., 2003; Wang and Langrish, 2009a).
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Re-entrainment of wall deposition has been reported in some studies (Francia et al., 2015;
Keshani et al., 2013; Kim et al., 2003; Wang and Langrish, 2009a). Re-entrainment of wall
deposition is very likely to cause an increase in the particle residence time above the time
expected if particles flowed with the gas without interacting with the walls (Hanus and
Langrish, 2007a; Kieviet and Kerkhof, 1995; Mazza et al., 2003). The physical processes and
phenomena of wall deposition, re-entrainment, agglomeration and residence time distribution
are all interlinked, in the sense that the deposition of particles on the walls, and then subsequent
re-entrainment, increases the effective residence time of particles, and also causes
agglomeration of particles (Francia et al., 2015). In their study, the formation of wall deposition
in a swirl spray dryer was found to be a dynamic process. During the spray drying process,
deposits on the walls of spray dryers are constantly renewed. They also found that the age of
particles in a swirl spray dryer may be extended by the formation of deposits and the
re-entrainment process by 10 - 100 times compared with the airborne residence time.
Furthermore, they also found that more than 20% of detergent particles collected from a swirl
counter-current spray dryer have been re-entrained from the wall deposits. A similar process

can be expected in other types of spray dryers.

Longer particle residence times will result in greater extents of Maillard reactions, since
Maillard reactions are clearly time-dependent (Hodge, 1953; Boekel, 1998). Therefore, the
residence time of particles and how they are affected by wall deposition is another important

factor that needs to be considered when studying Maillard reactions in spray dryers.

2.4.8. Particle residence time distribution in spray dryers

The particle residence time in spray dryer is another important factor that needs to be
considered when studying Maillard reactions in spray dryers (Schmitz-Schug et al., 2013;
Boekel, 1998), and it is linked to the phenomenon of re-entrainment that has just been discussed.
The particle residence time consists of particles that travel through two routes, creating a
primary particle residence time and a secondary particle residence time. The primary particle
residence time is the amount of time for particles to move from the outlet of the nozzle to the
outlet of the dryer or wall directly in the air flow. Secondary residence time is the amount of
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time that a particle stays on the wall, gets re-entrained and then moves to the outlet of the dryer

(Anandharamakrishnan et al., 2010).

Kieviet investigated the particle residence time in a co-current spray dryer using the
modelling and experimental methods. In his study, the average primary particle residence time
(estimated based on the model developed) was found to be significantly shorter than the gas
residence time, possibly due to the initial speed of particles coming out of the nozzle (Kieviet,
1997). A similar result was also obtained in a later study by Anandharamakrishnan et al. (2010).
Different particle residence times have been reported in different studies. The reported mean
particle residence times range from as short as 58.5 seconds to as long as 12 minutes, depending
on the configuration of the spray drying system (Gianfrancesco, 2009; Jeantet et al., 2008;
Schmitz-Schug et al., 2013). In the study of Kieviet (1997), some particle residence times can
be up to 10 min, despite the relatively short mean particle residence time (less than a minute).
Extended mean particle residence times within the spray dryer may give a greater extent of
thermal degradation of the product(Kieviet, 1997). In order to understand the Kkinetics of
Maillard reactions in spray dryers, it is necessary to establish a good understanding of the
particle residence times within the spray dryer. In previous studies, particle residence times
have been measured by introducing tracers (e.g., maltodextrin, sodium chloride, colour dye)
and collecting samples during the spray drying process (Gianfrancesco, 2009; Jeantet et al.,
2008; Kieviet, 1997; Schmitz-Schug et al., 2013). However, there are significant limitations in
the methods used in their studies; The sampling rates were limited by their sampling device.
For example, in the study of Francia et al. (2015), samples were collected from the belt located
at the outlet of the spray dryer, and the sampling intervals were 15 seconds. This sampling
frequency was sufficient for determining the residence time of re-entrained wall deposits, but
insufficient for measuring the airborne phase residence time, as this airborne residence time is
expected to be less than 35 - 45 seconds (Harvie et al., 2002). Furthermore, some very fine
particles exiting from the top of the spray dryer were not measured. Thus, a better sampling
technique may be required for future studies and need to be extended to other types of spray

dryers and feeds.
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In order to have a better experimental determination of the particle residence times, an
advanced non-intrusive method is required. Introducing and activating fluorescence material
during the spray drying process may be an effective method. Fluorescent tracers can be detected
within the spray dryer (inlet, outlet, and in-between) using photomultipliers. This type of
non-intrusive method may avoid affecting the gas flow pattern within the spray dryer and, thus
the particle residence times. Furthermore, photomultipliers may have a much faster sampling
rate, compared with traditional methods. However, there are still some potential issues, such
as powder deposits on the sensors, which may affect the accuracy of the results and need to be
addressed. Lastly, the hazards related to the fluorescent powder produced during the
experiment should also be taken into consideration. Other than introducing fluorescent dye into
the feed, using phase doppler anemometry (PDA) or other types of laser detection devices in
spray dryers is also an option for estimating the particle residence times. Such approaches were
used in the study of Ruprecht and Kohlus (2018) for determining the particle size distributions

from different spray dryers.

2.4.9. Drying kinetics in spray dryers

The drying kinetics of the particles in a spray dryer may also affect the kinetics of Maillard
reactions in spray dryers. In a spray dryer, the thermal exposure of the powder is the same as
the thermal exposure of the particles, so the particle temperature is very relevant to this
discussion. The particle temperature has been shown to be very close to that of the outlet gas
temperature in most of a co-current spray dryer by Chiou et al. (2008). The only reason why a
spray-drying situation might be different (particle temperature close to outlet gas temperature)
is that there might be a significant unhindered (constant rate) drying period, when the particle
temperature might be closer to the wet-bulb temperature of the air for some part of the overall
drying period. However, most foods do not show a significant constant-rate period during
drying (Langrish and Kockel, 2001). Hence the gas outlet temperature, if measured, can
normally be used as an estimate of the particle, powder and material temperatures during spray

drying, which are the reaction temperatures for the Maillard reactions.
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Furthermore, the outlet gas temperature alone is not sufficient for describing the impact of
different spray drying conditions on the kinetics of the Maillard reactions in the spray dryer. In
a later study by Park et al. (2016), the feed flow rate was changed during the experiments to
maintain the same outlet gas temperature, where different feed solid contents and inlet gas
temperatures were used for the experiments. In this paper, higher furosine levels were found as
the inlet temperature and the solids concentration increased. The increase in the inlet
temperature should result in more thermal exposure for the particles, giving a greater extent of
Maillard reactions, hence increasing the furosine levels. The increase in the solids
concentration is also likely to lead to a greater extent of Maillard reactions (greater furosine
levels) due to changes in the atomisation behaviour, as follows. Higher solids concentrations
tend to give larger droplets, and larger droplets take longer to dry out and are wetter for longer,
so the liquid-phase reaction times are longer for larger droplets. Therefore, larger droplets
(from higher solids concentrations) are also likely to show more Maillard reaction products,
such as furosine, as observed in this paper. In the study of Zbicinski et al. (2002), the drying
kinetics of maltodextrin and Bakers’ yeast were investigated in situ during spray drying. In
their results, different atomisation ratios were found to give different drying kinetics. Therefore,
it is also necessary to consider the drying kinetics of particles in spray dryers when

investigating the Maillard reactions in this equipment.

For modelling the drying kinetics of particles in spray dryers, there are two main types of
modelling approaches: lumped-parameter models and distributed-parameter models. In
lumped-parameter models, the droplet and particle are assumed to be homogeneous, and the
temperatures and concentrations in different layers of the particles are assumed to be the same.
Examples of this approach are the concept of a characteristic drying curve (CDC) and the

reaction engineering approach (REA) (Chen and Lin, 2005; Keey, 1978; Tran et al., 2017).

2.4.9.1. Characteristic drying curve (CDC) models
The concept of a characteristic drying curve (CDC) model assumes that the shape of the
drying curve is the same for a specific material, regardless of the drying conditions (Keey,
1978). The drying rate is estimated based on the maximum drying rate (drying rate during the
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first stage of drying where the drying rate is not affected by the presence of solids) and moisture

content (Keey, 1978):

N
f= = fn(d) 21
Nmax
® X —Xe
== 2.2
Xcr - Xe

Where f is the normalised drying rate, N is the drying rate, X is the moisture content, and &
is the dimensionless moisture content. The subscripts cr and e refer to the critical point and the
equilibrium moisture content, respectively. The shape of the drying curve is the shape of the

curve where f is plotted as a function of &.

Langrish and Kockel (2001) assessed different experimental data for the spray drying of
both whole milk and skim milk and concluded that a linear function was a good approximation
to the shape of the characteristic drying curve.

f= 2.3

Other than linear characteristics curve, non-linear characteristics curve has also used for

modelling the drying kinetics (Tran et al., 2017):
f=1X>X., 2.4
f=¢@¢b x <X, 25

Where a and b are constants based on the gas velocity and gas temperature.

Good agreement was obtained by Tran et al. (2017) between the predictions of the CFD
model and the experimental data obtained via spray drying skim milk (30 wt%) with an inlet

gas temperature of 150°C and different feed flow rates.

The CDC modelling approach was also used with CFD to predict the thermal degradation
that occurs during spray-drying processes. Jaskulski et al. (2017) have developed a CFD model
for predicting whey protein denaturation during the spray-drying process. In their study, the
drying kinetics model was modelled using the CDC approach. Their results showed good
agreement with the experimental data obtained using an inlet gas temperature of 150°C and

different feed flowrates ranging from 130 - 216 mL/min.
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2.4.9.2.  Reaction engineering approach (REA)

Other than the well-known CDC approach, a reaction engineering approach (REA) has
been developed based on experimental data. In REA models, the drying rate is based on the
difference in vapour concentrations between the surface of the particles and the bulk gas (Chen
and Lin, 2005).

AE,

N = —hy, * (pvsat * €Xp <_ ﬁ) - pvb) 2.6

Where N is the specific drying rate (kg/m?/s), Pv,,.2Nd py, are the vapour concentration at
the interface and bulk vapour concentration, respectively, R is the ideal gas constant, and T is
the temperature. The parameter AE,, is the activation energy required for drying, which

measures the difficulty of the drying process.

2.4.9.3.  Common features of lumped-parameter models
Both CDC and REA models can provide a good approximation to the drying process. REA
models trends to be a better approximation under some conditions, but the difference between
them is not very significant (<5%) (Chen and Lin, 2005). There are also other different
lumped-parameter approaches, such as the short-cut approach proposed by Thijssen and
Coumans (1985). They will not be discussed in detail here, as they share similar advantages

and disadvantages.

Although the lumped-parameter approach (CDC) has been found by Jaskulski et al. (2017)
to be suitable for predicting the temperatures and moisture contents that affect certain types of
reactions (protein denaturation) during the spray-drying process, it may be less suitable for the
predicting Maillard reactions in the spray-drying process. In the later study by GAnez-Narv&ez
et al. (2022), the CDC approach was also used for predicting thermal degradation during the
spray-drying process of a whey solution. They successfully predicted the extent of protein
denaturation while being less successful with predicting the extent of Maillard reactions in the
spray-dried product. The main difference between protein denaturation and Maillard reactions
is that more than one component is involved in Maillard reactions, while protein denaturation

involves a more limited range of components (Nursten, 2005). When there is more than one
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component involved in the reaction, the impact of segregation during the spray drying process
may become more significant. Due to the lumped-parameter nature of their approach, the

impact of segregation was not considered.

2.4.9.4.  Distributed-parameter models

In contrast to lumped-parameter models, distributed-parameter models do not assume that
the temperatures and moisture contents inside the particles are homogenous. Individual
droplets are divided into different sublayers in a typical distributed-parameter model. The heat
and mass balance for each sublayer is calculated individually, thus allowing the different
temperatures and concentration profiles in each individual layer to be predicted. Such an
approach has been used to predict the component segregation process that occurs during the
spray-drying process of multi-component droplets (Gac and Gradon, 2013; Wang et al., 2013).
However, such an approach has not been applied to predict reactions that occur during spray
drying. In theory, distributed parameters modelling approach may be more suitable for
modelling multi-component reactions, including Maillard reactions, that occur in spray dryers
compared with lumped-parameter models. Despite the clear theoretical advantage of
distributed-parameter models over the lumped-parameter models, the difference in estimating
the overall extent of the reactions in the spray-dried product may be small. Last but not least,

distributed-parameter models are also more computationally expensive to solve.

2.4.10. Artificial neural networks (ANN) models

In light of recent computer science developments, artificial neural networks (ANN) have
also been used as an alternative method for modelling the spray-drying process (Keshani et al.,
2012). Compared with conventional models (i.e., models developed based on physical
principles), ANN models do not rely on the understanding of the process, which makes ANN
models good for predicting the outputs of a complex system based on the inputs. Some of the
studies in the past have shown the value of utilising ANN models for predicting the behaviour
of the drying process and the properties of the product. In the study of Keshani et al. (2012),
an ANN model was used to predict the amount of wall deposition for lactose-rich systems.
Their ANN model was found to be able to provide a good prediction for wall deposition within
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the range of conditions used for training their ANN model. In the study of Cheggini et al.
(2008), an ANN model was used to predict the drying process and the physical properties of
the spray-dried orange juice. The ANN model they trained also gave good agreement with the

experimental results (R? = 0.93).

However, the advantage of ANN models is also their biggest drawback. ANN models have
been developed based on a black-box relationship between the input variables and the output
variables, which means the mechanisms behind the processes remain unclear. ANN models
that are trained based on data collected from specific instruments are also limited to those
specific instruments. As a result, ANN models are ideal for optimising the spray drying process
for a specific material in a particular spray dryer within a certain range of operating conditions.
However, ANN models are less suitable for extending the results obtained from one system to
another. In addition, ANN models also require a large number of samples to avoid overfitting,

which can be time-consuming and costly.

2.5. Conclusions

In this review, many factors that may affect the mechanism of Maillard reactions in spray
dryers have been reviewed. The mechanisms of Maillard reactions in spray dryers may be
different from those in liquid systems due to the rapid changes in temperature and moisture
content in the equipment. Although the mechanisms of Maillard reactions in liquid systems
have been studied extensively, only limited studies have addressed this reaction in the context
of the liquid to solid transformation (GAnez-Narv&z et al., 2019; Grigioni et al., 2007; Miao
and Roos, 2004; Park et al., 2016). Most of the research about Maillard reactions for powders
is focused on how the operating conditions or the storage conditions affect the extent of
Maillard reactions in spray-dried products, but the mechanism of Maillard reactions occurring
in spray dryers has not been investigated. Nevertheless, different spray dryers were used in
those studies, and they all have different characteristics which may affect their results. However,
the impact of the characteristics of the spray dryers was not considered in those studies.

Therefore, establishing a better understanding of the mechanisms of Maillard reactions in spray
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dryers by including the characteristics of the spray dryers is a worthwhile direction for this

research.

48



Chapter 3. Methods and materials

In this chapter, the materials and methods used in this thesis were discussed in detail.
This chapter contains published materials from the following publications:

Journal article:

Zhou, Z., Langrish, T.A.G., 2021. A review of Maillard reactions in spray dryers. J. Food Eng.
305, 110615. https://doi.org/10.1016/j.jfoodeng.2021.110615

Zhou, Z., Langrish, T.A.G., 2021. Color formation and Maillard reactions during the spray
drying process of skim milk and model systems. J. Food Process Eng.
https://doi.org/10.1111/jfpe.13936

Zhou, Z., Langrish, T.A.G., Cali, S., 2022. Using particle residence time distributions as an
experimental approach for evaluating the performance of different designs for a pilot-
scale spray dryer. Processes 11, 40. https://doi.org/10.3390/pr11010040

Conference proceeding:

I am the first and the corresponding author for the published materials above. | designed
the study, analysed the data, and wrote the majority of the draft with the guidance of the
supervisor of this thesis, Professor Timothy Langrish. Professor Langrish has assisted with the

design of the experiment, data acquisition, and manuscript editing.

Permission for including published materials in this section has been granted by the

supervisor of this thesis, Prof. Timothy Langrish.
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Dye injection rate
Diameter
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Fourier transform
Number of equivalent reactors
Moisture content
Overall mean particle residence time
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3.1. Materials

A list of all materials used in this thesis is shown in Table 3.1. Unless stated otherwise, all

materials used in this thesis were Laboratory grade or better. The materials are listed in

alphabetical order.

Table 3.1 Materials used in this thesis.

Materials Formula Purity Supplier
. . Food grade, .
Fresh skim milk N/A 99% fat-free Coles, Australia
Galicia acetate acid CH3COOH Laboratory reagent Slgma-AIerch,
Australia
Lactose Ci12H22011 Analytical reagent Slgma-AIerch,
Australia
Potassium acetate CH3CO2K Analytical reagent Slgma-AIerch,
Australia
Red food dye N/A Food grade Queens, Australia
. . Food grade, .
Skim milk powders N/A 99% fat-free Coles, Australia
Whey protein isolate N/A Food grade, fat-free  Iso-natural, Australia

o1



3.2. Spray dryers
The work in this thesis is mainly based on the spray drying of milk and milk-like model
systems. Two different scales of spray dryers were used in this thesis, laboratory-scale and

pilot-scale.

3.2.1. Laboratory-scale spray dryer
The Buchi mini spray dryer B-290 (Switzerland) is a well-developed, widely-used
laboratory-scale spray dryer (GAnez-Narvaz et al., 2022; Nijdam and Langrish, 2005;
Schmitz-Schug et al., 2013; Zhong et al., 2019). In this thesis, it was used for preliminary
investigations and the development and validation of analytical methods. A Buchi two-fluid
atomiser was used for atomising the feed (Dnozzte = 0.7 mm, Dnozztecap = 1.5 mm, Buchi,
Switzerland). Feed solutions are delivered to the atomiser via the peristaltic pump on the spray

dryer. A schematic diagram of the Buchi mini spray dryer B-290 is shown in Figure 3.1.

Atomising air
é Atomiser
Feed
el

7
/
/ Air out
Drying chamber ‘
Cyclone
\‘_/ Cyclone
Collector

Figure 3.1 Schematic diagram of Buchi mini spray dryer B-290.
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3.2.2. Pilot-scale spray dryer

To address the aim of investigating the impact of different designs and scales of the spray
dryers, a pilot-scale spray dryer with different drying chamber designs was used in this thesis.
The first two designs of this pilot-scale spray dryer were built based on the findings of Huang
et al. (Huang et al., 2018). Briefly, the first two designs of the pilot-scale spray dryer consist
of two main drying columns connected via a 4-inch or 6-inch cylindrical connection. Most
parts of the spray dryer are constructed with 1.6 mm thick 304 stainless steel (SS-304). The
surface of the spray dryer is covered with 25 mm mineral wool to reduce heat loss to the
surroundings and avoid burns. Drying gas is provided by three F24 centrifugal fans (Aerotech
Fans Pty Ltd., Australia) in a push-and-pull configuration, providing a gas flow rate of up to
315 m¥hr, depending on the configuration. The same two-fluid atomiser used in Buchi mini
spray dryer B-290 is used for atomising the feed. Detailed dimensions of the pilot-scale spray
dryer are shown in Figures 3.2 — 3.3. For the sake of brevity, the design with a 4-inch cylindrical
connection will be referred to as "Design 1" or "4-inch connection design™ for short in later
sections of this thesis. The same applies to the design with a 6-inch cylindrical connection, and

it will be referred to as "Design 2" or the "6-inch connection design”.
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Figure 3.2 Spray dryer with 4-inch cylindrical connection (Design 1).
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Figure 3.3 Spray dryer with 6-inch cylindrical connection (Design 2).

The third design of the pilot-scale spray dryer was developed and built based on CFD
simulation results from Langrish et al. (2020). The CFD simulations result suggested that
widening the connection between two drying chambers may reduce the circulation behaviour
of the particles and lead to a lower degree of wall deposition (Langrish et al., 2020). Therefore,
drying columns in the third design are connected via a box connection. The box connection is
constructed with 1.6 mm thick 304 stainless steel (SS-304) and covered with 25 mm thick
mineral wool. A supporting framework made out of SS-304 was also built to ensure the
structural integrity of the box connection. Detailed dimensions of the design of cylindrical
drying chambers and box connections are shown in Figure 3.4. Similarly, the third design will

be referred to as "Design 3" or "Box connection” in later sections of this thesis for brevity.

54



300

1
Atomizer
Tl
o :':J
& 2 g
Heater . S -
Tl o
o F )
& C | Fan3
°
3 Box
Fan 1 |‘ 4
1500

Figure 3.4 Spray dryer with cylindrical drying chambers and box connection (Design 3).

Preliminarily investigations have shown that a significant amount of the wall deposition
occurs in the first two drying chambers of the spray dryer except for the bottom of the dry
columns (Langrish et al., 2020). This phenomenon is likely caused by the direct contact
between the spray and the inner wall of the spray dryer. Thus, in the fourth design, the first two
drying chambers have been redesigned in a conical shape to better fit the conical spray pattern
produced by the two-fluid atomiser. The expansion angle of the conical section has been chosen
to be 8.5°, which is intended to avoid flow separation due to the expansion while keeping the
footprint of the spray dryer within reasonable limits. The box connection between the two
drying columns has also been redesigned accordingly. A schematic diagram and detailed
dimensions of the fourth design are shown in Figure 3.5. The fourth design of the pilot-scale
spray dryer will be referred to as "Design 4", "Conical drying chambers with box connection”,

or "Conical drying chambers" for brevity.

Atomizer

Fan 3

Figure 3.5 Spray dryer with conical drying chamber and box connection (Design 4).
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3.3. Spray drying
3.3.1. Effect of different operating conditions and feed compositions on the kinetics
of Maillard reactions in spray dryers

The following approach was used to investigate the effect of different operating conditions
and feed composition on the kinetics of Maillard reacitons. Three types of feed solutions were
used, reconstituted skim milk or milk-like model systems and fresh skim milk. Feed solutions
using skim milk powders or the lactose-WPI model system were prepared by dissolving solids
in distilled water at room temperature (20°C) to make up a feed solution. Skim milk powders,
whey protein isolate (WPI), and lactose are stored in sealed containers before use under
recommended storage conditions. The solid content of the reconstituted solution is 8.8 wt%
which is the same as the solids content in skim milk. For experiments that used fresh skim milk
as the feed, fresh skim milk was stored in a fridge at 4°C for no longer than three days and
brought back to room temperature (20°C) prior to spray drying. All related experiments were
carried out using the pilot-scale spray dryer (Design 3) (Figure 3.4). The spray drying
conditions consisted of an inlet gas flow rate up to 257 m3/hr and an atomising air flow rate of
10 mL/min at a compressed air pressure of 220 kPa. Different inlet gas temperatures ranging
from 130<€ to 190<€ were used to investigate the effect of the temperatures on the kinetic of
Maillard reactions in spray dryers. Detailed spray-drying conditions are summarised in Table
3.2. The spray-dried milk powder was collected from the circular collector located at the
bottom of the cyclone (approximately 80% of the total solids in the feed). Spray-dried samples
have a mean particle size ranging from 9 to 12 um and have a moisture content of 1.5 +0.6%
by weight. Collected samples were placed in a sealed bag and stored at - 20<€ to avoid moisture
absorption and to minimise the extent of Maillard reactions during storage. Each experimental

condition was repeated three times.
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Table 3.2 Operating conditions for investigating the effect of operating conditions and feed compositions.

Feed Inlet gas Feed flow rate Outlet gas
temperature (°C) (mL/min) temperature (°C)

130 27 101

Skim milk powder 150 27 114
/ Fresh skim milk 170 27 130
180 27 136

190 27 145

150 27 116

Wi Lactose 170 27 130
180 27 138

190 27 146

In addition to the pilot-scale spray dryer, a laboratory-scale spray dryer (Buchi mini spray
dryer B-290) was also used in the spray drying experiment of real food systems. The spray
drying conditions are the same as those for the pilot scale spray dryer, but with a lower inlet
gas flow rate of 35 m®/hr and an atomising air flow rate of 10 mL/min at 200 kPa. Spray-dried
samples were collected and stored in the same manner as those samples collected from the

pilot-scale spray dryers.

3.3.2. Effect of different designs and sizes of the spray dryer on particle residence time
distribution

To compare the impact of different designs on the extent of Maillard reactions in the final
products, fresh skim milk and salt solution with the same concentration (8.8 wt%) was
spray-dried using four different designs of the pilot-scale dryer in a similar manner. Due to the
limitation of the operating temperature of the photomultiplier used for sampling the response
signals produced, an inlet gas temperature of 100°C was used instead of the temperature listed
above. The feed flow rates have also been halved to prevent blockages in the sampling window.
In addition to the difference in inlet gas temperatures and feed flow rates, and different drying
gas flow rates (ranging from 257 — 315 m>/hr) were used to investigate the impact of different
drying gas flow rates on the particle residence time distribution within the dryer. Other

spray-drying conditions remained unchanged.
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3.4. Particle residence time distribution measurement

As discussed in Chapter 2, the particle residence time distribution (RTD) is an important
factor that mainly affects the reaction time and drying kinetics. Particle residence time is
affected by the design and size of spray dryers (Francia et al., 2015; Keshani et al., 2015;
Schmitz-Schug et al., 2013; Boekel, 1998). Particle residence time measurements are powerful
tools that can provide an experimental overview of the performance of the spray dryer design
under different operating conditions (Jeantet et al., 2008). An experimentally measured particle
residence time reflects the combined effect of the chamber design and physical properties of
the materials being spray-dried under different operating conditions. Due to the importance of
the particle residence time, measuring the particle residence time and investigating the effect

of designs and size of the spray dryer is desirable.

3.4.1. Particle residence time distribution
The RTD measurement systems can be divided into input, processes, and response. Inputs
to the systems are normally introduced as either pulse or step changes, and then the responses
of the processes are measured. In general, the RTD measurement process can be represented

by equation 3.1.

ET@SPOTlSG ) = Einput(t) * RTD 3.1
Where Eresponse(t) is the response signal, Einput(t) is the input signal, and RTD is the function

of the particle residences time distribution. * in this equation represents the convolution product.

The particle residence time distribution function can be extracted from the deconvolution
result of the response signal and input signal. The convolution and deconvolution processes
were carried out using the convolution theorem (equation 3.2):

F(g*h) =F(g) F(h) 32

Where & represents a Fourier transform, * represents the convolution product, and -is
point-wise multiplication. From equations 3.1 - 3.2, can have the following equations:

T(Eresponse(t)) = T(Einput(t)) - F(RTD) 3.3
F(RTD) = T(Eresponse(t)) -/T(Einput(t)) 3.4
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RTD = T_l(T(Eresponse(t)) -/T(Einput(t))) 3.5
In this thesis, all Fourier transform and inverse Fourier transform operations were

performed using the Fast Fourier Transform (FFT) algorithm in MATLAB.

When the input is introduced as pluses, the RTD function can be calculated as follows:

RTD = Eesponse (t)

= W 3.6

Here, C(t) dt is the rate of tracer injection.

3.4.1. Spray drying conditions used for particle residence time distribution
measurement

For particle residence time distribution measurement, both the lab-scale spray dryer and

pilot-scale spray dryer were used. An inlet gas temperature of 100€ was used for all particle

residence time measurement experiments due to the limitations on the operating condition of

the photomultiplier. All experiments were repeated at least three times. Operating conditions

for measuring particle residence time distribution in the lab-scale spray dryer are summarised

in Table 3.3.

Table 3.3 Operating conditions for measuring RTD in Buchi mini spray dryer B-290.

Parameters Values
Inlet gas temperatures (°C) 100
Feed flow rate (mL/min) 3
Gas flow rate (m’/hr) 38
Atomising air flow rate (mL/min) 10
Atomising air pressure (bar) 2.2

For measuring the particle residence time distributions in different designs of the pilot-scale
spray dryer, different drying gas flow rates and all four designs of the spray dryer were used.
The feed flow rate also halved compared with the flow rate used to investigate the effect of the
operating conditions on Maillard reactions. By halving the feed flow rate, the chance of
particles depositing onto the sampling window is reduced, thus causing less interference with

the measured signals. Detailed operating conditions are summarised in Table 3.4.
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Table 3.4 Operating conditions for measuring RTD in different designs of the spray dryer.

Parameters Values
Inlet gas temperatures (°C) 100
Feed flow rate (mL/min) 13.5
Gas flow rate (m*/hr) 99 - 315
Atomising air flow rate (mL/min) 10
Atomising air pressure (bar) 2.2

3.4.2. Particle residence time measurement devices for laboratory-scale spray dryer
In Ruprecht and Kohlus (2018), the particle concentrations and diameters are measured
using scattered laser from the particles. This type of measurement can be considered a
non-intrusive method that will not disturb the gas flow within the spray dryer. A similar laser

scattered measurement device has been developed and built in this thesis.

The particle residence time measurement device was tested on the Buchi mini spray dryer
B-290 before the measuring system was implemented onto the pilot scale spray dryer. In the
first version of the RTD measurement device, the input into the system was introduced as step
changes in feed compositions. In this thesis, two types of feed were used, fresh skim milk and
red dye solutions. The step changes in the feed composition were introduced by changing the
position of the three-way valve periodically during the spray drying process. By changing the
position of the three-way valve, feed into the system was switched between the red dye solution
and fresh skim milk. A schematic diagram of the particle residence time distribution (RTD)

measurement device is shown in Figure 3.6.
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Figure 3.6 Particle residence time measurement device for Buchi mini spray dryer B-290 version 1 (not to scale).
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Figure 3.7 Detailed dimensions of the Buchi mini spray dryer B-290.
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For measuring the input signal (Einput (t)) and the response signal (Eresponse (t)) of the system,
two sets of laser pointers and photomultipliers were used. When particles pass through the
sampling window, the laser from the laser pointer is scattered by the particles. Particles with
different dye concentrations scattered the light differently (Figure 3.8). The difference in the
intensity of the scattered light was measured using the photomultiplier perpendicular to the
laser pointer (Figure 3.9). The changes in light intensity are regarded as the actual

input/response signal of the system.

(a) (b)

Figure 3.8 Light scattered by particles (a) particles without dye (b) particles with dye.

Light scattered Laser pointer

Drying chamber

Particles

Photomultiplier
holder /
Photomultiplier

Figure 3.9 Enlarged view of the signal measurement device.

For better stability of the measurement devices, 3D printed holders for the photomultipliers

were also developed and built as part of the method development process (Figure 3.10).
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Figure 3.10 3D printed holder for photomultipliers use with the lab-scale spray dryer. (a) photomultiplier end (sampling

window) (b) laser pointer end (c) pass-through for drying chamber.
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Figure 3.11 Detailed dimensions of the 3D printed holder for photomultipliers use with the lab-scale spray dryer. Left:

bottom view Right: right-side view.

In the first version of the RTD measurement devices, the tubing connections between the
three-way valve and the atomiser led to the mixing of two different feeds, which affected the
accuracy of the measurements. In order to reduce interference from dead time lags and mixing
due to the tubing lengths, modifications were made in the second version of the RTD
measurement system. The three-way valve was moved next to the inlet of the atomiser, and the
dye was injected as pulses. During the experiments, the three valves were only opened before
injection, and 2 mL of dye solution was manually injected into the system via a syringe. A

schematic diagram of the RTD measurement device version 2 is shown in Figure 3.12.
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Figure 3.12 Particle residence time measurement device for Buchi mini spray dryer B-290 version 2.

3.4.3. Particle residence time measurement device for pilot-scale spray dryer
After successfully measuring RTD in the laboratory-scale spray dryer, the particle
residence time measurement device was modified for the pilot-scale spray dryer. A schematic

diagram of the RTD measurement device on a pilot-scale spray dryer is shown in Figure 3.13.
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Figure 3.13 Schematic diagram of RTD measurement device on pilot-scale spray dryer (Design 1).
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Similar to the RTD measurement devices for the laboratory-scale spray dryer, the RTD
measurement device for the pilot-scale spray dryer also consisted of two parts, a dye injection
system and a response measurement device. Dye solutions were injected into the system as
pluses, and the responses of the system to dye injections were measured at the outlet of the

drying chamber prior to the cyclone collector.

3.4.3.1. Manual dye injection

At the early stage of the experimental design, manual injections were used to investigate
the effect of different amounts of dye injection, signal-to-noise ratio (SNR) and feasibility of
the method. For manual injection, dye solutions were injected using D = 2 mm tubing, which
is connected to a syringe containing the dye solution. A valve is located between the syringe
and the inlet of the atomiser to prevent the back-flow of the dye or the feed. During the
experiments, the valve was opened before injections and closed after injections. Dye solutions
were injected into the system via a syringe every 180 s. All manual injection experiments were
carried out using Design 3 at a gas flow rate of 257 m%/hr. A schematic diagram of the manual

injection system can be found in Figure 3.14.
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Figure 3.14 Schematic diagram of manual dye injection system for pilot-scale spray dryer.
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3.4.3.2.  Automated dye injection

After validating the method with manual dye injections, an automated dye injection system
has been developed and built. The automated dye injection is designed to eliminate interference
due to human factors (i.e., human reaction time and inconsistency between injections). In
addition to eliminating the human factor, a shorter tubing could be used to further reduce the
lag time due to the tubing. The automated dye injection consisted of a pump for delivering dye,
a diaphragm valve to prevent backflow, and a single-board computer (Raspberry Pi 4) to
control the pump and value (Figure 3.15). The pump and valve were controlled in an On-Off
control configuration via a relay module. The single-board computer controlled the relay
module by sending high or low voltage signals through general-purpose input/output (GPIO)
ports. The automated dye injection system automatically injected 2 mL of dye into the system
within 0.5 seconds every 180 seconds during experiments. The Python code for dye injection

control is shown in the appendix (Section A.1).

Single- Feed
board — =— — |
computer |

I'__I

Dye

Figure 3.15 Schematic diagram of the automated dye injection system.

To measure the response of the system, a set of photomultipliers and laser pointers were

used between the outlet of the drying chamber and the cyclone collector (Figure 3.16).
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Figure 3.16 Schematic diagram of particle residence measurement device for pilot-scale spray dryer.
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Figure 3.17 Detailed dimensions of the 9099ong radius elbow (R = 1.5D). Left: front view Right: top view. Flanges on the

elbow are not shown.

A 3D printed holder for the photomultiplier was designed and built for better stability of

the measurement devices (Figure 3.18).
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Figure 3.18 3D printed holder for photomultipliers used with the pilot-scale spray dryer. (a) Top view of the holder; (b) side

view of the holder; (c) bottom view of the holder.
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Figure 3.19 Detailed dimensions of the 3D printed holder for photomultiplier use with the pilot-scale spray dryer. Left: side
view of the fitting for measuring the particle residence time Right: top view of the fitting for measuring the particle residence

time.

It is difficult to compare two different RTD curves directly. To quantitatively analyse the
measured RTD curves, all measured signals were normalised and fitted with a
continuous-stirred-tank-reactor tank-in-series (CSTR-TIS) model (equation 3.7). The model
parameters were fitted using MATLAB based on the least-squares method. MATLAB code for

model fitting is shown in the appendix (Section A.3).
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Where 7 is the overall mean particle residence time, and n is the number of equivalent

reactors in series (Ruprecht and Kohlus, 2018).

There are two parameters in the CSTR-TIS model, the overall mean particle residence time
(v) and the number of equivalent reactors in series (n). The overall means particle residence
time represents the average time that particles stay in the spray dryer. The number of equivalent
reactors (n) describes the spread of the residence time distribution, and the larger the value of

n, the tighter the spread of the RTD (i.e., it becomes closer to a plug-flow reactor).

3.4.4. Analysis of the fluctuations in the signal
Normalised signals were transformed from the time domain to the frequency domain via
Fourier transform to analyse the frequency of fluctuations observed in the measured signals.
The last 60 seconds of each measured signal were analysed to reduce the interference from the
main peak. Fourier transformations of the signals were performed using the Fast Fourier
Transform (FFT) algorithm available in MATLAB. The MATLAB code for signal processing

is shown in the appendix (Section A.4).

3.5. Product quality assessments
3.5.1. Colour measurement
As discussed in Chapter 2, colour formation in the spray-dried powder is one of the key
characteristics of Maillard reactions during the spray-drying process. Colour analysis of the
final products was carried out using a standard lighting box with four lamps (cold white) using

the method described in Zhong et al. (2019).

The colour analysis procedure consisted of the following steps: turning on the lamps in the
standard lighting box, filling a square polystyrene container (10 mm*10 mm*5 mm) with the
sample, and placing the container at the centre of the standard lighting box (Figure 3.20); fixing

a camera on a clamp 50 mm above of the sample; setting a 10s timer for the camera and closing
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the front cover of the lighting box; removing the front cover of the standard lighting box and

transferring the photo from the camera to the computer for further analysis by MATLAB.
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Figure 3.20 Schematic diagram of standard lighting box.
In addition, a standard colour correction card (X-rite, USA) was used to ensure the

accuracy of the colour measurements (Figure 3.21).
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Figure 3.21 Standard colour correction card used in this thesis.



The colour of the sample was described using the averaged L, a*, b* values of the central
region (50*50 pixel) of the collected photos based on the CIELAB colour space. L, a*, b*
values represent the lightness (0 - 100 from black to white), red and green components

(-100 - 100 from red to green) and yellow and blue components (-100 — 100 from yellow to

blue), respectively. From the L, a*, b* values, the E indices (E = VL? + a*2 + b*2) and the
Chroma values C = Va*2 + b*2 were also assessed. The overall E index (E) has been used to
describe the colour of the sample in other studies for liquid milk and infant formulas. The
differences in the E indices may be used to represent differences between the colours of the
powders (Bosch et al., 2007; Morales and Boekel, 1998). The Chroma value (C) is another
parameter used for describing the colour of the samples. The Chroma value is only dependent
on the colour component (a* and b*) of the samples and is not affected by the lightness (L).
The Chroma value is used to describe the intensity of the colour, and changes in either the
positive or the negative directions of the a* and b* values will change the Chroma value (Rhim
et al., 1988). All colour analysis mentioned above were performed in MATLAB, and the

MATLAB codes used for analysis has been provided in the appendix (Section A.2.)

3.5.2. Fluorescence of Advanced Maillard products and Soluble Tryptophan (FAST)

The FAST method proposed by Birlouez-Aragon (1998) was used to determine the extent

of Maillard reactions based on the fluorescence of tryptophan and advanced Maillard reaction
products in the soluble fraction of milk at a pH of 4.6. Spray-dried samples were reconstituted
with distilled water to 8.8 wt%, which was the original solids content in the fresh milk;
reconstituted samples were mixed with a pH 4.6 buffer solution (acetate buffer, 0.1 M) ata 1:5
ratio and centrifuged at 3620 g for 30 min to separate the insoluble fraction. The supernatant
was further diluted ten times with distilled water. The fluorometric measurement of the diluted
samples was carried out by using a Horiba FluoroMax-4 spectrometer (Kyoto, Japan). The
excitation and emission wavelengths were set to 290/340 nm and 350/440 nm to detect
tryptophan and advanced Maillard reaction products, respectively. The extent of the Maillard
reactions was expressed as the ratio between the fluorescence of advanced Maillard reaction

products and tryptophan (AMP/Trp ratio).
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3.5.3. Particle size distribution
The particle size distribution may be affected by the operating conditions of the dryer and
the atomiser and the design of the spray dryer. Thus, the particle size distribution was
determined for samples collected from different operating conditions. The particle size
distribution was measured using a Malvern Mastersizer 3000 (Malvern Instruments, UK) a

universal feeding funnel and a 100% feed flow rate at 2.2 bar.

3.5.4. Scanning electron microscopy (SEM)

The particle morphology was observed using Scanning Electron Microscopy (SEM).
Samples were fixed on the sample stem via carbon tape. Then the sample was coated with gold
using a Quorum-SC7620 Mini Sputter Coater (Quorum Technologies, UK). Images of the
coated samples were observed at 1000X, 3000X and 5000X magnification with a Phenom-Prox

SEM (Phenom-World, Netherlands).

3.5.5. Moisture content measurement
The moisture content of the samples was measured using the loss-on-drying method
described in Ozmen and Langrish (2002). In summary, approximately 1g of the collected
samples were placed on a Petri dish and placed in a drying oven at 85°C for a period of 23

hours. The moisture content of the samples was calculated based on the change in mass.

3.6. Heating model systems under isothermal conditions

In order to predict the Maillard reactions in spray dryers along with the segregation process,
the combined effect of moisture content, component ratio, and temperature on the reaction
kinetics of Maillard reactions needs to be investigated. Model systems with different moisture
contents and lactose-to-WPI ratios were prepared. Three different ratios between lactose and
WPI were used: 1:1, 1:2 and 2:1 to represent the heterogeneous distribution of different
components across the particle in different layers of the particles due to the segregation process.
Three different moisture contents were used: X = 1 kg/kg, X =5 kg/kg, and X = 10 kg/kg, since
most of the segregation process occurs within this range of moisture content (Putranto et al.,

2017). Despite droplet drying being a liquid-solid system and the kinetics of Maillard reactions
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in liquid systems having been studied extensively, there are no data available in the literature
that are suitable for the needs of this thesis. Samples prepared were subsequently heated
isothermally at between 60<C, 80<C, and 100 <C for up to 35 minutes in a sealed glass bottle in
a fan-forced oven. After heating, the samples were cooled using an ice-water mixture to reduce

the extent of subsequent reactions.

3.7.Conclusions

This thesis has involved five different spray dryers, four different configurations of a
pilot-scale spray dryer and one laboratory-scale spray dryer, for spray-drying experiments. The
effects of feed compositions and operating conditions on Maillard reactions in spray dryers
were investigated. The effects of feed compositions were investigated by spray drying different
feeds, including real food systems (fresh skim milk and reconstituted skim milk) and model
systems with different compositions. The effects of different inlet gas temperatures and
dimensions of the spray dryers were also investigated using one of the configurations of the
pilot-scale spray dryer and the laboratory-scale spray dryer. The extent of Maillard reactions
in samples collected from the spray-drying experiments was evaluated using fluorometric and
colourimetric methods. The physical properties of the collected samples were examined using
a particle size analyser for the particle size distribution, scanning electron microscopy (SEM)

for particle morphology, and a loss-on-drying method for the moisture contents.

For particle residence time distribution (RTD) measurements, a laser-based non-intrusive
measuring system was developed in this thesis. RTD of spray dryers with different designs and
dimensions were measured using the developed system for comparing the performance of
different spray dryers. Additionally, the measurement results for the laboratory-scale spray

dryer were also compared with reported values in similar studies for validation.

Finally, isothermal heating experiments of samples with different moisture contents and
compositions were also carried out as part of developing simulation models for Maillard

reactions Kinetics in spray dryers.
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Chapter 4. Maillard reactions with different inlet gas temperatures and

feed compositions

This chapter mainly focuses on how operating conditions and feed composition affect the

kinetics of the Maillard reactions in spray dryers.

This chapter is developed based on a published journal article: "Colour formation and
Maillard reactions during the spray drying process of skim milk and model systems" that was
published in the Journal of Food Engineering. | am the first and the corresponding author for
this journal article. I designed the study, analysed the data, and wrote the majority of the draft
with the guidance of the supervisor of this thesis, Professor Timothy Langrish. Professor
Langrish has assisted with the design of the experiment, data acquisition and editing of the

manuscript.

Permission for including published materials in this section has been granted by the

supervisor of this thesis, Prof. Timothy Langrish.
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4.1. Introduction

Spray drying is a common method used for drying liquid feedstocks. Other than the
requirements for low final moisture content and other physical properties of dried products, the
flavour, the nutritional values, and the appearance of the dried milk are also important, so the
loss of volatile components and heat-induced degradation (e.g., Maillard reactions) should be
minimised during the spray-drying process. It is, therefore, important to understand how the
spray-drying process affects the properties of the final products. Maillard reactions may cause
changes in the physical properties of the product (e.g., colour, rheological properties), loss of
nutritional values and produce mutagenic or even potentially carcinogenic products (Brands et
al., 2000; Friedman, 1996; Lucey, 2002). Thus, it is important to investigate the Maillard

reactions that occur during spray-drying processes.

Due to the complex nature of the spray-drying process, Maillard reactions that occur during
the spray-drying process have been less well-studied compared with those in liquid systems
(Jaskulski et al., 2017; Schmitz-Schug et al., 2016; Wijlhuizen et al., 1979). As mentioned in
Chapter 2, Maillard reactions in spray dryers may be affected by many factors, including
temperatures, moisture contents, water activities, compositions of the foods and the
characteristics of the spray dryer. Maillard reactions consist of three different stages. During
the early stage of the Maillard reactions, reducing sugars bond to amino acids via Schiff bonds
and produce protein-bonded Amadori products. During the advanced stage, Amadori products
transform into advanced Maillard reaction products via different pathways depending on the
conditions (Morales and Boekel, 1998). In the final stage of the Maillard reaction, high
molecular weight nitrogenous brown pigments (melanoidins) are formed. The formation of
melanoidins is the main cause for the browning of the final product. Therefore, it is also
important to understand how the colour formation of the milk powder is related to the extent

of Maillard reactions.

This chapter mainly focused on how different operating conditions, including inlet gas
temperatures and feed compositions, may affect Maillard reactions in the spray-dried product,
including the use of model systems.
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4.2. Fluorometric measurement results — Fresh skim milk & reconstituted skim milk
The amounts of advanced Maillard reaction products have been measured using the FAST
method proposed by Birlouez-Aragon et al. (1998), and the changes have been expressed as
percentage changes compared with the feed. A detailed description of the FAST method and
spray drying conditions has been provided in Chapter 3. Two different feeds, fresh skim milk
and reconstituted skim milk (8.8 wt%), were spray dried using inlet gas temperatures ranging

from 130<€ to 190<€.
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Figure 4.1 The changes in AMP/Trp ratios as functions of inlet gas temperature for real food systems. & : reconstituted skim
milk @: fresh skim milk —: fitted curve for reconstituted skim milk (Y=4.35*10-1°X88, R?=0.92) =~ fitted curve for fresh
skim milk (Y=2.89*10-%X15, R2=0.96).

As shown in Figure 4.1, the extent of Maillard reactions in spray-dried samples collected
from the pilot-scale spray dryer increased, even at the lowest inlet gas temperature (130€).
This result confirmed that Maillard reactions do occur during the spray-drying process of skim
milk at all inlet gas temperatures used in this thesis. Under the same spray drying condition,
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the powder obtained from reconstituted skim milk always gave a greater extent of Maillard
reactions. The difference in the results was probably caused by the reconstituted samples
having more early/advanced Maillard reactions products in the feed, due to having already been
spray dried. The work of Nijdam and Langrish (2005) has also shown that reconstituted skim
milk behaves similarly to fresh skim milk in many respects, apart from the fact that it has

already been spray dried.

There was a significant increment in the extent of Maillard reactions when the inlet gas
temperature increased from 180°C to 190°C for both reconstituted and fresh skim milk
(P <0.01). Compared with inlet gas temperature, the particle temperature history is more
critical for investigating the kinetic of Maillard reactions that occur during spray drying. Spray
drying processes can be classified into two stages: the un-hindered drying stage and hindered
drying stage. During the un-hindered drying stage, "free" water on the surface of the particles
evaporates rapidly; thus, the particle temperature increases slowly due to the cooling effect of
evaporation. As the drying process for a particle enters the hindered stage, the drying rate
decreases, and the temperature of the particle rises rapidly (Wijlhuizen et al., 1979).
Heat-included degradation and loss of the volatile product are more likely to occur during this
stage (Birchal and Passos, 2005). Many studies, for example, Langrish and Kockel (2001) have
shown that some materials, such as milk, may not have a long unhindered drying stage, and the
particle temperature will approach the outlet gas temperature during the long hindered drying
period. The particle and gas temperature history are estimated using parallel-flow design
equations described in Langrish (2009). The equations used are provided in Chapter 6. The
predicted particle and gas temperature is plotted against the distance from the atomiser for an

inlet gas temperature of 130 <€ shown in Figure 4.2.
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Figure 4.2 Predicted temperature profile for the particles and the drying air with an inlet gas temperature of 130 C —: gas
temperature == particle temperature.

As shown in Figure 4.2, the particle temperature approaches the gas temperature very
quickly after the start of the dryer. The difference between the estimated outlet gas temperature
and the actual outlet gas temperature can be accounted for by including an overall heat loss
coefficient to the environment. Considering the fact that the spray dryer is well insulated, an
overall heat loss coefficient (multiplied by the surface area) to the environment of 5 Wm2K!
fits the experimentally-observed outlet temperatures within 4<C. Summaries of the simulation
results and the differences between the estimated temperatures and actual temperatures are

shown in Table 4.1.
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Table 4.1 Summary of actual and estimated outlet gas temperatures for different inlet gas temperatures.

Inlet gas temperature Actual Outlet gas Estimated outlet gas
°O) temperature (°C) temperature (°C)
130 101 105
150 114 - 116 118
170 130 130
180 136 - 138 135
190 145 - 146 141

The corresponding outlet gas temperatures for 180°C and 190°C experiments were 136°C
and 145°C, respectively. The significant increase in MRPs between these two inlet
temperatures suggested that there may be a critical reaction where the rate of one reaction in
the Maillard reaction scheme increases significantly between 136 £1°C and 145 *1°C. Other
studies also showed a similar trend, where the rate of Maillard reaction increases significantly
when the temperature is above a certain value (Miao and Roos, 2004). The study of Miao and
Roos showed a significant increase in the rate of Maillard reaction when the particle
temperature is 10 - 40€ above the glass transition temperature of the particle (Miao and Roos,
2004). Similar behaviour has also been reported in an earlier study by Karmas et al. (1992). A
later study by Roos showed that the physical state of lactose also plays an important role in
Maillard reactions in milk or milk-like model systems (Roos et al., 1996). The latest study by
Ganez-Narv&z et al. (2019) also showed that the Maillard reaction could be promoted by
lactose in the rubbery-like state, since the mobility of the molecules increases in the glass
transition state. This increase in the rate of Maillard reactions may also be related to the change
in the structure of proteins. Studies have shown that B-Lactoglobulin (B-Lg), which is the major
whey protein found in milk, may lose its spiral structure due to heating and exposing more
reactive functional groups (Qian et al., 2017; Vasbinder et al., 2003). More exposed functional
groups may promote the sugar-amide reaction (early stage of Maillard reactions) and thus

increase the rate of Maillard reactions.

4.3. Fluorometric measurement results — lactose-WPI model systems
Two milk-like model systems were also spray dried using the pilot-scale spray dryer under

similar conditions. The extent of Maillard reactions in the spray-dried samples was also
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measured using the FAST method described in Chapter 3. The advantage of the model system
over the real food system is that the ratio of different components (mainly lactose and WPI)
can be controlled. Thus, the effect of different reactant ratios on the kinetics of Maillard
reactions can be investigated, and the reaction-rate-limiting component can be identified. In
addition to component ratios, the result obtained from the model system is more reproducible,
since the model systems are free of other components that may also affect the kinetics of
Maillard reactions (Akagawa et al., 2002; Nursten, 2005). Furthermore, model systems also

eliminated possible changes in composition due to seasonal variation in real food systems

(Grigioni et al., 2007).
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Figure 4.3 The changes in AMP/Trp ratios as functions of inlet gas temperature for model systems. & : Lactose:WPI 1:2 @:
Lactose:WPI 2:1 —: fitted curve for reconstituted skim milk (Y=1.98*1047X*5, R?=0.81) =~ fitted curve for fresh skim milk
(Y=4.33*1054X84, R2=0.84).

Similar to the fresh and reconstituted skim milk, the extent of the Maillard reactions in the

samples increased with greater values of the inlet gas temperature (Figure 4.3). Under the same
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spray drying conditions, model systems with higher WPI contents showed a greater extent of
Maillard reactions compared with ones having lower WPI contents. This result suggested that
WPI was the rate-limiting reactant for these model systems. The rate of changes in the
AMP/Trp ratio increased significantly when the inlet gas temperature was above 170°C (which
gave an outlet gas temperature of 130°C) for both model systems, and the corresponding critical

temperature appears to be between 130-138°C.

The lower critical temperature suggests that these model systems may be more sensitive to
higher temperatures compared with real food systems. Furthermore, these model systems
appear to be more greatly affected by Maillard reactions, as indicated by a much higher
AMP/Trp ratio in the spray-dried powders, compared with fresh and reconstituted skim milk.
This observation might arise because both model systems have higher WPI to lactose ratios
than the real food system. Additionally, the WPI and lactose powders have gone through more
processing steps that may change the state of the reactants and make them more sensitive to
thermal degradation processes, such as Maillard reactions. Last but not least, other components,
such as minerals present in the real food system, may also affect the kinetics of the Maillard
reactions and lead to a slightly different behaviour between the model system and the real food

system (Akagawa et al., 2002).

4.4. Colour analysis of the samples

During the final stage of the Maillard reactions, melanoidins are formed. Melanoidins are
brown nitrogen-containing pigments and are the main cause of browning in spray-dried
powders. The browning in the spray-dried powders can also be used as an indicator for the final

stage of Maillard reactions.
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Table 4.2 Summary of colour analysis result for samples collected from different spray drying conditions.

Inlet gas temperature & conditions L a* b* E C
130°C 86.6 + 1.1 -1.0+02 4.6+04 86.7+ 1.1 47+04
150°C 882+04 -09+02 54+04 88.7+ 0.4 54+0.3

Fresh skim milk 170°C 88.4+0.1 -1.2+0.1 6.6+0.2 89.6 + 0.1 6.7+0.2
180°C 84.8 + 0.1 -1.2£0.1 7.5+0.3 85.2+0.1 7.6+0.3
190°C 88.7+04 -09+03 9.8+0.6 89.3+0.4 9.8+0.6
130°C 92.3+0.7 03+0.5 6.8+0.5 92.6 £0.7 6.9+0.5
150°C 924+0.7 -13+04 7.7£0.6 92.7+0.7 7.8+0.7

Reconstituted skim milk 170°C 925+0.15 -0.3+£0.7 8.1+0.3 92.8+0.1 8.1+0.3
180°C 93.4+04 02+0.5 8.6+0.5 93.8+0.3 8.6+0.5

190°C 919+1 0.1+£03 120+13 926+1.0 12.1+13

Lac: WPI 1:2 170°C 954+05 -20+14 187+1.0 973+£05 189+1.0

Lac: WPI 2:1 170°C 95.7+0.5 -224+02 140+£12 968+04 142+14

Model system Lac: WPI 1:2 180°C 96.0+0.5 -33+£02 214+12 984+03 21.7+1.2

Lac: WPI 2:1 180°C 96.2+04 -26+04 182+0.1 98.0+0.5 184+0.2

Lac: WPI 1:2 190°C 949+04 -34+03 27.0+19 988+05 272+19

Lac: WPI 2:1 190°C 95.6+0.2 -28+0.5 21.3+£0.7 98.0+£0.1 21.5+0.7
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Figure 4.4 Colours of the spray-dried fresh skim milk from different inlet gas temperatures.

The mean L, a*, and b* values of the samples collected from different spray drying
conditions are shown in Table 4.2. In general, the lightness (L) of the samples produced from
the same feed decreased with increases in the inlet gas temperature. The increase in darkness
may have been caused by the formation of the brown pigments (melanoidins) produced during
the final stage of the Maillard reactions. The a* value (red and green) of the samples did not
change significantly with the different spray-drying conditions, which was also reported in
other studies of the colour formation due to Maillard reactions in liquid milk and infant
formulae (Bosch et al., 2007; Morales and Boekel, 1998). The b* values increased with the
severity of the spray-drying conditions, which suggested an increase in the yellow component

of the colour that is consistent with the visual assessment (browning).

Standalone L, a* or b* values are not sufficient to describe the colour of the powders
collected. The overall E index (E) has been used to describe the colour of the sample in other
studies for liquid milk and infant formulas (Morales and Boekel, 1998). The E index can be
calculated as the square root of the sum of the squares of L, a*, b* (E=V(a*? + b*?+ L?)). In
this thesis, the values of the E indexes are mainly dependent on the lightness (L) of the samples,
as the L values of the spray-dried samples are much larger in magnitude when compared with
the values of a* and b*. As a result, the E index might not be suitable for describing the
browning due to Maillard reactions during the spray-drying process of milk or milk-like

systems.

The Chroma value (C) is another parameter used for describing the colour of the samples.

The Chroma value is based on the a* and b* values and does not involve the L values. Therefore,
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the calculated Chroma values can better reflect the changes in the colour of the samples and be
less affected by interference from lightness (L). As shown in Table 4.2, higher chroma values
have been obtained for the samples collected from experiments with a higher inlet gas
temperature and the same type of feed, and the model system with a lactose to WPI ratio of 1:2

and an inlet gas temperature of 190°C has given the largest chroma values.
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Figure 4.5 Chroma values as functions of the changes in AMP/Trp ratios for real food systems. & : experimental data points
— fitted curve (y=4.68X°*% R?=0.90).

The trend of the changes in chroma values of the samples is similar to the trend observed
in the changes for the AMP/Trp ratio (an indicator of Maillard reactions), suggesting that the
changes in the Chroma values are probably due to Maillard reactions. The experiment data for
AMP/Trp ratio at 110% appear to be an outlier, which is likely due to the complex colour
development under more severe conditions (Morales and Boekel, 1997). As shown in Figure

4.5, both the Chroma values and the changes in the AMP/Trp ratios of the spray-dried

85



reconstituted skim milk are higher than those for the spray-dried fresh skim milk. This
observation is likely to be due to the skim milk powders having more thermal exposure than
seen with liquid skim milk during production. Thermal exposure prior to the spray-drying
process may lead to different initial concentrations of early Maillard reactions products and
more structural changes of the proteins, which may make the reconstituted skim milk slightly
more sensitive to Maillard reactions occurring during the spray-drying process. Nevertheless,
the correlation between the Chroma values and the changes in AMP/Trp ratio is very similar
for both the spray-dried reconstituted skim and fresh skim milk, which is consistent with the
findings of other studies (Nijdam and Langrish, 2005). A correlation exists between the colour
intensity of the spray-dried products and the formation of advanced Maillard reaction products,
which can be potentially further developed as a rapid, cost-effective quality evaluation method

for spray-dried products.

A power-law model was found to be most suitable for describing the correlation between
the increase in the amounts of advanced Maillard reaction products and the colour intensity of
the sample. Part of the reason for this result is due to the extent of browning being measured in
terms of the CIElab colour space, which is based on a 0 - 100 scale, while the extent of the
Maillard reaction is not limited in this way. In the study of Morales and Boekel (1997) on the
heated casein/sugars solution system, a reduction in the Chroma values was observed under
more severe conditions due to more complex colour development, which resulted in a reduction
in the b* values of the samples. The complex colour development might also have influenced
this thesis by creating a non-linear correlation between the Chroma values and the change in

the amounts of AGE products in the samples when more severe conditions were used.

4.5.Maillard reactions occur during the spray drying process within the
laboratory-scale spray dryer

With the laboratory-scale spray dryer, no significant change was observed in the AMP/Trp

ratio in the spray-dried products collected from the most severe spray-drying conditions (inlet

gas temperature of 190<C). This result may be caused by the laboratory-scale spray dryer

having a much shorter particle residence time. Schmitz-Schug et al. (2013) have reported that
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the mean particle residence for a laboratory-scale spray dryer is less than 10 seconds, while in
a pilot-scale spray dryer, the mean particle residence time is expected to be longer than 20
seconds. In addition to the difference in the mean particle residence time, the particle residence
times in spray dryers also have non-uniform distributions, and particles can stay up to 18
minutes in pilot-scale spray dryers (Schmitz-Shug et al., 2013). The short particle residence
time in the laboratory-scale spray dryer may lead to a very low extent of Maillard reactions,
and thus the products may not be detectable by the methods used in this thesis. The actual
particle residence time distribution for the laboratory-scale spray dryer (Buchi mini spray dryer

B-290) has been measured and discussed in Chapter 5.

4.6. Conclusions

In this chapter, the extent of Maillard reactions of the spray-dried milk and milk-like model
system under different spray-drying conditions have been investigated. Fluorescence analysis
has shown that the extent of thermal degradation increased with the severity of the spray-drying
conditions. The reaction rate for Maillard reactions increased significantly when the inlet gas
temperature increased from 180°C to 190°C, suggesting that protein unfolding also plays an
important role in the thermal degradation of milk in spray dryers. The non-uniform distribution
of particle residence time in the pilot-scale dryer suggested that the design and operation of the
spray dryer used for drying may also affect the extent of thermally-induced reactions during
spray-drying processes. This work also reinforces the point made in Nijdam and Langrish
(2005), that the behaviour of reconstituted milk from milk powder is similar to that of fresh
milk, in the sense that the reconstituted milk falls on a continuous curve that has additional heat
treatment to fresh milk, but which is not a separate and completely different material. Based
on the result from spray drying model systems, WPI may be the rate-limiting reactant for
Maillard reactions that occurs during the spray drying process. The colour analysis of the
samples has indicated that the colour change of the milk powder may be caused by Maillard
reactions and has shown a strong correlation with the content of the Advanced Maillard

reaction products, which can be used as an indicator of the progress of Maillard reactions.
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Chapter 5. Effect of different designs of the spray dryer on the particle

residence time distribution and the quality of the final product

This chapter mainly focuses on how different designs of the spray dryer affect the particle

residence time distribution and, thus the quality of the final product.

Preliminary data from the chapter was published as a conference proceeding under the title
of "Particle residence time distributions in different configurations of a pilot-scale spray
dryer"” for the 22nd International Drying Symposium (IDS 2022). This proceeding was later

developed into a journal article with added experimental data and further discussion of the data.

This chapter is developed based on a published journal article: "Using particle residence
time distributions as an experimental approach for evaluating the performance of different
designs for a pilot-scale spray dryer"”, which was published in the Processes as a part of the
special issue "Advances in Drying Technologies—Selected Papers from the 22nd International

Drying Symposium (IDS 2022".

I am the first and the corresponding author for this journal article. | designed the study,
analysed the data, and wrote the majority of the draft with the guidance of the supervisor of
this thesis, Professor Timothy Langrish. Professor Langrish and Sining Cai have assisted with

the design of the experiment, data acquisition and editing of the manuscript.

Permission for including published materials in this section has been granted by the

supervisor of this thesis, Prof. Timothy Langrish.
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Symbols

L Dynamic viscosity

D Diameter

f Frequency

fr Fanning friction factor

L Characteristic dimension

n Number of equivalent reactors

Re Reynolds number

Sr Strouhal number
U Freestream velocity of the fluid

Uz Shear velocity

X Distance from the start of the boundary layer
0 Thickness of the boundary layer
AP Pressure drop

€ Chamber coefficient /Roughness of the surface
% Kinematic viscosity

p Density

T Residence time

Tw Wall shear stress
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5.1. Introduction

For thermally-sensitive products, the quality of the final products (e.qg., the extent of thermal
degradation) is mainly dependent on their integrated thermal-time exposure during thermal
processing (Jeantet et al., 2008). In the case of spray drying, the extent of thermal exposure
(temperature) is mainly dependent on the operating conditions, including but not limited to
inlet gas temperatures and feed to drying gas ratio. The impact of different operating conditions
of the spray drying process on the quality of the final product has been investigated in Chapter
4, and also in many other studies (Koca et al., 2015; Park et al., 2016). The duration of the
thermal exposure, also known as the particle residence time, is dependent on both the
characteristics of the spray dryer and the properties of the product itself. A few studies have
experimentally measured the particle residence times in spray dryers (Ali et al.,, 2017,
Gianfrancesco, 2009; Jeantet et al., 2008; Kieviet and Kerkhof, 1995; Schmitz-Schug et al.,
2013). However, in the studies mentioned above, only one drying chamber design has been
used for each study. Thus, the effect of different chamber designs on the measured particle

residence time distribution has not yet been investigated.

The main objective of this chapter is improving the drying chamber designs further to
achieve a lower extent of wall-particle interaction and improve the final product quality. The
performance of different spray dryer designs has been evaluated based on the measured particle

residence time distribution and the properties of the final spray-dried products.

5.2. Method validation
5.2.1. Validation against published data

The method used for measuring the particle residence time distribution (RTD) in this thesis
is modified based on Ruprecht and Kohlus (2018). In Ruprecht and Kohlus's study (2018), a
phase doppler anemometry (PDA) device was used to measure the number of particles passing
through the drying chamber. In this thesis, a method based on laser scattering was developed
for the purpose of measuring the particle residence time distribution. Similar to many other
locally-manufactured methods, it is crucial to validate the method with data from published

data obtained using more established methods.
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As mentioned previously, limited studies have investigated the particle residence time
distribution (Ali et al., 2017; Gianfrancesco, 2009; Jeantet et al., 2008; Kieviet and Kerkhof,
1995; Schmitz-Schug et al., 2013), and the equipment or feed compositions are significantly
different to those used in this thesis. It appears that the study on particle residence time
distribution for model infant formula in Buchi B-290 mini spray dryer by Schmitz-Schug et al.
(2013) is the closest published literature to this thesis. In their study, coloured salt (NaCl)
solution was used as the tracer, and samples were sampled manually at the outlet of the cyclone.
For the first 10 seconds, the sampling interval is 5 seconds and then every 10 seconds until 80
seconds, then 120 seconds, 160 seconds and 220 seconds. The particle residence time
distributions were estimated based on the colour intensity of the sample collected. This type of
method has also been used in many other studies (Ali et al., 2017; Chen et al., 2020; Jeantet et
al., 2008; Kieviet, 1997). Therefore, it can be regarded as a "reference method" in this thesis
for the purpose of validating the method developed here. In their study, the mean particle

residence time (zs0) was found to be 6 seconds.
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Figure 5.1 Particle residence time distribution in Buchi mini spray dryer B-290 (Schmitz-Schug et al., 2013).

In this chapter, the particle residence time distribution in the Buchi mini spray dryer B-290

has been measured using fresh skim milk under similar spray-drying conditions to the study of
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Schmitz-Schug et al. (2013). The measured particle residence time distribution was fitted with
the CSTR-TIS model. As shown in Figure 5.2, the CSTR-TIS model fitted well with the
measured signal. The average measured mean particle residence time in the Buchi mini spray
dryer B-290 was 3.3 0.5 seconds. The measured mean particle residence times are slightly
shorter than the reported mean particle residence time is shorter than the reported values

(zs0 = 6 S) but still within the same magnitude.
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Figure 5.2 Particle residence time distribution in Buchi mini spray dryer B-290.

The difference between the measured value and the reported values is due to the difference
between the two measurement methods. As discussed in Chapter 2, the method used in the
study of Schmitz-Schug et al. (2013) can be classified as an "intrusive™ method, and the
sampling frequency is solely dependent on the efficiency of the sampling devices. The particle
residence time reported is close to the sampling interval (5 seconds) used in their study due to

the efficiency of the sampling device. As a result, the mean particle residence time reported is
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based on interpolation using all the measurements (Figure 5.1). While in the method used in
this thesis, the time between each measurement is 0.1 seconds, which is significantly shorter
than the mean particle residence time, and thus interpolation is not compulsory. In addition to
the lower sampling frequency, the tracer concentration is measured based on the sample
collected at the bottom of the cyclone. In contrast, in this thesis, the tracer concentration is
measured at the outlet of the main drying chamber (prior to the cyclone). Last but not least, the
infant model system used in their study has a higher sugar-to-protein ratio (5:1) than the fresh
skim milk (~1:1) used in this thesis. Lactose is an amorphous material whose physical
properties change with moisture and temperature. Lactose enters a rubbery-like state when its
temperature is above the glass transition temperature, and this will contribute to more wall
depositions and may extend the particle residence time. Combining all the factors mentioned
above, the mean particle residence time measured in this thesis is expected to be slightly shorter
than the reported value. A shorter mean particle residence time was indeed observed here. In
conclusion, it is reasonable to suggest that the method used in this thesis is at least an equivalent

alternative to the "reference method".

5.2.2. Difference between the automated injection system and manual dye injection

At the earlier stage of the experimental design, dye injections were carried out manually to
investigate the feasibility of the method developed. The detailed method is described in
Chapter 3. The fitted particle residence time distribution parameters for experiments with
different injection methods, manual or automatic, are shown in Table 5.1. The mean particle
residence times for experiments with manual injection were slightly longer than those with
automatic injection systems. This difference is likely to be caused by human reflection time
and the difference in the length of tubing for dye delivery. For safety reasons, the tubing used
for manual injection is significantly longer (approximately 50 mm longer) than the automated
injection system. In addition to human reflection time and extended tubing, manually opening
the valve is also required when performing a manual injection. Considering all the factors

mentioned above, it is reasonable to suggest that manual injection would cause at least a
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one-second delay in dye delivery by manual injection. Based on the results, it is reasonable to

suggest that the automated injection system is equivalent to, if not superior, manual injection.

Table 5.1 CSTR fitting results for RTD measurement using different injection volumes and methods.

Injection Volume

T(S) n (mL)
11.9 15 1
Manual injection 11.4 10 1.5
11.5 15 2
Auto injection 93+1 13+4 2

5.2.3. Effect of different dye injection volumes

The effect of different dye quantities has also been investigated using manual injection
prior to switching to an auto-injection system. Injection volumes ranging from 1 mL, 1.5 mL,
and 2 mL (over the same period of time) have been tested using Design 3 at a gas flow rate of
257 m3/hr. It was found that different dye injection volumes mainly affect the signal-to-noise
(SNR) ratio. With smaller injection volumes, the signals measured were difficult to separate
from the baseline (i.e., poor signal-to-noise ratio). In terms of the particle residence time
distribution, the difference between fitted parameters for experiments with different injections
was small (Table 5.1). This observation suggested that the injection volume mainly affects the
signal-to-noise ratio and has limited effect on the RTD measured. As a result, the injection

volume of 2 mL has been chosen for all experiments carried out using the auto-injection system.

5.3. Particle residence time distribution for pilot-scale spray dryer

The main focus of this thesis is the particle residence time distribution (RTD) of the
pilot-scale spray dryer. RTD in pilot-scale spray dryers is used to evaluate the performance of
different dryer designs and investigate factors affecting the particle residence time. Similar to
the laboratory-scale spray dryer, measured signals have been fitted with the CSTR-TIS model

for a quantitative comparison between different pilot-scale spray dryer designs.

5.3.1. Mean particle residence time — ¢
The mean particle residence time determines the duration of thermal exposure for the

particle, which is an important factor that affects the quality of the spray-dried products. In
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general, the shorter the mean particle residence, the better the performance of the dryer,

provided that the desired final moisture content is achieved.
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Figure 5.3 Mean particle residence time () M Design 1: 4-inch connection @: Design 2: 6-inch connection 4: Design 3:

Box connection ¥ Design 4: Conical drying chamber.

As shown in Figure 5.3, the mean particle residence time increased as the gas flow rate
decreased. This observation is related to the fact that the particle residence time is mainly
affected by the gas residence time and the gas flow rate. During the spray drying process,
high-velocity droplets from the atomiser rapidly approach the drying gas velocity (Langrish,
2009). Thus, the particles are expected to have a similar residence time to the gas if there are
no particle-wall interactions, and the gas residence time would normally be expected to be
inversely proportional to the gas flow rate. Due to the differences in the designs, mainly their
different dimensions (Table 5.2), the mean gas residence time for each design is different at
any given gas flow rate. The difference in the internal volumes of Designs 1 and 2 is negligible
compared with the differences between the other designs. Therefore, similar gas and particle

residence times should be expected for the first two designs, which are consistent with the
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observed values. The internal volume of Designs 3 and 4 are significantly larger than the first

two designs, and thus longer mean gas and particle residence times are expected.
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Table 5.2 Key difference between designs and internal volume of different designs.

Designs
Parts of the spray dryer

Design 1

Design 2

Design 3

Design 4

Drying column 1

Drying column 2

Type of Connection between drying columns

Box

Internal volume (m?)

0.228

0.262

0.765
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5.3.1. The ratios between mean particle residence times and gas residence times

As discussed previously, the particle residence time is mainly affected by the gas residence
time; it is undesirable to evaluate the performance of different designs solely on the basis of
the absolute particle residence time. In practice, the particle residence time is expected to be
significantly longer than the gas residence time due to particle-wall interactions. In addition to
the operating conditions and the properties of the feed, the design of the spray dryer also plays
an important role in determining the particle residence time. In this thesis, the feed and inlet
gas temperatures are the same for all the designs. The difference between the mean particle and
gas residence time ratios mainly depends on the dryer designs. Therefore, the ratio between the
particle residence time and the estimated residence time of the gas has been used here to
evaluate the performance of different designs. In other studies, the particle-to-gas residence
time ratio is also called the chamber coefficient (¢) and was found to be related to the design

of the spray dryer (Oakley, 2004). The gas residence times for different designs were estimated

based on the gas flow rate and the internal volume of each design.
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Figure 5.4 Ratios between particle and gas residence time for different configurations and gas flow rates & Design 1: 4-

inch connection @: Design 2: 6-inch connection 4: Design 3: Box connection ¥ Design 4: Conical drying chamber.
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5.3.1.1.  Cylindrical connection designs (Design 1&2)
As shown in Figure 5.4, Design 1 has the second highest particle-to-gas residence time ratio
of all the designs for most gas flow rates. This observation is related to the suboptimal
connection design between the two drying columns. The CFD simulation result for designs 1

and 2 from an earlier study by Langrish et al. (2020) is shown in Figure 5.5.

Figure 5.5 CFD simulation results for the first two designs. Left: Design 1 Right: Design 2 (Langrish et al., 2020).

As shown in Figure 5.5, the four-inch connection between the two drying columns created
a particle recirculation zone at the entrance and the exit of the connection due to sudden
contraction and expansion (Langrish et al., 2020). The increased diameter (6 inches) of the
connection in Design 2 has somewhat reduced the particle recirculation behaviour, and a small
decrease in the particle-to-gas residence time ratio was observed for Design 2. The reduction
in particle recirculation is likely to be due to the smoother flow pattern across the broader

connection.

5.3.1.2.  Box connections and cylindrical drying chambers (Design 3)
Inspired by the difference between the CFD simulation results for Designs 1 and 2, the
connection between two drying chambers has been further widened to a "box" connection. In
Design 3, two drying chambers have been unified via a box connection to avoid sudden gas

velocity changes due to the sudden contraction and expansion. As shown in the CFD simulation
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result (Figure 5.6), the box connection between two drying chambers has resulted in a smoother
gas flow pattern. It may be beneficial in terms of less wall deposition and recirculation in the

air flow pattern.

Figure 5.6 CFD simulation results for Design 3 (Langrish et al., 2020).

However, the observed mean particle-to-gas residence time ratio for Design 3 is slightly
higher than the first two designs at the same gas flow rate. This result is likely to be related to
the recirculation zone observed at the bottom left of the box in previous CFD simulations by
Langrish et al. (2020). The recirculation zone may extend the mean particle residence time and
widen the spread of the particle residence time distribution. In addition to the bottom-left corner,
the particles are likely to hit the top plate of the box near the bottom of the second drying
column and the right inner wall. Similar behaviour has also been observed in other CFD
simulation studies (Huang and Mujumdar, 2005). Despite having a slightly higher
particle-to-gas residence time ratio, the box design is still promising due to its smoother gas

flow pattern (Langrish et al., 2020).

5.3.1.1.  Box connections and cylindrical drying chambers (Design 4)
As discussed in a previous study by Langrish et al. (2020), most wall depositions were
found within the first two drying chambers, except the bottom of the box chamber. This

phenomenon is likely to be due to spray from the atomiser hitting the inner wall of the dryer
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directly, which is caused by the mismatch between the spray pattern (conical) and the geometry

of the drying chamber (cylindrical) (Figure 5.7).

/) \\

Figure 5.7 Difference between cylindrical and conical drying chambers.

To address this issue, the shapes of drying chambers 2 and 3 have been changed from
cylindrical to conical in Design 4. As demonstrated in Figure 5.7, Changing the shape of drying
chambers 2 and 3 from cylindrical to conical may reduce particle-wall interactions as a conical
shape can better fit the spray pattern produced by the atomiser. This expectation has been
confirmed as the observed particle-to-gas residence time ratio for Design 4 is significantly
closer to unity than the previous designs at all gas flow rates (P < 0.05). It is also worth
mentioning that at the lowest gas flow rate, the average particle-to-gas residence time ratio for
Design 4 is slightly less than unity. This observation is likely due to the high initial velocity of
the droplets coming out of the atomiser. Similar behaviour has also been reported in other

studies (Anandharamakrishnan et al., 2010; Zbicinski et al., 2002).

5.4. Spread of particle residence time —n

Other than the average length of time for the particles to stay in the dryer, the spread of the
particle residence time is another important performance indicator. A broader spread in particle
residence time distribution means a larger portion of the spray-dried products will stay longer
than the mean particle residence time. A portion of spray-dried products having a longer
residence time than others can affect the quality of the final product adversely. Therefore, the
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tighter the distribution, the better the performance. The spread of the particle residence time
distribution (RTD) is described by the number of equivalent continuous-stirred-tank reactors
(CSTR) in series (n). A higher value for n corresponds with a tighter spread in the residence

time (i.e., closer to the behaviour of a plug-flow reactor, PFR) and vice versa.
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Figure 5.8 Number of equivalent CSTR in series (n) for different configurations and gas flow rates. &: Design 1: 4-inch

connection @: Design 2: 6-inch connection 4: Design 3: Box connection ¥ Design 4: Conical drying chamber.

As shown in Figure 5.8, different gas flow rates have a limited impact on the spread of
particle residence time for a given chamber design (P > 0.05). The difference in the spread of
particle residence times for the first three designs is also small (P > 0.05). This observation is
likely to be due to the similarities in their designs (i.e., chambers 1, 2, 3, 6 and 7 are shared for
the first three designs). The spread of the RTD in Design 4 is significantly greater than in the
first three designs (P < 0.05). The broader spread of the RTD in Design 4 may be partly due to
the recirculation zone near the bottom left of the box connection mentioned in previous studies
(Langrish et al., 2020). The recirculation zone at the bottom-left section of the box connection

will be the next point of development for improved designs. The conical chamber design may
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also cause extra re-circulation and widen the spread of the RTD in Design 4. However, this
hypothesis does require confirmation from CFD simulations for Design 4, and it will be the
focus of future studies. Last but not least, the spread of the RTD for Design 4 showed a
promising trend (i.e., increasing n) as the gas flow rate increased despite having the widest

spread.

5.5. Fluctuations in measured signals
As shown in Figure 5.9, negative values at the initial part of the measurement were
observed. They are likely caused by the short disruption in the feed to the atomiser due to the

introduction of the red dye solution, and this has a limited impact on the RTD measurement.
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Figure 5.9 Averaged normalised signals for all designs at the maximum gas flow rate (257-315) m3/hr (a): Design 1: 4-inch

connection (b): Design 2: 6-inch connection (c): Design 3: Box connection (d): Design 4: Conical drying chamber.

Fluctuations were also observed in all measured particle residence time distribution (RTD)
signals. The noise from the photomultiplier itself was sampled at an early stage of the

experimental design. The relative magnitude of the noise from the photomultiplier is
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approximately 1% of the baseline values, while the fluctuations observed are around 5% of the
baseline values. Furthermore, fluctuations in measured signals were also observed in other
studies that used scattered light methods (Ruprecht and Kohlus, 2018). As a result, it is not
likely that the fluctuations are inherent to the measurement system, and it is more likely to be
linked to physical processes occurring within the dryer, including flow-stability issues or
wall-deposition-related issues. Wall deposition and their re-entrainment process is a
well-known physical process that occurs during spray drying processes (Francia et al., 2015;
Keshani et al., 2015). Wall deposits that are re-entrained may be different in size and shape due
to aggregation (Kousaka et al., 1980). In addition to the shape and size, re-entrained wall
deposits may also contain tracers. As a result, wall depositions refracted the laser differently

and caused fluctuations in the measured RTD signal.

Fourier transforms for the last 60 seconds of all the measured signals were performed using
fast Fourier Transform (FFT) using MATLAB. Since the sampling duration is 60 seconds, any
signals with a frequency lower than 1/60 Hz cannot be properly measured. According to the
Nyquist-Shannon sampling theorem, to accurately characterize any waveform from a time
series of data, the sampling frequency must be twice the signal frequency (Shannon, 1949).
Therefore, any signals with a frequency higher than 5 Hz were ignored since the sampling
frequency is 10 Hz. The frequency with the highest amplitude in each measurement has been
defined as the dominant frequency in the signals. The averaged values of the dominant peaks

for all combinations of gas flow rates and configurations are shown in Figure 5.10.
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Figure 5.10 Dominant frequencies for different configurations and gas flow rates &: Design 1: 4-inch connection @: Design
2: 6-inch connection 4: Design 3: Box connection ¥ Design 4: Conical drying chamber.
5.5.1. Flow related factors
It is unclear whether the fluctuation is caused by flow-stability related issues. If the flow is
time-dependent or transient, the fluctuations observed in signals may be related to the
oscillation in the flow. A dimensionless parameter can describe the oscillation behaviour of the
flow, called the Strouhal number (Sr), which can be expressed as a function of the Reynolds

number (Guo et al., 2001; Katopodes, 2018; Roshko, 1954).

A summary of gas velocity, Re, Sr for different parts of the spray dryer at different drying
gas flow rates are shown in Table 5.3. Reynolds numbers in different parts of the spray dryer
in this thesis are within a range (102 < Re < 10°) where the Strouhal number is approximately
constant (Sr = 0.2) (Guo et al., 2001; Katopodes, 2018). The Sr calculated based on the
frequency measured is within a range of 0.02 to 0.71, which is different from the Sr for flow
oscillation estimated based on the Reynolds number of around 0.2. Furthermore, when the
Strouhal number is constant, the oscillation frequency of the vortex shedding is proportional to
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the gas velocity for a given characteristic length. In this thesis, the frequency of the fluctuations
is independent of the gas flow rate and, thus the gas velocity for the same configuration (Figure
5.10). These observations suggested that the fluctuations in the signals are not simply related

to any oscillations in the flow patterns.
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Table 5.3 Summary of gas velocity, Re, Sr for different parts of the spray dryer at different drying gas flow rates.

Gas flow rate Design 1 Design 2 Design 3 Design 4
(m%/hr) D=0.101 D=03 D=0.152 D=03 D=03 D=035 D=03 D=0485 D=06 D=0.624
m m m m m m m m m m
Dominant frequency (Hz)

257 - 315 0.222 0.218 0.220 0.154

204 - 250 0.223 0.226 0.220 0.126

152 - 180 0.222 0.219 0.222 0.150

99 -116 0.223 0.238 0.218 0.183

Gas velocity (m/s)
257 -315 11 1.24 4.86 1.25 1.01 0.74 1.01 0.39 0.25 0.23
204 - 250 8.62 0.98 3.83 0.98 0.8 0.59 0.8 0.31 0.2 0.19
152 - 180 6.33 0.72 2.75 0.71 0.6 0.44 0.6 0.23 0.15 0.14
99-116 4.01 0.45 1.77 0.45 0.39 0.29 0.39 0.15 0.1 0.09
Re
257 -315 58188 19590 38830 19590 15945 13668 15945 9863 7973 7666
204 - 250 45817 15425 30654 15425 12675 10865 12675 7840 6338 6094
152 - 180 33643 11326 21969 11326 9405 8062 9405 5818 4703 4522
99 - 116 21323 7179 14169 7179 6135 5258 6135 3795 3067 2949
Sr

257 - 315 0.002 0.05 0.01 0.06 0.05 0.11 0.04 0.16 0.27 0.3
204 - 250 0.003 0.08 0.01 0.08 0.07 0.15 0.04 0.21 0.35 0.35
152 - 180 0.003 0.08 0.01 0.09 0.09 0.17 0.02 0.29 0.47 0.47
99 -116 0.005 0.14 0.02 0.15 0.15 0.28 0.18 0.44 0.72 0.71
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5.5.2. Wall deposition and wall deposit re-entrainment related factors

Another plausible explanation for the fluctuations observed is that the fluctuations are
related to wall deposition and re-entrainment processes. There is no significant difference
between the dominant frequencies in the first three designs (P > 0.05). This observation may
be related to the fact that drying chambers 1, 2, 3, 6 and 7 are shared between these three
designs. The dominant frequencies for Design 4 are slightly lower than those for the first three
designs (P < 0.25). Like the fitted parameters (i.e., z and n) for the CSTR-TIS model, larger
variations in the dominant frequencies in Design 4 were observed, which may be related to the
geometry of the drying chambers. This result suggests that the difference in fluctuation
frequencies is likely linked to drying chambers 2 and 3, which are also the chambers where
most wall deposition occurs (Langrish et al., 2020). The high wall-deposition fluxes observed
in chambers 2 and 3 are probably due to the high-velocity droplets from the atomiser directly
contacting the inner wall of the spray dryer. In addition to the comparison between the spray
pattern and the shape of the drying chamber, chambers 2 and 3 are also the chambers with the
highest gas temperatures, and the inlet gas temperatures are well above the sticky-point
temperatures of the particles. Although the gas and particle temperatures are different in the
initial stage of drying, this situation may also lead to a greater extent of wall deposition (Ozmen
and Langrish, 2002). The conical shape design in Design 4 aims to fit better the spray pattern
produced by the atomiser and thus reduce the chance of droplets depositing onto the inner wall.

Factors affecting the wall deposition and the re-entrainment process are summarised and
shown in Figure 5.11 (Hanus and Langrish, 2007b).

Chamber designs Chamber material Materl_al Oper_a-tlng
properties conditions
Van der Waals L
f Wall depositions — Drag force
orce

Electrostatic Adhesive/cohesive Wall-de_posns re- Disruptive forces
forces force ¥ entrainment
Liquid bridge

— L Lift force

force

Figure 5.11 Factors affecting the wall deposition and wall deposit re-entrainment.
Other than the gravitational forces, one of the main disruptive forces (i.e., forces that
remove wall deposits from the inner wall of the spray dryer) for the re-entrainment of wall

deposits is the force from turbulent flow fluctuations inside the spray dryer. Within the
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boundary layer of turbulent flows, approximately 50% of the turbulence energy production
occurs at the inner layer for the boundary layer in the form of turbulent bursts (Kline et al.,
1967). Therefore, it is important to estimate the turbulent burst frequency inside the spray dryer
and compare it with the observed fluctuation frequencies. Here, in this thesis, turbulent burst
frequencies have been estimated based on the data available in the literature since measuring
the turbulent burst frequency is complicated and beyond the scope of this thesis. A few studies
have proposed different methods for estimating the scaling behaviour of the turbulent burst
frequency, including inner/outer variable scaling, mixed scaling, mixed modelling (inner and
outer variables) and scaling based on the Taylor microscale (Blackwelder and Haritonidis, 1983,
Lu and Willmarth, 1973; Metzger et al., 2010). Only the outer variable and inner variable
scaling methods were used in this thesis. Although the later methods may be better in
estimating the mean turbulent burst frequency in the drying chamber, they were not
implemented in this thesis because some of the variables required for implementing the latest
estimation methods were not measured due to practical issues and are beyond the scope of this
thesis. Last but not least, this thesis did not estimate the mean turbulent burst frequencies in the
conical drying chambers due to their more complicated geometry. Additionally, it appears that
no work in the literature has investigated the mean turbulent burst frequency in a similar

geometry (i.e., a conical chamber).

5.5.2.1.  Turbulent burst frequency estimation — Outer variable
The outer variable normalised turbulent burst frequency can be described by equation 5.2
(Lu and Willmarth, 1973):

1
f=

5. 5.2
C*(ﬁi

Here C is a constant depending on the Reynolds number, ¢ is the thickness of the boundary
layer, and U is the freestream velocity of the fluid.

The Reynolds number (Re) at each flow rate is calculated using equation 5.3, a well-known

engineering formula:

pUsL
u
Here p is the density of the fluid, L is a characteristic dimension of the pipe, and Lis the

Re = 5.3

kinematic viscosity of the fluid.
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As discussed previously, the turbulent frequency of the first two drying chambers is the
main focus of this thesis. Thus the characteristics dimension used in the calculation for the
Reynolds number is the diameter of these chambers (i.e. L = D = 0.3m).

The boundary layer thickness can be estimated using equation 5.4.

6(x) =0.37 % 54

1
Re?
Where x is the distance from the start of the boundary layer.
Sample calculation for outer variable methods:
A sample calculation is given for Design 1 at the maximum gas flow rate (315 m3/hr).

For the purposes of simplifying the calculation, the following assumptions were made:

e The flow is assumed to be a fully developed turbulent flow as soon as the gas flow
enters the drying chamber.
e The drying medium is assumed to be dry air at 100<C, and the gas properties do not

change within the chamber.

Using the diameter of the drying chamber (D = 0.3 m) and the density (p) and dynamic
viscosity () of dry air at 100<C, which are 0.9458 kg m and 2.18 <10 kg m™!s™%, respectively.

315
0.9458 *%* 0.3
pUsL Z* 0321
Re = s 5182105 = 16104

Based on the Reynolds number (Re), the boundary layer thickness (J) at 0.1 m from the top
of the drying chamber (x = 0.1 m) can be estimated using equation 5.4.

X 0.1
= 0.37 * — = 0.00533 (m)

161045

6(0.1) = 0.37 %

K Ul

Re

The values of C vary significantly dependent on the methods for quantifying the turbulent
burst within the range of the Reynolds number applicable to this thesis. As a result, maximum
and minimum C values at each corresponding Reynolds number were used for the calculations.

Cmax and Cmin Values used for estimating turbulent burst frequency are shown in Table 5.4.
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Table 5.4 Cmax and Cmin were used for estimating outer normalised turbulent burst frequencies at different Re (Values of C are
from Metzger et al. (2010)).

Gas flowrate (m3/hr) Re Cmin Cmax
315 16104 5 7
257 13139 3 7
249 12730 4.2 7.5
204 10429 3 6.5
183 9356 3 7
152 7771 3.5 6.5
116 5930 2.4 6.5
99 5061 1 7

The turbulent burst frequency at a distance of 0.1 m from the top of the drying chambers

can be estimated by substituting Cmax and the estimated boundary layer thickness (o) into
equation 5.2.

1 1
f= .3 == . 0.00533 =332 Hz
(7 (—= )
. 3600
—_ 2
7 * 0.3% %1

The calculations above were also performed for other conditions and different points in the
drying chambers, and the results are shown in Tables 5.5 - 5.6.
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Table 5.5 Estimated turbulent burst frequency based on outer variables for Design 1&2 (diameter = 0.3 m).

Gas flow rate Re  funatx=0.1m fappatx=01m funatx=05m fuxatx=05m fumatx=1m fauxatx=1m
(m*/hr)
315 16104 33.2 46.4 6.6 9.3 3.3 4.6
249 12730 233 41.7 4.7 8.3 23 4.2
183 9356 17.3 40.3 3.5 8.1 1.7 4.0
116 5930 10.8 29.2 2.2 5.8 1.1 2.9
Table 5.6 Estimated turbulent burst frequency based on outer variables for Design 3 (diameter = 0.3 m).
Gas flow rate Re  funatx=0.1m fapuatx=01m fupxatx=05m fuxatx=05m fumatx=1m fuuxatx=1m
(m*/hr)
257 13139 33.2 77.4 6.6 15.5 3.3 7.7
204 10429 26.9 584 54 11.7 2.7 5.8
152 7771 18.6 34.6 3.7 6.9 1.9 3.5
99 5061 10.0 70.0 2.0 14.0 1.0 7.0
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5.5.2.2.  Turbulent burst frequency estimation — inner variables
In a later study by Blackwelder and Haritonidis (1983), inner variables were found to be
more appropriate for describing the scaling of the turbulent burst frequency. The inner variable

normalised turbulent burst frequency can be described by equation 5.5:

f

)

fr=

55

Here, f* is the outer variable normalised frequency, v is the kinematic viscosity of the gas,

and u is the friction or shear velocity.

Re-arranging equation 5.5 gives the following equation:
2
_Wr s 5.6
f=—xf

The shear velocity is defined by equation 5.7 (Schlichting and Gersten, 2018):

w= |(2) 57
o)
Here, twis the wall shear stress, which can be estimated based on a force balance, as shown

in equation 5.8 (Potter and Wiggert, 2009):

_b. 4P 58

T
Here, D is the pipe diameter, AP is the pressure drop due to friction, and L is the length of
the pipe. Drying chambers were treated as straight pipes to estimate the pressure drop along
the drying chambers. For a straight pipe, 4P/L can be estimated using equation 5.9 (Potter and

Wiggert, 2009):

2

L D 2

Here, ft is the Fanning friction factor. The Fanning friction factor can be estimated using

the correlation developed by Haaland (1983):

113



€
6.9 D
= — — - 5.10
fr | 3.6 loglo(Re + 37 ))

Here ¢ is the roughness of the surface.

Blackwelder and Haritonidis (1983) found that the normalised turbulent burst frequency is

approximately 1/300 Hz when the Reynolds number (Re) is within the range of 1000 to 10000.
Sample calculation for inner variable method:
A sample calculation is given for Design 1 at the maximum gas flow rate (315 m3/hr).
For the purposes of simplifying the calculation, the following assumptions were made:

e The flow is assumed to be a fully developed turbulent flow as soon as the gas flow
enters than drying chamber.

e The drying medium is assumed to be dry air at 100 <C, and the gas properties do not
change within the chamber.

e The surface roughness (¢) of the inner wall of the drying chamber is 0.015 mm, and

it does not change due to wall depositions.

Using the diameter of the drying chamber (D = 0.3 m), and the density (p) and dynamic
viscosity («) of dry air at 100<C, which are 0.9458 kg m and 2.18 <10° kg m™!s%, respectively.

315
0.9458 « 3600, 03
pUgL z* 03%2xm
Re = = 18310 = 16104

Based on the Reynolds number (Re), the diameter of the drying chamber and the surface
roughness (g) of the drying chamber, the fanning friction factor can be calculated using

equation 5.9:
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10 \ /0 0015 \?
&
fr=| =36510g0C2+ () )| =1 —-36xlogo(—t | 05 )
! ' 10%ge " | 3.7 ) \ ' 10416104 \ 3.7 ) /
= 0.007
Substituting equation 5.9 into equation 5.10 gives the equation:
D AP u? 511

= — % — = E3 * — .

From the Fanning friction factor, the shear stress (zw) can be calculated using equation 5.11:

315 2
3600
u? % %032 %7
Ty = fr*xp* - = 0.007 * 0.9458 * 5 = 0.00494 Pa

From the shear stress (zw), the shear velocity (u.) can be estimated using equation 5.7:

_ (TW>_ 0.00494_00723 1
W= )T 09458 T T4 MS

From the shear velocity (u:), and f*=1/300 from the literature (Blackwelder and Haritonidis,

1983), the mean turbulent burst frequency can be estimated using equation 5.6:

wl o, 00723 1
= — % = * = (.
=3 218+10-5 300 z
0.9458

The calculations above were also performed for other conditions, and the results are shown

in Table 5.7.
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Table 5.7 Estimated turbulent burst frequency based on inner variables for Designs 1 - 3 (diameter = 0.3 m)

Gas flow rate (m%/hr) Re f(Hz) Dominant frequency range (Hz)
315 16104 0.76 0.218 - 0.222
257 13139 0.58 0.220
249 12730 0.50 0.223 - 0.226
204 10429 0.38 0.220
183 9356 0.29 0.219-0.222
152 7771 0.23 0.222
116 5930 0.13 0.223 -0.238
99 5061 0.11 0.219

As shown in Table 5.7, the estimated turbulent burst frequencies are higher than those
observed, except for those at the lowest gas flow rate. Considering that the wall deposition
occurred during the operation of the dryer, the roughness of the inner wall surface may be
higher than the values assumed here. Thus, the actual turbulent burst frequencies are likely to

be higher than the estimated values based on the inner variables.

Although the estimated turbulent burst frequencies are greater than the frequencies
observed, they are still within the same order of magnitude. The two frequencies are not
identical because the re-entrainment process is likely to be hindered by the material being spray
dried. Given this hypothesis about the turbulent bursts acting as driving forces for the
re-entrainment process, it would be expected that the frequencies of the bursts should be greater
than the frequencies for the re-entrainment process because the material would be expected to
dampen the frequency for the re-entrainment of the deposits. This hypothesised trend has
indeed been observed here. In conclusion, it is reasonable to suggest that the fluctuations
observed are most likely to be related to the wall deposition and re-entrainment process. The
lowest wall-deposition re-entrainment frequency observed in Design 4 suggests that the conical
chamber design has successfully reduced the chances of wall deposition occurring in the first

two chambers (i.e., chambers 2&3).

5.6. Effect of feed stickiness
To investigate the effect of different feeds on the particle residence time distribution and

the observed frequencies, a salt solution (NaCl, 8.8 wt%) was used as the feed instead of fresh
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skim milk. Compared with skim milk, which generally gives amorphous lactose components
in the spray-dried powders, salt gives crystalline powders, and it is less likely to deposit on the
inner walls of the dryer (Flowers et al., 2019; Langrish et al., 2018). Other than stickiness, salt
solution and skim milk have many physical properties that may also affect the particle
residence time distribution. These differences in physical properties may not significantly
impact the particle residence time distribution. For example, salt solutions are expected to have
smaller initial droplet diameters under the same atomisation conditions due to their lower
viscosity. The difference in initial droplet diameter may lead to a small difference in the
relaxation time (i.e., the time for the droplets to slow down to the gas velocity). The relaxation
times estimated by Stokes law for the droplet sizes relevant to this thesis ranges from 0.0003
to 0.001 seconds. The difference in relaxation time due to the difference in initial droplet size
is insignificant compared with the overall particle residence time. Therefore, the effect of
variation in the initial droplet size caused by different feed properties on the overall particle

residence time may be ignored.

The salt solution experiments were only performed for the two latter designs (Design 3 and
4) at the maximum gas flow rate since they represent the effects of different drying chamber
designs on the particle residence time distribution (Design 3 has cylindrical drying chambers,

Design 4 has conical drying chambers).

Table 5.8 RTD measurement result summary for experiments with salt solution.

Gas flow rate

(m’/hr) Measurements Design 4  Design 3
Mean particle residence time (z, s) 14.9 8.3
Mean gas time (s) 10.7 3.7
Ratio between particle and air residence time 14 29
257 (s/s) ' '

Number of equivalent CSTR in series (n) 9 15

Fluctuation frequency (Hz) 0.063 0.206

Remin 7359 15945

As shown in Table 5.8, the mean particle residence time is shorter, when salt solution is
used as feed, compared with fresh skim milk (P < 0.05). These results suggest that the mean

particle residence time may be affected by the physical properties of the feed, which mainly
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affects the wall deposition and re-entrainment behaviour. Experiments using salt solutions as
the feed also show a tighter spread than skim milk, but the difference may not be significant
(Design 3: P = 0.07, Design 4: P = 0.21). The similar spread of the particle residence time
distribution suggests that the spread is more dependent on the design of the drying chambers
and recirculation and is less dependent on the material properties. The fluctuation frequencies
observed when salt solution is used as the feed are slightly lower than those with skim milk
(Design 3: P < 0.01, Design 4: P < 0.3). This observation further supports the hypothesis that
the fluctuations in the signals are indeed linked to the wall deposition and re-entrainment

process, since the fluctuations are different for the different feed materials.

5.7. Other performance parameters
5.7.1. Solid recovery rates

The solid recovery rate is an important indicator of the performance of different designs of
spray dryers because it is related to the throughput of the equipment. The recovery rate for
Design 4 is slightly higher than other designs at most gas flow rates, but the difference may not
be significant (P > 0.05). The solid recovery rates decreased with the gas flow rate observed
for all the designs. This behaviour may be related to the design of the spray dryer. Unlike
traditional tall-form spray dryers, the spray dryer used in this thesis has two vertical drying
columns connected by a cylindrical or box connection to reduce the height of the dryer while
providing sufficient residence time for the drying of the particles. Lower gas flow rates may
not be sufficient for carrying larger particles from the bottom of the spray dryer to the outlet.
This hypothesis is supported by the decreasing trend in mean particle diameters (Dxso and Dxg0)
with the decrease in gas flow rates. In addition to the small particle diameter, this hypothesis
is also supported by observations in previous studies, where the highest wall deposition fluxes
occur at the bottom of the drying chambers (Table 5.9) (Huang et al., 2018; Langrish et al.,
2020).
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Table 5.9 Physical properties of spray-dried powder collected from different designs and gas flow rates.

Gas flow rate  Measurements 4-inch cylilfdrical 6-inch cylilfdrical Box . Conical drying
connection connection connection chamber
Moisture content 3% 2% 3% 3%
o7 a1s S"hdsr;fecovery 43% 51% 48% 51%
m>/hr Dx10 (um) 4.2 4.7 5.2 4.9
Dxso (um) 8.4 8.9 11.8 10.0
Dxgo (um) 16.2 13.2 19.8 25.2
Moisture content 3% 2% 4% 3%
504 - 250 S"hdsr;feco"ery 33% 37% 41% 41%
m?/hr Dx10 (um) 3.9 42 5.2 5.0
Dxso (um) 7.0 7.3 11.5 9.6
Dxgo (um) 13.2 12.0 19.2 17.9
Moisture content 3% 3% 5% 4%
157 180 S"hdsr;fgovery 14% 13% 17% 23%
m?>/hr Dx10 (um) 3.7 4.0 4.7 5.0
Dxso (um) 6.6 6.4 9.1 9.2
Dxgo (um) 8.9 13.2 17.2 17.0
Moisture content 6% 4% 7% 7%
99 _ 116 S"hdsr;fgovery 7% 11% 8% 6%
m?3/hr Dx10 (um) 4.4 3.8 4.8 5.1
Dxso (um) 6.3 6.2 8.3 8.0
Dxoo (Lm) 10.3 8.9 14.5 12.5
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5.7.2. Morphology of the particles

Figure 5.12 SEM image of particle collected from different gas flow from maximum gas flow rate (a): Design 1: 4-inch

connection (b): Design 2: 6-inch connection (c): Design 3: Box connection (d): Design 4: Conical drying chamber.

The morphology of the particles may play an important role in the functionality (e.g.,
wettability and dispersibility) of the spray-dried products (Kim et al., 2002). SEM images of
the particles collected from different designs are shown in Figure 5.12. Shrinkage in the
particles was observed for most of the particles collected, which is related to the low drying
temperature (inlet gas temperature: 100<C). The surfaces of particles dried at lower
temperatures tend to stay moist for a longer period than the surfaces of the particles dried at
higher temperatures. The moist surface of the particle allows shrinkage to occur during the
spray-drying process (Hassan and Mumford, 1993; Hecht and King, 2000; Nijdam and
Langrish, 2006; Walton, 2000). Other than the shrinkage in the observed particles, powders
collected from Designs 1 and 2 have more small particles than those collected from Designs 3
and 4. This observation is also confirmed by the smaller particle diameter (Dxio) for the

particles collected from the first two designs. Since the same atomiser and atomising conditions
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were used across all designs and operating conditions, the difference in particle size distribution
depends more on the design of the spray dryer rather than the atomiser. Smaller particles in the
collected samples are probably caused by the collisions between the particles and the inner wall
of the spray dryer. Smaller particle diameters were observed for the first two designs compared
with the later designs, which is likely to be linked to the smaller connection between the two

drying columns.

5.8. Conclusion

In this chapter, the performances of four different designs of a pilot-scale spray dryer have
been evaluated mainly based on the particle residence time distributions (RTD), solid recovery
rates, and physical properties of the spray-dried products. The mean particle residence times
increased as the gas flow rate decreased. The ratios between the particle and gas residence time
varied significantly depending on the designs of the drying chambers and gas flow rates
(Design 1: 1.5 — 2.7 s/s, Design 2: 15 — 2.6 s/s, Design 3: 1.5 — 25 s/s, and
Design 4: 1.0 — 1.7 s/s). Later designs have a wider spread in the particle residence time
distribution compared with the first two designs, and the spread is likely to be related to
recirculation within the dryers. Fluctuations were observed in all measured signals and were
probably linked to wall deposition and re-entrainment processes. In conclusion, the results have
suggested that the shape of the first two drying chambers plays an important role in both the
particle residence time distribution and the wall deposit re-entrainment process. The conical
chamber design appears to be superior to the cylindrical design. Optimising the design of the
connecting chamber (i.e., the bottom chamber) to reduce recirculation could be a focus of future
studies. As discussed previously in Chapter 2, the mean particle residence time plays an
important role in the study of reactions that occur within the spray dryers, including Maillard
reactions. The study of RTD of different configurations of the spray dryer is an important part

of studying Maillard reactions in spray dryers.
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Chapter 6. Modelling Maillard reactions under different spray drying

conditions

This chapter mainly focused on developing a mathematical model for simulating the
Maillard reactions kinetics during spray drying under different conditions and validating this
model by comparison with experimental studies on the pilot-scale spray dryer described in

Chapter 4.

122



Symbols

L Viscosity
A Surface area
C Concentration
Co Drag coefficient
Cp Specific heat
d Diameter
D Diffusivity
Ea Apparent activation energy
G Mass flow rate
h Distance from the atomiser
Hevap Heat of evaporation
Hn Enthalpy
J Mass transfer flux
K Mass-transfer coefficient
k Thermal conductivity/ reaction kinetic constant
Ks Boltzmann’s constant
L Characteristic dimension
M Molar mass
Ndroplets Number of droplets
Nu Nusselt number
P Pressure
p Partial pressure
Pr Prandtl number
q Heat transfer flux
R Radius
R Ideal gas constant
Re Reynolds number
Sc Schmidt number
Sh Sherwood number
T Temperature
U Velocity
UA Overall heat loss coefficient
X Moisture content
Y Humidity
¢ Relative drying rate
p Density
W Volume fraction
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6.1. Introduction

Developing a mathematical simulation model for Maillard reactions kinetics during spray
drying is highly desirable. Simulation models can provide a better understanding of how the
quality of the spray-dried products can be affected by different factors. Additionally, a
well-developed simulation model can also significantly reduce the difficulty and cost of the
optimisation process. Other than the common factors such as temperature and reaction time,
the kinetics of Maillard reactions can be affected by both the moisture content and the ratio
between the reactants. A few studies have investigated the kinetic Maillard reactions that occur
during the spray-drying process or under conditions that are applicable to spray drying
(GAnez-Narv&z et al., 2022, 2019; Miao and Roos, 2004; Park et al., 2016). However, the
effects of the segregation process that occurs during spray drying do not appear to have been
studied yet. The detailed mechanisms and the importance of the segregation process have been
discussed in Chapter 2. In short, the segregation process is a process whereby different
components separate from each other. The segregation process occurs during the spray drying
process of a mixture (e.g., milk) and leads to a heterogenous distribution of the components,
which may play an important role in the kinetics of Maillard reactions as it is a multi-reactant
reaction (Baklouti et al., 1998; Kim et al., 2003; Nursten, 2005). As demonstrated in Chapter
4 and many other studies (Nursten, 2005), the ratio between the two primary reactants (i.e.,
sugars and proteins) is an important factor affecting the kinetics of Maillard reactions.
Therefore, the potential impact of the component segregation process needs to be addressed to
better understand the kinetics of Maillard reactions that occur during spray drying. The main
focus of this chapter is to develop a model for Maillard reactions that occur during the

spray-drying processes with the segregation process in mind.

The modelling process for predicting the Maillard reactions kinetic in spray dryers mainly
involves two parts, one for the drying kinetics and the other one for the reaction kinetics. The
drying kinetic model accounts for the physical part of the overall model, including temperature,

moisture contents and distribution of components. Then, the reaction kinetic model estimates
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the chemical reaction kinetics of Maillard reactions based on the conditions predicted by the

drying kinetics model.

6.2. Modelling the drying Kkinetics

The main focus of this thesis is the kinetics of Maillard reactions in spray dryers, while the
component segregation and the drying process are not the main focus of this thesis. Developing
a new model for the drying kinetic and segregation process is beyond the scope of this thesis.
There are mainly two types of approaches when modelling spray drying processes: the
lumped-parameter approach and the distributed-parameter approach. Briefly, the
lumped-parameter approach treats the droplets/particles inside the dryer as a whole, while in
the distributed-parameter approach, particles are divided into many sublayers, and each layer
can have different compositions and properties. The segregation and drying Kinetic part of the
distributed-parameter model used in this thesis have been adapted from a previous study by
Wang and Langrish (2009b). For both lumped and distributed-parameter approaches, the
changes in the external conditions outside the particles have been based on a parallel-flow
model for the gas and particle conditions in the dryer (Langrish, 2009). This parallel-flow
approach assumes that the gas and the solid particles flow in parallel to each other through the
dryer and allows for changes in solid particle and gas properties as functions of distance
through the dryer (Langrish, 2009). This approach is different to the approach used in a similar
study by Gdanez-Narv&z et al. (2022), where "The temperature and humidity of air in the
drying chamber are™ assumed to be "homogeneous and equal to the temperature and humidity
in the outlet.” Their approach to the drying kinetic has some drawbacks compared with the
parallel-flow modelling method. The well-mixed approach of Gdnez-Narvéz et al. (2022)
only predicts the outlet temperature of the gas and the solids, and this approach assumes that
the temperatures are "homogeneous and equal” throughout the chamber. This situation may
result in differences between the actual and predicted temperatures in the dryer, particularly
since peak particle temperatures have been reported inside co-current spray dryers that are
higher than the outlet temperatures (Chiou et al., 2008). As shown in this thesis and many other

studies, the particle temperature is an important factor for the kinetics of Maillard reactions in
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spray dryers (GAnez-Narvéz et al., 2019; Miao and Roos, 2004; Nursten, 2005; Park et al.,
2016). Additionally, the effect of moisture content has not been considered in their model for

heat damage simulation, although relevant data were measured and reported in their study.

6.2.1. Lumped-parameter modelling approach
For the purpose of comparison, a simulation model based on the lumped-parameter
modelling approach has been developed. In this thesis, the parallel-follow modelling approach
described in the study of Langrish (2009) is adapted here to describe the drying Kkinetics. This
drying kinetic model is the same model used for modelling the particle temperature and
moisture content history within the dryer in Chapter 4. Equations of this model are shown

below:
Equations for droplet momentum:

The movement of the particles within the spray dryer is predicted based on momentum

balances:
dh Pp 4 Prdp Upx
dUpyr —(— 3paCp Ur(Upr = Ugirr)\ 1 6.2
dh 4 Ppdy Upx
dUpy _ _§PaCD UR(Upt — Uairt) 1 6.3
dh 4 ppdp pr

Where p is density, Cp is the drag coefficient, U is the velocity, d is the diameter, h is the
distance from the atomiser. The suffix R represents the relative difference between the air and
the particle, the suffixes x, r, and t represent the axial, radial and tangential velocity component,

respectively, and suffixes p and air refer to the particle and the drying air, respectively.

The drag coefficient (Cp) and overall relative velocity of the particle to gas (Ur) can be

calculated using equations 6.4 - 6.5 (Rhodes, 1998):

UR = \/(pr - Uairx)2 + (Upt - Uairt)z'l'(Upr - Uairr)z 64
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24
Cp = —=— (14 0.15Re)87) 65
Re,
Where Re is the Reynolds number.

The Reynolds number (Re) can be calculated using a well-known engineering formula:

6.6

— Pair UR L
Uqir

Re

Here p is the density of the air (kg m™), L is a characteristic dimension of the particle (i.e.,

the diameter of the particle, m), and Lir is the kinematic viscosity of the air (Pa.s).
Mass transfer equations for droplets:

The rate of interfacial mass transfer between particle and dying gas is estimated based on

the concept of a characteristics drying curve (CDC) (Keey, 1978):

dm A K
_p:_f pip

dh Upx

(pvs - pvp) 6.7

Where A is the surface area of the particle, Kp is the mass-transfer coefficient, pis the partial
pressure, ¢ is the relative drying rate. Suffixes vs and vp represent the vapour pressure on the

surface of the particle and the vapour pressure in the bulk air, respectively.

Here, in this thesis, the drying rate is assumed to be only limited by the moisture content of
the particles (i.e., a linear characteristic drying curve, ¢ = X/Xi). The linear CDC produces
comparable results with more comprehensive approaches (e.g., non-linear CDC, REA) while

being less computationally demanding (Langrish and Kockel, 2001).

The droplet diameter (dp), which is required for estimating the surface area of the droplets,

can be calculated using equations 6.8 - 6.9:

1
ppi — 1000)\3 6.8
d,=d,;| —————
P pt (pp — 1000
o 1+X
Pp = mps 6.9
Pw
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Here, X is the moisture content (dry basis, kg/kg). The suffix i represents the initial moisture

content, and the suffixes s and w represent the solute and the solvent, respectively.

For the mass transfer between the gas and droplet, the mass-transfer coefficients can be

estimated using equations 6.10 - 6.11:

My, K,
K. = 6.10
P M,P
= PaDySh 6.11
dp

Here, Km is the mass transfer coefficient, M is the molar mass, P is the pressure inside the

dryer (P = 101325 Pa), Dv is the diffusivity of water in air, Sh is the Sherwood number.

The water diffusivity of water in the air can be estimated using equation 6.12 (Perry et al.,

1997):

D 1.117564 * 1072 * Tpl'75 * 101325 6.12
v =
P

The Sherwood number can be calculated using the Frossling equation (Frossling, 1938):

1 1
Sh =2.0+ 0.6Re2Sc3 6.13

Here, Sc is the Schmidt number.

The kinematic viscosity of the air can be estimated using equation 6.14:

fair = (—0.0003 = T2

irabs

+0.0687 * Ty, + 0.885) + 107° 6.14
The Schmidt number can be calculated using equation 6.15:

sc = _Hair 6.15
pairDv

Heat transfer equations for droplets:

The heat transfer between particles and drying gas is mainly through convection and

cooling due to water evaporation:

dm,
dTp B T[dpkaNu(Tair - Tp) + dh prHevap 6.16
dh Ms(Cps + XCpu ) Upy
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Here, ka is the thermal conductivity of air, Nu is the Nusselt number, Hevap is the heat of

evaporation for water, and Cp is the specific heat capacity.

The thermal conductivity of air can be estimated using empirical correlation (Kannuluik

and Carman, 1951):

kg = 15207 * 107" « Ty, —4.8574+ 1078+ T, +1.0184%10~*

air
tTabs 6.17

* Tair.,. — 0.00039333

The Nusselt number (Nu) for particles in the air can be estimated using empirical correlation

(McAllister et al., 2013):

1 1
Nu =2+ 0.6Re2Pr3 6.18

Here, Pr is the Prandtl number for air.

The Prandtl number (Pr) is defined as the ratio between momentum diffusivity and thermal
diffusivity:

Cp . Ui
pr — _Pairtair 6.19

kair

Here, Cpair is the specific heat of air (J kg™ K'%).

The specific heat of air (Cpair) can be calculated based on empirical correlation (Patanwar

and Shukla, 2012):

Cogyy = 19327 % 107107y = 7.9999 # 1077 Mgy, 11407 # 10775,

— 0.4489 * Ty, + 1057.3
The latent heat of evaporation of water 4Hevap at temperature T (<€) can be estimated using
empirical correlation (Stanish et al., 1986):
AHgyqp = 2.792 % 10° — 1607y, — 3.43T2, 6.21

For the gas side heat and mass transfer:

The heat and mass transfer for the drying gas can be estimated based on the heat and mass

transfer occurring around the particles:
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av, 1 ( dm,, 6.22

E - E - W) Naroplets

dH, 1

dh = G ((ms(cps + XCpu) d_if) Naroplets — UA * u)

Here, Yo is the humidity of the bulk air, naroplets is the number of droplets, Hn is the enthalpy
of humid air, G is the mass flow rate of air, UA is the overall heat loss coefficient from the
dryer to the surroundings, Tamb is the ambient temperature, and L is the total length of the drying

chamber.

6.2.2. Distributed-parameter modelling approach

The second modelling approach for the drying kinetic is the distributed-parameter
modelling one. The distributed-parameter modelling approach has several advantages over the
lumped-parameter modelling approach. For example, it is the inherently better approach to
simulate the segregation process that occurs during the spray-drying process, indeed, the only
real way to do this, given that the lumped-parameter approach assumed spatial homogeneity
within particles. In addition to modelling the segregation process, the distributed-parameter
modelling approach allows temperature and moisture content gradients across the particle,

which are also critical factors for Maillard reaction kinetics.

The distributed-parameter modelling approach is mainly based on the finite volume method
(FVM). FVM is a well-developed method that has been widely used in the field of simulations,
including computational fluid dynamics (CFD). To apply FVM in this thesis, particles (integral
volume) are divided into many sublayers (surface integral), and the changes in the composition
are evaluated based on the fluxes across the different layers. The advantage of choosing FVM
is that the heat and mass fluxes into/leaving the sub-layer are the same as the fluxes across the
adjacent cells. Therefore, it is inherently conservative for both heat and mass. A schematic

diagram demonstrating the F\VM approach is shown in Figure 6.1.
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Surface of the droplet

Figure 6.1 Schematic diagram for finite volume method (FVM) applied in this thesis. R: Radius of the droplet AR: thickness

of the sub-layer.

Three types of control volumes need to be considered, namely the core, intermediate and
outermost layer. In the innermost layer (core), heat and mass are only transferred between the
core layer and its adjacent layer. Slightly different to the core layer, the intermediate layers
have heat and mass transfer from the two of its adjacent layers. For the outermost layer, heat

and mass transfer occur between the inner layer adjacent to it and the drying gas.
----- Mass fluxes to CV-2---»
----- Heat fluxes to CV-2----»
Core

--Mass fluxes from CV-X-1-> 4, o ==-Mass fluxes to CV-X+1-->

Intermediate ---Heat fluxes from CV-X-1- </ ---Heat fluxes to CV-X+1--»

---Mass fluxes from CV-n-1-->
termost _
Outermos ---Heat fluxes from CV-n-1--» z//n ------ Heat fluxes to Gas----- >

Figure 6.2 Schematic diagram of different cells used in this thesis. CV-1: Core control volume CV-X: intermediate control

volume CV — n: outermost control volume.
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Components and water transfer through different layers of the particles mainly through
diffusion, and the mass transfer between the outermost layer and the drying medium (usually
air) is mainly through convection and water evaporation. Similar to mass transfer, heat transfer
for the intermediate and core layers is through conduction. While for the outermost layer, heat
transfer occurs in the form of conductive heat transfer to its adjacent inner layer and convective
heat transfer to the drying gas. In addition to conduction and convection, heat removal via water

evaporation also needs to be considered for the outermost layer.

The distributed-parameter model used in this thesis is essentially a further refinement of
the existing lumped-parameter model (parallel-flow model) within the particles. Some
equations are shared between two approaches (e.g., equations for physical properties, heat and
mass transfer between particles and gas, and gas-side heat and mass transfer), at the particle

surfaces and outside the particle.

6.2.2.1. Mass transfer

Mass transfer between the outermost layer and drying gas

In the outermost layer, water leaves the surface of the particle to the drying gas via
evaporation. The rate of water evaporation at the outmost layer of the particle is adapted from

the equation used for the lumped-parameter models (equation 6.7).

dm 6.24
de: == $ApKy (pvs - pvp)

Unlike the lumped-parameter model, the relative drying rate is estimated based on the
moisture content of the outermost layer (Xn) instead of the overall moisture content (X) (i.e. &

=Xn/ XI)

The changes in the humidity of drying air can be described as:

dYb 1dmg,q, 6.25
dt = E dt Nparticles
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Mass transfer between the outermost layer and its adjacent inner layer

During spray drying, the moisture content of the outermost layer decreases, and the
concentration of different components increases as water is evaporated from the surface of the
particles to drying gas. Due to the concentration gradient between the outermost layer (n™" layer)
and its adjacent inner layer (n-1" layer), water diffuses from the n-1™ layer to the n layer,

while other components diffuse toward the inner layers.

The mass transfer between layers can be described using the Fickian diffusion model:

dcC; 6.26

Ji=—Dix—p
Here Ji is the mass transfer flux across the surface (kg m2s™), Di is the diffusion coefficient

of component i, and dCi/dR is the concentration gradient of component i across distance dR.

The rate of mass transfer between two layers can be derived from the Fickian diffusion
model:

dm (Cij = Cijs1) 621

ac A=\ TP TR TRy j

Here dmi;./dt is the mass flow (kg/s), Ji; is the mass transfer flux (m? s™), A; is the surface
area (m?) , Di;jthe diffusion coefficient (kg m2s?), Ci; is the mass concentration (kg/m?), and
Rj is the radius (m). The subscript i and j denote component i and the ji layer of the particles,
respectively.

For the outermost layer:

dmi,n (Ci,n - Ci,n—l) 2
at <_ m* TR "R _, ) * AR 6.28
dmwn (Cwn - Cw n—1)
= = (=D . . 41T R? 6.29
dt ( w* TR _R,_, ) * Hthn—

The overall water transfer in the outermost layer

The overall water transfer in the outermost layer can be described using equation 6.30:

dmw,n _ (_D * (Cw,n B Cw,n—l)
- w
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Mass transfer between intermediate layers

Similar to the mass transfer between the outermost layer and its adjacent inner layer, water
and other components also transfer between the intermediate layers of the particle due to the
concentration gradient. The mass transfer between the intermediate layers can be described

using equations 6.31 - 6.32.

dm (Cij—Cij-1) (Cije1—Cij)
J_=p, . «—  "VIT N A R? —D: ~TLIFR W2 ) AT R
dt < i * R] - Rj—l AT J-1 + Lj+1 Rj+1 - R] A J 6.31

dmy,; (CWf - ij—l) (Cw i+1 — Cw )
—==(-D ' : 4mR? , + | -D d 12 ) « 4mR? 632
dt ( wrTR—R., ) U YT Ra-R )

Mass transfer in the core layer
In the core layer (the 1% layer), water and other components of particles are transferred

between the core layer and its adjacent layer (i.e., the 2" layer). The mass transfer between the

core layer and the second layer can be described using equations 6.33 - 6.34:

dm;, (Ciz2 — Ci1) 2
at <_Di 2" R,—R, ) * ATRy 6.33
dmwl (CWZ - CW 1)
= =D 22 W) g AT R 6.34
dt ( w * Rz - Rl ) * T 1

Diffusion coefficient of different components in the particles

During the drying process, water in the outermost layer evaporates, and water in the inner
layers of the particle diffuses to the outer layers due to concentration differences. The diffusion
coefficient of water within the particles can be described using equation 6.35 (Wang and
Langrish, 2009b):

1.625 6.35

Tj,abs + Tavg,abs)
2

D,, = 2.5*10‘9*<

Here, Dw is the diffusivity of the water, Tj.abs is the absolute temperature (K) in the j layer

of the particle and Tavg.abs IS the average temperature (K) of the particles.
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The diffusion coefficient of other components can be estimated based on the

Stokes-Einstein equation:
KT 636
' 6xmuR;

Here Di is the diffusion coefficient (m?s™) of component i at absolute temperature T (K).

Ksg is the Boltzmann’s constant (1.38 * 10-23 J K-1), uis the viscosity of the solvent (Pa.s), and

Ri is the approximate radius of component i.

The viscosity of water over the temperature range of -8 <€ to 150 <€ is estimated using the

model proposed by Kestin et al. (1978):

w(T 20-T
1 = 1.2378 —1.303x 107320 - T 3.06 * 107°(20 — T)? + 2.55
0810 ©(20) T+ 96( * ( ) + * ( )e+
* 1078 x (20 — T)3

6.37

ll(T) — M(ZO) " 1O%(1.2378—1.303*10_3(20—T)+3.06*10_6(20—T)2+2.55*10_8*(20—T)3 6.38

Here, |(T) is the viscosity (Pa s) of water at T <€, and |((20) is the viscosity of water at 20
< (0.001002 Pa s).
Estimated diffusion coefficients for the main components of milk in water based on the

Stokes-Einstein equation are shown in Table 6.1.

Table 6.1 Estimated binary diffusion coefficients of main components of milk at infinity dilution (Foerster et al., 2016).

Radius Diffusivity at 25 °C Diffusivity at 100 °C
(nm) (m? s (m?s™)
Protein 75 291 * 1012 1.30 * 10!
micelle
Lactose 0.5 436 * 10710 1.95 * 1079

Diffusion of protein to the surface of particles

Many studies have reported that protein molecules tend to move toward the air-water

interface due to high surface activity (Graham and Phillips, 1979). The diffusion of protein to

the outer surface of the particles can be described as follows:

135



dmprotien,surf _ 4 * Dprotein,ncprotein,n—l * Ap 6.39
dt T * Cprotein,n—l(Rn - Rn—l)

Here, dmprotein,surf /dt is the mass transfer rate of proteins moving toward the surface of the

particles.
Formation of solids

During the spray drying process, the moisture content of the particles reduces, and solids

are formed. The rate of solid formation can be described as follow:

dmsolidsi j
bl 6.40

Here, dmsolids,ij/dt is the solid formation rate of component i in the j™ layer and Sij is the
solubility of component i in the j layer. The solid formation rate in the simulation model has

been constrained to be a non-negative value to prevent unrealistic results.

6.2.2.2.  Heat transfer

Heat transfer for the outermost layer

The heat transfer between the outermost layer of the particles and the drying gas is mainly
in the form of convective heat transfer and cooling due to water evaporation. The heat transfer
between the outermost layer and the gas can also be described by adapting equations from the
lumped-parameter models (equations 6.16 and 6.23). In addition to the heat transfer with drying

gas, the conductive heat transfer with its adjacent inner layer also needs to be considered.

The overall heat transfer for the outermost layer can be described as:

dH, dmevap dcond,_4

W = T[dpkaiTNu(Tair' - Tn) - dt evap ~ dt

6.41

Heat transfer within particles

During spray-drying processes, the heat transfer within the particle is mainly in the form of

conductive heat transfer. The convective heat transfer within the particle due to the movement
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of different components is negligible as the convective fluxes are low (Wang and Langrish,
2009b). The flux of conductive heat transfer can be estimated using Fourier’s law, a
well-known engineering formula:
q = —k = AT 6.42
Here, q is the conductive heat transfer flux (W m-2), k is the conductivity of the component

(W mtK™), and AT is the temperature difference (K).

The thermal conductivity of each component is estimated using empirical equations for

estimating the thermal conductivity of common food components developed by Choi (1986):

kwater = 0.57109 + 1.7625 * 1073 T; — 6.7036 * 1076 T? 6.43

Kiactose = Kearponnyarate = 0.20141 + 1387 + 1073 T; — 43312+ 107 T? 644
Kprotein = 0.17881 + 1.1958 x 1073 T; — 2.7178 » 1076 T? 6.45

The overall thermal conductivity of a particle layer can be estimated using the parallel
model, where components are assumed to be parallel to the direction of heat flow (Sahin and

Sumnu, 2006).

3
koverall,j = 2 ki,ﬂ/)i,j 6.46
i=1

The volume fraction of component i in the j layer of the particle can be calculated based
on their mass fraction and density (Sahin and Sumnu, 2006).

Cl,]

Vij ___ Pij 6.47

Y=

Viotal 4 (Ci,f
=1y

Here, pij is the densities (kg m=3) of component i in the j™ layer of the particle, and they can

be estimated using empirical correlations (Choi, 1986):
Pwater = 997.18 + 3.1439 x 1073 T, 6.48

Practose = 1599.1 — 0.31046 T,y 6.49
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Porotein = 1329.9 — 0.31046 Ty 6.50

Summarising the equations above, the heat transfer for the core layer and intermediate

layers can be described using the following equations:

dh,

E = (koverall,l * Ty — Tl) * 47TR%

6.51

dH;
d_t] = (koverall,j * (T] - Tj—l) * 4'77:Rj2—1 + (koverall,j+1 * (Tj+1 - T]) * 4'T[Rj2+1 6.2
6.3. Kinetic model for Maillard reactions in spray drying
The second part of the simulation model is the model for the kinetics of Maillard reactions.
Three factors need to be considered in the kinetic model, 1. temperature, 2. moisture content,

and 3. ratios between the reactants. The combined effect of the above factors has been

investigated using the methods described in Chapter 3 as part of the modelling process.

138



6.3.1. Effect of temperature on the kinetics of Maillard reactions
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Figure 6.3 Experimentally measured changes in AMP/Trp ratios under different temperatures as functions of heating time

for model systems with different reactant ratios and moisture contents.

As shown in Figure 6.3, the reaction rate increases as the heating temperature increases,
which is common for many reactions. In the study by Gdnez-Narv&z et al. (2022), an increase
in the rate of HMF formation has also been observed for the system (lactose:WPI 7:1) as the
temperature increases. Similar to the AMP/Trp ratio used as an experimental indicator in this
thesis, HMF is another indicator for Maillard reactions (Morales and Boekel, 1998). The
reaction rate at 60<€ is low regardless of the moisture content and the reactant ratio. When the
temperature increased from 80<€ to 100<€, a significant increase in the reaction rate was
observed for all conditions. These observations are similar to those in Chapter 4, where the

reaction rate also increased significantly when the temperature rose above a certain value. The
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significant increase in reaction rate is likely to be linked to protein denaturation. During protein
denaturation, the special structure of proteins changes, exposing more reactive functional
groups. As a result of having more exposed reactive sites, the reaction rate increases. Other
studies have also reported that the rate of protein denaturation increases when the temperature

rises above 80<€ (Jaskulski et al., 2017).

6.3.1. Effect of moisture content on the kinetics of Maillard reactions

It is clear that the reaction rates for model systems with lower moisture contents are much
higher than those with higher moisture contents. The higher reactant concentrations in the
samples with lower moisture contents are a key cause of these observations. As discussed in
Chapter 2, the moisture content plays an important role in the reaction kinetics of Maillard
reactions. When the moisture contents are high, the reaction rate is decreased due to the dilution
effect, and the reaction rates are higher at low moisture contents due to higher reactant
concentrations. In a relevant study by Carabasa-Giribet and Ibarz-Ribas (2000), glucose
solutions with moisture contents ranging from X = 5.7 kg/kg to X = 1.2 kg/kg and a fixed
sugar-to-protein ratio of (5000:1) were heated at temperatures from 85<€ to 100<€ for up to 80
hours. The highest reaction rate was also observed for the model systems with the lowest
moisture content. The relationship between moisture content and the reaction rate is
complicated for systems with lower moisture contents. In the study of GAGnez-Narv&ez et al.
(2022), model systems with lower moisture contents (X ranging from 0.0291 to 0.0974 kg/kg)
were used. The rate of protein denaturation (measured as loss in available lysine) increases as
the moisture content increases, probably due to higher reactant concentrations. While for the
Maillard reactions indicators (i.e., Furosine and browning index (Bl)), the rate of formation of
these markers was found to be reduced as the moisture content decreased. This observation is
probably due to the mobility of molecules being limited at lower moisture contents, and thus

the reaction rate is decreased (Schmitz-Schug et al., 2014).

6.3.2. Effect of reactant ratio on the kinetics of Maillard reactions
A higher Maillard reaction rate for model systems with higher protein-to-lactose ratios at
all moisture contents and heating temperatures has been observed. The highest reaction rate

140



has been observed in the model systems with the lowest lactose-to-WPI ratio (1:2). This trend
is consistent with the findings in Chapter 4, where the model system with a lower
lactose-to-WPI ratio (1:2) was found to be more sensitive to Maillard reactions under the same
spray-drying conditions compared with model systems having lower WPI contents. Again, this
observation is likely to be due to protein concentrations being the rate-limiting factor in the
kinetics of Maillard reactions that occur during spray drying. It is also worth mentioning that
for the samples with the lowest moisture content (X = 1 kg/kg), the Maillard reaction rates in
those samples were similar, especially at higher temperatures. This observation suggests that,
at lower moisture contents and higher temperatures, the actual ratios of the components may
be different to those in the initial solution due to reduced protein solubility. Unlike lactose,
whose solubility increases with temperature (Table 6.2), the solubility of whey protein
decreases when the temperature increases, mainly due to denaturation (Table 6.3). Protein
unfolding (denaturation) exposes more reaction sites, which may increase the reaction rate. At
the same time, the exposed hydrophobic functional groups reduce the solubility of proteins in

water and thus limit the mobility of the molecules (Pelerine and Gomes, 2008).
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Table 6.2 Lactose solubility in water (Hudson, 1904).

Temperature (°C) Solubility (wt%)

0 10.6

15 14.5

25 17.8

39 24.0
49 29.8

64 39.7

73 46.3

89 58.2

Table 6.3 Whey protein isolate solubility in water (Pelerine and Gomes, 2008).

Temperature (°C) Solubility (wt%)
40 100
50 85
60 68
70 78
80 73
90 32

In summary, temperature, moisture content, and component ratios play a complex and
important role in the kinetics of Maillard reactions that occur during spray-drying processes.
At higher moisture contents, temperatures and component ratios are the dominant factors for
the Kkinetics of Maillard reactions, while at lower moisture contents, the component ratio

becomes less critical, likely due to lower solubilities and limited mobility of the molecules.
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6.3.3. Fitting of the kinetic parameters
The experimental results have been fitted with different kinetic models to quantitively

represent and evaluate the reaction rate for each combination of factors.

600
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Figure 6.4 Experimentally measured changes in AMP/Trp ratios for model systems with different reactant ratios with X=10
kg/kg heated at 100€.

As shown in Figure 6.4, there is clearly an induction lag in the changes in Amp/Trp ratios
during the initial stages of the experiment. During the induction period, the changes in the
extent of Maillard reactions were not significant. Such an induction period could also be found
in samples collected from other experimental conditions. Miao and Roos (2004) have also
reported similar behaviour in changes in optical density (OD) at both 280 nm and 420 nm.
Optical density at 420 nm is a marker commonly used for measuring the degree of browning
in samples, and it is sometimes used as an indicator for the extent of Maillard reactions. In their
study, an induction period was also found for the changes in OD. The rate of changes in OD
during the first 15 minutes of heating time is low, and beyond the induction lag period, the
change in OD appeared to be following zero-order kinetics (Miao and Roos, 2004). In both

their study and this thesis, samples were initially at room temperature prior to heating. Thus,
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the actual temperature of the samples at the start of the experiments is lower than the desired
reaction temperature. However, it is not reasonable to preheat the samples to the desired
temperature before experiments, as thermal degradation does occur during the preheating
process. This disagreement between the actual and experimental temperatures is likely to be
the main cause of the induction lag observed in the experimental results (Miao and Roos, 2004).
As a result, the reaction kinetics constant fitted in this thesis is based on the changes in

AMP/Trp ratios at steady state (i.e., after the induction period).

600

__500 1

o

S R?=0.99
o

*§ 400

2 2

= R2=0.98
S 300

£

<
£ 500 4 R2=0.99
[7)]

()]

(@)]

S
© 100
@)

o4 B
T | T | T | T | T | T | T | T 1
0 5 10 15 20 25 30 35 40

Time (Min)

Figure 6.5 Example of the kinetic constant fitting process (X=10 kg/kg heated at 100 with different reactant ratios).

As shown in Figure 6.5, the AMP/Trp ratio increased linearly with time after the induction
period, suggesting that changes in AMP/Trp ratio probably follow zero-order reaction kinetics.
Similar behaviour is observed in experiments with different heating temperatures and reactant
ratios, except for experiments with a heating temperature of 60<€. No clear induction lag period

was observed in experiments with a heating temperature of 60<€, probably related to a very
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small overall change in the AMP/Trp changes over time. Therefore, for experiments with a
heating temperature of 60<€, the reaction rate constants have been estimated based on all the

data points that are available.

For zero-order kinetics, the reaction kinetics can be described using equation 3.7:

dAMP/Trp 6.53
—_ =k
dt

The zero-order kinetic constant, k, of experimental data after the induction lag period has
been fitted using MATLAB 2022b with the least-squares method, and the fitted results are

summarised in Table 6.4.

Table 6.4 Fitted kinetics parameters (k in cps/cps/S *10-°) of experimental data (Zero-order).

100 °C
Lactose : WPI 1:2 2:1 1:1
X=10kg/kg 6.6+ 0.8 15.0+1.7 96+1.0
X=5kg/kg 123+ 0.7 189+2.0 13.9+4.2
X=1kg/kg 314+ 1.7 37.8+0.2 34.1+3.5
80 °C
Lactose : WPI 1:2 2:1 1:1
X=10kg/kg 0.8+0.0 1.8+£0.2 1.5+0.2
X=5kg/kg 28+04 43+0.1 25+0.6
X=1kg/kg 4.1+£0.9 92+04 45+0.5
60 °C
Lactose : WPI 1:2 2:1 1:1
X=10kg/kg -04+04 0+0.1 0.1+£0.0
X=5kg/kg 0+£0.0 0+0.0 0.2+0.0
X=1kgkg 02+0 0.1+0.1 0.2+0.1

6.3.4. Sensitivity analysis for different factors
To determine the relative importance of the various factors on the reaction kinetic constant
for Maillard reactions, analysis of variance (ANOVA) was performed for all the fitted kinetic
constants. The probability (P) of retaining the null hypothesis (i.e., there is no significant
difference between the sets of data being compared, or in other words, the factor has no
significant impact on the reaction kinetics) is shown in Tables 6.5 - 6.7. Here, in this thesis, the
interpolation of the ANOVA results is based on a 95% confidence level (i.e., the threshold

value for P is 0.05, reject the null hypothesis if P > 0.05). The ANOVA results show that
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different heating temperatures significantly impact the fitted reaction rate constants (P < 0.05
for all conditions). The effect of moisture contents on the fitted reaction rate constants is
significant except for the experiments with a heating temperature of 60<€, probably linked to
the larger variance for those experiments due to the low extent of Maillard reactions in the
heated samples. The component ratios appear to have the least impact on the fitted reaction
constant, especially for experiments with a high heating temperature and low moisture contents
(P > 0.05). This observation agrees well with the previous hypothesis for the effect of
solubilities for different components on the actual reactant ratio. In conclusion, out of the three

factors, the component ratios have the least impact on the reaction kinetics.

Table 6.5 P values for the impact heating temperature on the fitted reaction kinetic constants at the same moisture content

and reactant ratio.

Lactose : WPI 1:2 2:1 1:1
X=10kg/kg 0.00 0.00 0.00
X=15kg/kg 0.00 0.00 0.02
X=1kgkg 0.00 0.00 0.00

Table 6.6 P values for the impact moisture content on the fitted reaction kinetic constants at the same heating temperature

and reactant ratio.

Lactose : WPI 1:2 2:1 1:1
100 °C 0.00 0.00 0.01
80 °C 0.02 0.00 0.02
60 °C 0.27 0.02 0.11

Table 6.7 P values for the impact reactant ratios on the fitted reaction kinetic constants at the same heating temperature and

moisture content.

X =10 kg/kg X =5 kg/kg X=1kg/kg
100 °C 0.01 0.18 0.14
80 °C 0.02 0.04 0.01
60 °C 0.30 0.07 0.03

6.4. Prediction model for kinetics constants

In this thesis, three different factors that can affect the Maillard reaction kinetics have been
considered: 1. heating temperatures, 2. moisture contents of the samples, and 3. ratios between
two different reactants. There are three independent variables and one dependent variable,
making the rate constant prediction model effectively a 4D (x, y, z, w) mathematical model.

Fitting a 4D mathematical model is possible but difficult, especially considering the fact that
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three independent variables may not be truly independent of each other. For example, the
temperature and the moisture content can affect the actual reactant ratios by affecting the
solubility of the reactants. Therefore, in this thesis, the kinetic constant prediction model has
been reduced to a 3D (X, y, z) mathematical model, and the effect of the third factor has been
included as "switches" in the overall simulation model. In other words, 3D models have been
developed separately based on the two independent variables that have the most impact on the
reaction kinetics for each corresponding value of the third independent variable. In the
sensitivity analysis of the factors investigated in this thesis, the changes in reactant ratios were
found to be having the least impact on the reaction kinetics. As a result, a prediction mode for
the Kinetic constants has been developed based on the temperature and moisture content for

each reactant ratio.

6.4.1. Temperature dependency of the kinetics constant
The temperature dependence of the reaction rate can be described using the well-known
Arrhenius equation (Arrhenius, 1889):

—E, 6.54

Here, k is the rate constant, A is a constant, Ea is the activation energy of the reaction (J/mol),

R is the ideal gas constant (J/K/mol), and T is the absolute temperature (K).

The Arrhenius equation has been widely used in many studies to study reactions during
food processing. An alternative form of the Arrhenius equation is more often used for
predicting the changes in reaction constants with the temperature (Peleg et al., 2012):

k(T) = kref * exp (c * (T — Tref)) 6.55

Here, k(T) is the rate constant at temperature T (K), kref is the rate constant at the reference

temperature Trer (K), and ¢ is a constant (K1).

The temperature dependence of the reaction rate constants obtained from fitting zero-order
kinetic models has been fitted using the modified Arrhenius equation (equation 6.55). The

fitting processes w were carried out using the non-linear curve fit function in OriginPro 2022.
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80 <€ has been chosen as the reference temperature (Trer) as it is the average heating temperature

used in this thesis, and its corresponding average rate constants are regarded as reference rate

constants (Kref).
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Figure 6.6 Fitting result of the Arrhenius equation for the rate constant.

Temperature (€)

Table 6.8 P values for the impact reactant ratios on the fitted reaction kinetic constants under the same heating temperature

and reactant ratio.

Lactose : WPI Moisture contents

c

RZ

X=10kg/kg

0.104 +0.003

0.98

2:1 X=15kg/kg

0.075 + 0.002

0.99

X=1kg/kg

0.102 +0.001

0.99

X=10 kg/kg

0.107 £ 0.002

0.98

X=15kg/kg

0.074 + 0.002

0.99

X=1kg/kg

0.071 £0.001

0.99

X=10kg/kg

0.094 + 0.002

0.99

X=15 kg/kg

0.086 + 0.005

0.92

X=1kg/kg

0.101 £0.002

0.99

As shown in Figure 6.6 and Table 6.8, the modified Arrhenius equation fitted the behaviour

of the rate constant changes with changing temperatures well. Therefore, the Arrhenius type of
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equations has been chosen for modelling the temperature dependence of the rate constant in

this thesis.

6.4.2. Combined effects of temperature and moisture content

During the spray-drying process, the moisture content of the particles changes rapidly, and
changes in moisture contents also play an important role in the reaction kinetics. Therefore, the
effect of moisture content on the reaction kinetics also needs to be considered in the modelling.
Unlike the temperature dependency of reaction rates, which usually can be described using the
Arrhenius equation or Arrhenius-type equations, modelling the effect of both the moisture
content and temperature is more complicated. In most studies concerning reactions that occur
during drying processes, different models were used to account for the effect of moisture
content as the existing model does not fit well with experimental data (Di Scala and Crapiste,
2008; Qiu et al., 2018; Schmitz-Schug et al., 2014). The general approach used in those studies
is making the constants in the modified Arrhenius equation (i.e., kref and ¢) moisture content
dependent. Here, in this thesis, a similar approach has also been used for modelling the

temperature and moisture content dependency of the rate constants.

In the Arrhenius-type equations, there are usually two parameters, krer, the frequency factor
or the pre-exponential factor and c, proportional to the energy required for initiating the
chemical reactions (i.e., apparent activation energy, Ea). The changes in these two factors, Kre
and c, with different moisture contents have been plotted against the changes in moisture

contents and shown in Figures 6.7 — 6.8.
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Figure 6.7 Moisture content dependency of the constant kref in the Arrhenius equation.

= lLac:WPI 2:1
e Lac:WPI1:2
A LacWPI1:1

0.14 +

0.12

¥ 0.10 -

0.08

0.06

0 2 4 6 8 10
Moisture content (kg/kg)

Figure 6.8 Moisture content dependency of the constant ¢ in the Arrhenius equation.
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As shown in Figure 6.7, the moisture dependency of the frequency factor (krer) can also be
fitted well with an exponential model (i.e., Arrhenius-type equations). Therefore, the moisture
dependency of the krer is described using equation 6.56:

Kref(X) = c1 * exp (cz « (X - Xref)) 6.56

Here, c1 and c2 are constants, and Xrer is the reference moisture content.

The constant ¢ in the equation 6.56 appears to be relatively constant regardless of the
changes in moisture contents compared with krer. This observation arises because the constant
c in the Arrhenius-type equations relates to the apparent activation energy (Ea) of the modelled
reaction. The apparent activation energies are specified for each reaction and can be considered
constant regardless of the conditions. Another study has reported that the apparent activation
energy for lysine loss in model dairy formulations varies significantly at lower moisture
constants (X < 0.1 kg/kg), which is probably linked to changes in the physical state of lactose
(e.g., glass transition) (Schmitz-Schug et al., 2014). Their findings may not be applicable here,
as for all the conditions used in this thesis, the heating temperatures are all above the glass
transition temperature of the model system (Tg< 0 <€). Therefore, the constant ¢ in the equation
6.56 will be included as a constant in the model for describing the temperature and moisture
content dependency of the reaction constant. Combining equations 6.55 and 6.56 gives:

K(T,X) = kyep * exp (01 * (X — Xref)) * exp (c2 * (T — Tref)) 657
Here, again, the average moisture content (X = 5 kg/kg) and temperature (T = 80€) are

chosen as the reference moisture content (Xrer) and the reference temperature (Trer).

The 3D fitting of equation 6.57 was performed using Matlab 2022b based on the trust region
algorithm, and the result are summarised in Table 6.9. The initial guesses for the fitting process
were specified in the following way: c1 and c2 were the average values obtained from fitting
data points with equation 6.56. kret was the average rate constant at the reference temperature

(Trer = 80<€) and moisture constant (Xret = 5 kg/kg). The fitted parameters were also limited to
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be within the same magnitude as the initial guesses (e.qg., the fitted Krer was limited to the range

of 10°to 10®).

Table 6.9 Fitted parameters for a model describing the temperature and moisture content dependency of Maillard reaction

rate constants.

Lactose : WPI  k.r(cps/cps*107) c c2 R?
1:2 4.064 +2.499 -0.108 £ 0.0367 0.0900 £0.03091  0.97
1:1 2465 +£1.710 -0.1947 £ 0.0561 0.092 + 0.0600 0.98
2:1 2.1898 +1.043 -0.2134 + 0.0431 0.0901 £ 0.0231 0.98

Note: Fitted parameters are expressed as the estimated mean 295% confidence interval range.

6.4.3. Modelling Maillard reactions kinetics with different drying kinetic models
6.4.3.1.  Modelling Maillard reaction kinetic with lumped-parameter models
To model the Maillard reactions occurring during the spray-drying process, the following
equation was added to the existing parallel flow model:

dMR _ krer » exp (C1 (X - Xref)) * €Xp (CZ # (T, — Tref)) 6.58

dh Upy

Here, dMR/dh is the change in the AMP/Trp ratios as a function of the axial distance
travelled by the particles within the dryer. The constants in the reaction kinetic model were

selected based on the lactose-to-WPI in the feed solutions.

6.4.3.2. Modelling Maillard reactions kinetics with distributed-parameter

models
Similar to the drying kinetic model, most equations are shared between the lumped and
distributed models. The Kinetics of the Maillard reaction for each sub-layer can be described

as follows:

dMR;
T] = kref * exp (Cl * (Xj - Xref)) * €xp (CZ * (T] - Tref)) 6.59

Unlike the lumped-parameter modelling approach, in the distributed-parameter modelling
approach, each sublayer of the particles has different component ratios. The effect of different
component ratios in the samples is introduced into the simulation as switches to reduce the
complexity of the kinetic reaction model, as discussed earlier in this chapter. For example,
when the lactose-to-WPI ratio is not greater than 0.5 in a sub-layer, the reaction rate constants
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will be estimated based on the kinetic model fitted based on data from heating model systems
with a lactose-to-WPI ratio 1:2.

Since a zero-order reaction kinetic is used in this thesis, the reaction rate is independent of
the reactant concentration. In the distributed parameter model, the overall changes in the extent
of Maillard reactions for each particle were estimated by the weighted sum based on the mass
fraction of protein in each individual sublayer:

n
dMRoverall — dMRj
dt dt

j=1

mproteinj
Zn 6.60
f ) .
j=1 protem]

6.5. Simulation results from different modelling approaches

6.5.1. Drying kinetics predicted by different modelling approaches
To compare the drying kinetics simulated using different modelling approaches, the
temperature and moisture contents of the particle predicted by a base case simulation are shown
in Figure 6.9 and Figure 6.11. Here, the overall average particle temperature and moisture

content are reported instead of the values of each sublayer for the distributed-parameter model.

The initial inputs for the base-case simulation are listed in Table 6.10.

Table 6.10 Initial conditions of the base case simulation.

Conditions Lumped-parameter \ Distributed-parameter
Particle moisture content (kg/kg) 10.37
Inlet gas temperature (°C) 190
Droplet temperature (°C) 20
Inlet gas humidity (kg/kg) 0.005
Overall heat loss coefficient (W/m?*/K) 5
Feed flow rate (mL/min) 27
Drying gas flow rate (m>/hr) 257
Particle diameter (m) 20 *10°°
AMP/Trp of the feed (cps/cps) 0.0055
Lactose-to-WPI ratio 2
Particle velocity (axial) (m/s) 19.3
Particle velocity (radial)(m/s) 5.18
Particle velocity (tangential)(m/s) 0
ODE solver ODE 23s
Number of sub-layers N/A 5
Span of the simulation [0,3.5 m] [0,3.336s]
Step size Variable 0.001 s

Note: The durations of the simulations were determined by the shortest distance travelled

by the particles within the dryer (i.e., the shortest distance between the atomiser and the outlet

of the dryer). For the distributed-parameter model, the simulation stops when the axial distance
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travelled by particles is equal to the shortest distance between the atomiser and the outlet of the

dryer, which is approximately 3.336 seconds.
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Figure 6.9 Temperature history of drying gas and particles (average) predicted by different modelling approaches (initial

stage). (a) Lumped-parameter model (b) distributed-parameter model.
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Figure 6.10 Particle (average) temperature history predicted by different modelling approaches (whole dryer).
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Figure 6.11 Particle moisture content history predicted by different modelling approaches (initial stage).
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Figure 6.12 Particle moisture content history predicted by different modelling approaches (whole dryer).

As shown in Figures 6.9 - 6.12, the drying Kkinetics predicted by different approaches are
similar and become effectively the same once the moisture content of the particle is sufficiently
low (the differences in the final prediction values are less than 0.5%). During the initial drying
stage, the overall drying rate of the particle predicted by the distributed-parameter model is
slightly lower than those predicted by the lumped-parameter model. The predicted particle
temperature also rises more slowly compared with the lumped-parameter model. The
difference in the drying kinetics predicted by the different modelling approaches is partly due

to the difference in the driving forces for the particle-gas interfacial mass transfer.

Both models used a linear CDC approach to estimating the interfacial mass transfer rate.
The only difference is how the relative drying rate is calculated (&). The relative drying rate is
determined based on the moisture content of the outermost layer in the case of the
distributed-parameter model. In contrast, the overall moisture content of the particle is used in
the lumped-parameter model. The outermost layer of the particle has a much smaller mass
compared to the whole particle. For the same evaporation rate (which is true at the start of the

spray-drying process), the moisture content of the outermost layer drops more rapidly
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compared to the whole particle, as demonstrated in Figure 6.13. As a result, the relative drying
rates in the distributed-parameter model decreased more rapidly compared with those
calculated in the lumped-parameter model. Due to smaller driving forces for interfacial mass
transfer, the overall drying rate predicted by the distributed-parameter model is lower than the

values predicted by the lumped-parameter model.
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Figure 6.13 Moisture content history of the outermost layer of the particle (from the distributed-parameter model) and the

value predicted by the lumped-parameter model.

The difference in the overall particle temperature is due to the overall heat transfer rate in
the distributed-parameter model being limited by the conductive heat transfer within the
particle. The conductive heat transfer coefficient within the particle is approximately one-tenth
of the convective heat transfer coefficient, which occurs at the surface of the particles. In
lumped-parameter approaches, particles are treated as a whole; thus, the overall heat transfer

rate is not limited by the internal conductive heat transfer rate. As a result, the lump-parameter
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approach predicts a faster overall heating rate during the early stage of the drying process. For
the same reason, particle temperature decreases more slowly at the later stages of the drying
process, resulting in slightly higher overall particle temperatures than the lumped-parameter

model (Figure 6.10).

6.5.2. Predicted internal particle temperature, moisture content and component
distribution

In the lumped-parameter approach, the particle is treated as a whole. Thus, the internal

temperature, moisture content and component distribution are the same as those for the overall

particles. In contrast, the distributed-parameter modelling approach allows different

temperatures, moisture contents and component distribution across the inside of the particles.

The particle temperatures, moisture contents and component distributions predicted by the

distributed-parameter model using base case conditions are shown in Figure 6.15 d-f.
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Figure 6.14 Prediction result from the lumped- and distributed-parameter approaches. a — c¢: lumped-parameter model d — f:

distributed-parameter model

As shown in Figure 6.15 d-f, the distributed-parameter model has successfully predicted
the heterogeneous temperature, moisture content and component distribution within the
particles. The highest temperature, WPI-to-lactose ratio, and lowest moisture content were
observed at the outermost layer (Layer 5) and gradually decreased (or increased in the case of
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moisture contents) throughout the particle. The predicted internal behaviours are potentially
more realistic than the lumped-parameter model. The distributed model has successfully
predicted the overall trend of component segregation during spray drying (i.e., proteins move
toward the surface of the particles while lactose moves in the opposite direction.). However,
the prediction result of the protein coverage at the surface of the particles is less than ideal. The
predicted protein mass fraction at the outermost layer (surface of the particle) is significantly
lower than those measured experimentally via XPS (approximately 20% lower) (Putranto et al.,
2017). The difference in predicted and experimental values is probably linked to the prediction
methods for protein movement and the thickness of the sublayers used in the simulation model.
The effect of the thickness of sublayers will be discussed later in this chapter. Although the
predicted values are different to those measured experimentally, the current model is sufficient
to reflect the potential impact of component segregation on the Maillard reaction kinetics
during spray drying. The impact of component ratios on the kinetics of Maillard reactions is
introduced as switches in the current model. In other words, as long as the predicted changes
in component ratios are sufficient to trigger the "switches"” for the reaction kinetic constants,
the impact of component segregation will be reflected in the predicted extent of Maillard
reactions in the spray-dried product. Nevertheless, this statement does not apply to more
comprehensive reaction kinetics models (e.g., 4D, multi-response, or higher-order Kkinetics
models) where the component ratios are not introduced as "switches", or the rate constants are
based on the reactant concentration(s). Refining the segregation prediction model can be the

focus of future studies.

6.5.3. Effect of the number of sublayers on prediction results
One of the most critical parameters for the distributed-parameters models, which is also the
biggest difference between the two different modelling approaches, is the number of sublayers.
A "distributed-parameter” model with one sublayer is no different to a lumped-parameter
model. In theory, for any distributed-parameter models, the higher the number of sublayers,
the more realistic the prediction result will be until the thickness of each sublayer is smaller

than the molecules. The theoretical maximum number of sublayers that can be used for the
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base case simulation is 128 layers (calculated based on the initial diameter of the droplet and
hydraulic diameter of proteins) when shrinkage of the particle is not considered. The effect of
different numbers of sublayers was investigated by running simulations with 3, 5, and 10

sublayers while keeping other conditions the same as the base case simulation.
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Figure 6.15 Prediction result from the distributed-parameter model with a different number of sub-layers. a —c: 3 layers d —
f: 5 layers g —i: 10 layers.

As shown in Figure 6.15, the number of sublayers has no significant impact on the
temperature and moisture profile predicted by the model. Improvement in the predicted particle
surface composition was observed, but the improvement is not substantial. Running a
simulation model with a higher number of sublayers is also computationally demanding. The
computational time for the model increased from 65 seconds to 739 seconds when the number
of sublayers increased from 5 to 10. Additionally, the solution also becomes unstable due to

the reduced layer thickness. The reduced layer thickness increases the differences between the
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heat and mass transfer rate and the heat and mass "capacity” within a sublayer and thus reduces
the stability of the model. Solution stability can be improved by reducing the step size used in
the ODE solver at the cost of further increasing the computational complexity. A combination
of 5 sublayers and a step size of 0.0001s were used in this thesis, as it provided a reasonable

balance between accuracy and computational cost.

6.5.4. Prediction results from the lumped-parameter model

The simulation results from the lumped-parameter model were compared with the
experimentally measured results from Chapter 4 (Figure 6.16). Most of the inputs for the
simulations were the same as the base case, except the inlet gas temperatures and feed
compositions were changed to match experimental conditions. Here, for consistency, the
predicted extent of Maillard reactions in the spray-dried products was also converted to
percentage changes in AMP/Trp ratios compared with the feed (average AMP/Trp in feed is
0.0055 cps/cps).

800
700 —
600 —
500 —
400 —
300 —

200

Changes in AMP/Trp (%)

100

T T T T T T T T T
150 160 170 180 190
Inlet gas temperature (°C)
Experimental values: M Lac:WPI 1:2 @Lac:WPI 2:1 Predicted valuesA Lac:WPI 1:2V Lac:WPI 2:1

Figure 6.16 Predicted result from lumped parameter model and experimental data.
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As shown in Figure 6.16, the predicted values from the lumped-parameter models are
similar to the experimentally measured values for all the conditions (R? ranging from
0.88 - 0.92). The difference between the predicted and actual values is likely to be because
reaction kinetics are modelled based on data obtained via heat at temperatures lower than the
particle temperatures within the dryer. Temperatures up to 100 € were used in the isothermal
heating experiments, while the outlet temperatures of spray drying experiments were up to 145
€; Thus, the temperature difference was up to 45 K. Other than the temperature difference,
the difference in moisture content could also contribute to the difference between the predicted
and the actual values. In this thesis, the lowest moisture content used for the heating
experiments was 1 kg/kg, as most segregation occurs when the moisture content is above 0.1
kg/kg. During the spray drying process, the moisture content of the particles falls significantly
below 1 kg/kg, and the diffusion process limits the reaction rate at lower moisture contents
(GAnez-Narvaz et al., 2022, 2019; Miao and Roos, 2004; Schmitz-Schug et al., 2014). In
terms of the overall trends in predicted and experimentally measured values, the prediction
model has underestimated the temperature dependency of the Maillard reactions during spray
drying. In other words, it overestimated the extent of Maillard reactions at lower temperatures
and underestimated them at higher temperatures. Parameter c2 describes the temperature
dependency of the reactions in the model developed. As mentioned previously, c2 is
proportional to the apparent activation energy (Ea) of the reaction in Arrhenius-type equations.
An increase in the apparent activation energy in the samples at lower moisture contents was
reported in an earlier study by Schmitz-Schug et al. (2014). This finding further emphasised
the importance of investigating the reactions kinetics at lower moisture contents. In summary,
the kinetics of Maillard reactions for model systems with lower moisture contents need to be
addressed to obtain a better estimation of the kinetics for Maillard reactions in spray dryers,

which can be a focus of future studies.

6.5.1. Prediction results from the distributed-parameter model
In the distributed-parameter model, the reaction kinetics in each sublayer were calculated

separately based on the temperature, moisture contents and component ratios for each sublayer.
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Different reaction rates were predicted for each individual sublayer due to different conditions
for each induvial sublayer. As shown in Figure 6.17, the outermost layer was predicted to have
the highest reaction rate compared with the inner layers. This observation is due to the outmost
layer of the particle having the highest temperature and protein-to-lactose ratio and the lowest

moisture content.
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Figure 6.17 Predicted reaction rate for each sublayer from the distributed-parameter model.

The simulation results from the distributed-parameter model were compared with the
experimentally measured results from Chapter 4 (Figure 6.18). The same input parameters and
reaction kinetic constants were used. The predicted values were also converted to percentage

changes.
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Figure 6.18 Predicted result from distributed-parameter model and experimental data.

As shown in Figure 6.18, the overall trend in the predicted values from the
distributed-parameter model is the same as those predicted by the lumped-parameter model (R?
ranging from 0.87 - 0.95). This observation is probably due to the overall drying kinetics
predicted by the models used here being largely the same. The predicted values from the
distributed-parameter model are slightly higher at higher inlet gas temperatures than the
lumped-parameter model. The performance of the models was evaluated based on the total sum
of square errors of (SSE) compared with the average experimental values under the same
conditions. The SSE for the distributed-parameter model is 17.7% less than that for the
lumped-parameter model. This result suggested that the distributed-parameter model better
predicted Maillard reaction kinetics during spray drying. The better performance of the
distributed-parameter model is probably linked to the more realistic temperature, moisture
content and component distribution profile within the particles compared with the
lumped-parameter model. In summary, the distributed-parameter modelling approach showed

a clear advantage over the traditional lump-parameter approach.
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6.6. Limitations of the simulation models developed
6.6.1. Particle residence time

In the simulation models, the particle movement within the dryer is estimated based on the
momentum equations (equations 6.1 - 6.3). The momentum equations did not consider the
particle-wall interactions, recirculations, and other factors that could affect the particle
residence time. For both simulation models, the particle residence time is estimated to be
approximately 3.4 seconds. The estimated particle residence time in the simulation model is
closer to the gas residence time estimated in Chapter 5 (3.5 seconds) compared with the
experimentally measured mean particle residence time, which is nearly three times the
estimated gas residence time (9.9 +1.0 seconds). The underestimated particle residence time
leads to underestimating the extent of Maillard reactions that occur during the spray drying
process. In order to have a more accurate description of the particle movement and the particle
temperature and moisture content history, computational fluid dynamics (CFD) or other more

comprehensive modelling methods are required.

6.6.2. Moisture content of the particles

As mentioned earlier in the discussion, the reaction kinetics model developed in this model
is based on model systems with a moisture content of no less than 1 kg/kg. Therefore, the
effects of lower moisture contents on reaction kinetics are extrapolated based on the trends in
the measured results. In this thesis, the reaction rate constants were found to increase as the
moisture content decreased, likely due to the concentrating effect. However, as shown in other
studies, the reaction rate decreases at lower moisture contents due to limited particle mobility
(Schmitz-Schug et al., 2014). This difference between the predicted and actual correlation
between the reaction rate constants may lead to an overestimation of the extent of the Maillard
reaction in the final product. In order to address this issue, the reaction kinetics at lower
moisture contents should also be investigated, even though the segregation process is close to
being completed at lower moisture contents (Putranto et al., 2017). Additionally, for reaction
kinetics at lower moisture contents, the physical state of the particles also needs to be

considered. Lactose is an amorphous material whose physical properties depend on moisture
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content and temperature. The mobility of the lactose molecules is affected by their physical
state, and molecule mobility is higher when the temperature is above the glass transition
temperature of the particles. The effect of glass transition is not considered in this thesis as the
glass transition temperatures of the model systems (less than 0<€) are significantly lower than

the heating temperatures (60<€ - 100<€) due to their relatively high moisture contents.

6.6.3. Markers for Maillard reactions
Last but not least, a single indicator of Maillard reactions was measured here in this thesis.
As discussed in Chapter 2, the Maillard reactions scheme involves a series of reactions and can
be divided into three stages. Ideally, at least one marker for each stage of Maillard reactions
needs to be investigated to properly model the Maillard reaction kinetics. This issue needs to

be addressed in later studies.

6.7. Conclusions

In this chapter, the effect of different moisture content (X = 1, 5, 10 kg/kg), heating
temperatures (60, 80, 100<€) and different lactose-to-WPI ratios (1:2, 1:1, and 2:1) on the
kinetic of Maillard reactions in model systems were investigated. Results have shown that the
reaction rate increases exponentially with the temperature and fits well with Arrhenius-type
equations. The reaction rate was found to increase with the decrease in moisture contents within
the range of moisture contents tested. The component ratios do impact the reaction Kinetics,
but they were less significant compared with the other two factors, especially at higher
temperatures and lower moisture contents, probably related to the different solubilities of the
two main reactants. The reaction kinetic models were then coupled with both lumped and
distributed-parameter drying kinetic models to simulate the impact of different inlet gas
temperatures and feed compositions on the extent of the spray-dried products. The simulation
results were then compared with the experimental results from Chapter 4. Both the lumped and
distributed-parameter models have reasonably predicted the extent of Maillard reactions. The
difference between the predicted and actual values is probably due to the overestimated rate
constants estimated based on heating model systems with relatively high moisture contents and
the approximation for the effect of the reactant ratios. Overall, the simulation results still
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produce promising results compared with previous studies (i.e., significantly closer to the
experimental values), likely due to a more comprehensive modelling approach for the drying
kinetics and careful reaction rate studies. last but not least, the distributed-parameter modelling
approach has shown a clear advantage over the traditional lumped-parameter modelling

approach.
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Chapter 7. Conclusion and further consideration

In this chapter, the findings in earlier chapters are summarised. Considerations for future
studies based on the findings or issues that have not been addressed in earlier chapters were

also discussed in this chapter.
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7.1. Overview of the thesis

Spray drying has been widely used to extend the shelf life of perishable goods and reduce
the cost of transportation, and one of the typical applications of spray drying processes is milk
powder production or the production of other spray-dried dairy products. As a good source of
proteins, milk and its related products have relatively high protein content. Besides proteins,
they also contain significant amounts of reducing sugars (e.g., lactose). The combination of
high protein and reducing sugars makes milk and its related products particularly subject to
Maillard reactions during thermal processing, including spray drying. Given the importance of
food safety and the complex nature of Maillard reactions, it is important to study the kinetics

of Maillard reactions that occur during the spray-drying processes.

A few studies have investigated the Maillard reactions that occur during spray drying
processes. Existing studies mainly focus on how operating conditions may affect the kinetics
of Maillard reactions for a specific feed. In contrast, the characteristics of the spray dryer,
properties of the feeds, and physical processes that occur during spray drying were often not
considered. In other words, current studies mainly focus on optimising a specific spray-drying
process while lacking a more systematic approach and investigation from an engineering point

of view.

The first part of this thesis aimed to investigate the kinetics of Maillard reactions in spray
dryers with different feed compositions under different operating conditions. Model systems
with different sugar-to-protein ratios, fresh skim milk and reconstituted skim milk were spray
dried with different inlet gas temperatures. The extent of Maillard reactions in the spray-dried
products was measured using a fluorometric method and colourimetry analysis. Results have
shown that different feed compositions significantly impact the reaction kinetics under the
same spray-drying conditions. A strong correlation between the colour formation and the extent
of Maillard reactions was also observed. Additionally, the experimental measurements in this

chapter provided a foundation for the later chapters.
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The second part of this thesis aimed to study the impact of the design and dimensions of
spray dryers on the particle residence time distribution in these dryers. Although a few studies
have studied particle residence time distributions in spray dryers, the effects of different
designs and dimensions of spray dryers have not been studied yet. A non-intrusive laser-based
measurement method was developed for the needs of this study. Measurement results have
shown that different designs and dimensions significantly impact the particle residence time
distribution, which can be critical to the Maillard reactions kinetics in spray dryers.
Furthermore, the measurement methods developed here showed a clear advantage over

intrusive methods used in previous studies.

The last part of this thesis was aimed at developing a preliminary mathematical model for
simulating the kinetics of Maillard reactions in spray dryers. The potential impact of
component segregation on the kinetics of Maillard reactions in the spray dryer was considered
for the first time. The more comprehensive distributed-parameter modelling approach has
significantly improved the prediction results compared with previous studies using a more

traditional lumped-parameter modelling approach.

7.2. Maillard reactions under different spray drying conditions

Chapter 4 investigates the extent of Maillard reactions of the spray-dried milk and milk-like
model systems under different spray-drying conditions. Experimental results from the
pilot-scale spray dryer showed that the extent of Maillard reactions in the spray-dried products
increases with the inlet gas temperatures. The reaction rate increased significantly when the
inlet gas temperature specifically increased from 180C to 190T (Tou= 136 - 146<C),
regardless of the composition of the feed. This observation is probably linked to the protein
unfolding. For different types of feed, different trends were observed. For real food systems,
the differences between the responses of reconstituted milk and fresh milk to the spray-drying
processes were minor. This observation reinforces the point in the previous study that the
reconstituted milk is similar to fresh milk except for having additional thermal degradation.
The model systems were found to be more sensitive to Maillard reactions than real food
systems, probably due to lower lactose-WPI ratios compared with real food systems (2:1 or 1:2
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vs. ~5:1). Additionally, model systems with lower lactose-to-WPI ratios were found to be more
sensitive to Maillard reactions under the same spray-drying conditions. Based on this finding,
it is reasonable to suggest that the WPI (proteins) may be the rate-limiting reactant for Maillard
reactions in spray dryers. No significant changes in the extent of Maillard reactions was
observed for samples collected from spray drying experiments using the laboratory-scale spray
dryer. This observation is likely due to the relatively short particle residence time in the
laboratory-scale spray dryer compared with the pilot-scale spray dryer. This observation further
emphasised the importance of particle residence time distribution for reactions that occur in
spray dryers. Last but not least, a strong correlation between the colour formation and the
content of Advanced Maillard reaction products was observed. This correlation can be further
developed into a rapid quality evaluation method for thermal degradation in materials sensitive

to Maillard reactions and milk and milk-like systems.

7.3. Effect of different designs of the spray dryer on the particle residence time
distribution and the quality of the final product

The findings in Chapter 4 suggested that the particle residence time may play an important
role in the reactions kinetics of Maillard reactions in spray dryers. As a result, a laser-based
non-intrusive system for particle residence time measurement was developed in Chapter 5. The
method developed was validated against the findings from other studies and found to be no
worse than those used in previous studies in any respect. The particle residence time
distributions were recorded for four different designs of the pilot-scale spray dryers at a
different gas flow rates, ranged from 99 m3/hr to 315 m*/hr. Measured response curves were
then fitted with a continuous-stirred-tank-reactor tank-in-series (CSTR-TIS) model for
quantitative comparison. The mean particle residence times for the different designs of
pilot-scale spray dryers were found to be significantly longer than those for the laboratory-scale
spray dryer (3.3 seconds, laboratory scale, vs. 6.8 - 27.2 seconds, pilot scale). The difference
between the particle residence times is mainly due to the differences in the dimensions of the
spray dryers. This observation also confirmed the hypothesis for the null result in the

laboratory-scale spray dryer in the earlier chapter. The ratios between the particle and gas
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residence time were used to evaluate the performance differences between different designs as
they are different in dimensions. In general, the closer the ratio is to unity, the better is the
performance of the dryer. The ratios between the particle and gas residence time were found to
vary significantly depending on the designs of the drying chambers and gas flow rates (Design
1:1.5-2.7 s/s, Design 2: 1.5 - 2.6 s/s, Design 3: 1.5 — 2.5 s/s, and Design 4: 1.0 — 1.7 s/s). The
smallest ratio between the particle and gas residence time was observed for Design 4, which
has a conical design for the first two drying chambers and a box connection between two drying
columns. Other than the mean particle residence time, the spread of the particle residence time
is also an important performance indicator. A tighter spread of the particle residence time is
more desirable, as it suggests a smaller difference between the longest particle residence time
and the means particle residence time (i.e., less tailing). The spreads of particle residence time
distributions for the first three designs were similar (n = 13 - 18)., and the widest spread was
observed for Design 4 (n =5 - 8). The wider spread of residence time distribution is probably
linked to recirculation zones within the dryer. Fluctuations were observed in all measured
signals and were probably linked to wall deposition and re-entrainment processes. These
fluctuations were also observed in other studies but have not been investigated. The frequencies
of the fluctuations were analysed using Fourier transforms. Results have shown that Design 4
has the lowest fluctuation frequency (f = 0.015 Hz vs. f=0.22 Hz), which suggests that it should
have the least amount of wall deposition. This hypothesis is supported by the highest solid
recovery rate observed in Design 4 along all four designs for most flow rates (up to 51%).
Measuring the wall deposition rate in different designs of the pilot-scale spray dryer could be
the focus of future studies. Based on the findings above, it is reasonable to suggest that the
shape of the first two drying chambers plays an important role in both the particle residence
time distribution and the wall deposit re-entrainment processes. The conical chamber design
(Design 4) appears to be superior to the cylindrical design (Designs 1 - 3) due to the gas and
particle residence times being most similar and due to having the lowest wall deposition rate,

despite having the widest spread of particle residence times.
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7.4. Modelling Maillard reactions under different spray drying conditions

Developing a mathematical model that simulates the kinetics of Maillard reactions in spray
dryers is an excellent complement to experimentally investigating the effect of different factors
(Chapter 4). The mathematical model may also provide a deeper insight into the kinetics of
Maillard reactions in spray dryers. In Chapter 6, Maillard reactions kinetics in spray dryer were
simulated by developing mathematical models with different modelling approaches. The
drying kinetics were modelled using lumped-parameter and distributed-parameter models. The
distributed-parameter model is essentially a further refinement of the lumped-parameter model
where the insides of the particles are not assumed to be homogenous. Reaction kinetic models
were developed based on a heated model system under isothermal conditions. Model systems
with different compositions (Lac:WPI 1:2, 1:1, and 2:1) and moisture contents (X =1, 5, 10
kg/kg) were heated isothermally at different temperatures (60, 80, 100<€) for up to 35 minutes.
Experimental results have shown that the temperature and moisture content dependency were
fitted well with Arrhenius-type equations, and compositions have a less significant impact on
the Maillard reaction kinetics. As a result, the effect of different feed compositions was
included as “switches” in the reaction kinetics model to reduce the complexity of the reaction
kinetic model. The reaction kinetic model has then been coupled with both drying kinetic
models, and the simulation results showed good agreement with the experimental results
obtained in Chapter 4 (R? ranging from 0.87 to 0.95). The distributed parameter model was
found to be 17.7% better than the lumped parameter one in terms of the overall predictions.
The more comprehensive modelling approaches used in this thesis also showed a better

agreement with experimental data than models developed in earlier studies.

7.5. Recommendations and future works

This thesis investigated the effects of different spray drying conditions on the kinetics of
Maillard reactions and the effect of different spray dryer designs on the particle residence time
distribution. A mathematical model for Maillard reactions in spray dryers has also been

successfully developed. Despite the fruitful outcomes of this thesis that have addressed some
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of the research gaps identified in Chapter 2, some findings still need to be refined or further

investigated.

7.5.1. Additional markers for thermal degradations

In this thesis, the extent of Maillard reactions in the samples was measured using the
fluorescence method and colour analysis. These two methods are mainly used to measure the
markers of the advanced and final stages of Maillard reactions, and they are less sensitive in
mild conditions. In Chapter 5, the inlet gas temperature used for the measurement of particle
residence time distribution was limited to 100 <C due to the operating temperature limits of the
photomultiplier. To investigate the potential impact of designs of spray dryers on the Maillard
reactions, the extent of Maillard reactions in samples spray dried at the same temperature as
the residence time distribution was measured. However, based on findings in Chapter 4, the
two markers used in this thesis were expected to be not sensitive enough to produce meaningful
results due to the lower inlet gas temperature and relatively small differences in the mean
particle residence time. To address this issue, Maillard reactions indicators that are more

sensitive to thermal exposure should be considered in later studies.

Other than using more sensitive markers indicators for Maillard reactions, measuring
markers from multiple stages of Maillard reactions are also desirable. As discussed in Chapters
2 and 6, Maillard reactions have a complex reaction scheme, which can be divided into three
stages: early, advanced, and final. Ideally, at least one marker for each stage of the Maillard
reactions should be measured. With multiple markers for Maillard reactions, a more
comprehensive modelling approach, such as the multi-response model, can be used to
understand the Maillard reactions kinetics better. A better understanding of the kinetics of
Maillard reactions would be beneficial for controlling the extent of Maillard reactions in the
spray-dried products or applying Maillard reaction conjugates in spray-drying processes as

additives.
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7.5.2. Maillard reactions kinetics at lower moisture contents

As highlighted in Chapter 6, the temperature dependency of the Maillard reaction is
underestimated in current models. The reaction kinetic model used in this thesis is developed
based on isothermally heating samples with relatively high moisture contents (X = 1 — 10 kg/kg,
where most segregation processes occur). Some studies have reported an increase in the
apparent activation energy at lower moisture contents due to changes in the physical state of
sugars. A higher apparent activation energy suggests that the reaction rate is more sensitive to
temperature changes. The difference in kinetics for Maillard reactions at different moisture
contents is probably the main cause of underestimation in current models. To better understand
the Maillard reaction products, the kinetics for Maillard reactions should continue to be

investigated in future studies at lower moisture contents.

7.5.3. Effect of component segregations

As discussed throughout this thesis, the ratio between two reactants, WPI and lactose, plays
an important role in the Maillard reaction kinetics. One of the critical physical processes that
occurs during the spray-drying process is component segregation. Components segregation
leads to a heterogenous distribution of component ratios within the particles and affects the
kinetics of Maillard reactions. In Chapter 6, a distributed-parameter simulation model was
developed with the inclusion of a component segregation process. Even though the approach
used in this study is only a first approximation for the effects of component segregation, the
prediction result was a significant improvement over a prediction model that did not include
the effect of segregation (i.e., lumped-parameter model). This promising result suggested that
the effect of component segregation on Maillard reactions kinetics should be investigated

further with a more careful modelling approach.

7.5.4. Computational fluid dynamics (CFD) simulations for different designs of the

spray dryer
In Chapter 5, the effect of different spray dryer designs on the particle residence time
distribution was investigated. The conical drying chamber and box connection designs (Design
4) have shown promising results compared with earlier designs. The smaller particle-to-gas
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residence time ratio in Design 4 was expected to be linked with the steadier flow pattern within
the dryer. However, without confirmation from Computational fluid dynamics (CFD)
simulations, it is not possible to come to a definitive conclusion. CFD simulations are also
required to investigate the recirculation zones within the dryer, which could be the cause for
the wider spread of particle residence time distributions observed in later designs. In addition
to investigating the recirculation zones within the dryer, CFD simulations can be used to
estimate some of the driving forces for wall-deposition re-entrainment processes (e.g.,
turbulent burst frequency). Last but not least, CFD simulations could assist with improving the
design of the spray dryers and by reducing the spread of particle residence times, thus, the

amount of thermal exposure to the product may be reduced.

Besides assisting with the redesign process for the spray dryer, CFD simulations can also
improve the accuracy of the mathematical model developed in Chapter 6. As highlighted in
Chapter 6, the particle residence times predicted by the model developed are significantly
shorter than those measured experimentally, due to the limitations of the developed
plug-flow/parallel-flow model. CFD simulations are more likely to produce more realistic
particle trajectories within the dryer compared with those estimated solely based on plug flow
of gas. CFD predictions of the residence time distributions should also be compared with the
measured particle residence time distributions in Chapter 5. In addition, together with the
reaction kinetics from Chapter 6, better predictions (with CFD) of the observed extents of

Maillard reaction from Chapter 4 may be achieved.

7.5.5. Effects of other spray drying conditions
Exploring the effects of other spray drying conditions could also be the focus of further
research. For example, the humidity of the inlet gas could be an important factor that needs to
be considered. In a study by Samborska et al. (2019), a “dry” (low-humidity) drying gas was
found to be beneficial in spray drying for thermal-sensitive products. Their results may also be
applicable to the topic of this thesis, Maillard reactions in spray dryers. In addition to inlet gas

humidity, other factors such as initial droplet size distribution, addition of different drying aids,
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and different types of feed could also be topics for future research on Maillard reactions in

spray dryers.
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Chapter 8. Impact of COVID-19 on the scope of this thesis

In this chapter, the impact of COVID-19-related government-imposed restrictions on the
scope is highlighted here, as per the requirement of thesis examination under emergency

conditions.
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8.1. Overview of the COVID-19 impacts

During the period of candidature, there were two severe disruptions in the research progress
due to government-imposed lockdowns between 18" March 2020 — 1%t July 2020 and from 26"
June 2021 until 11" October 2021. During these two periods, the university campus and
essential equipment were not accessible. As the research projects in this thesis have been
heavily experimental-based, losing access to the university campus has adversely affected the
research progress. The University of Sydney policies allow working from home (WFH), given
work health safety (WHS) requirements are met. These policies did not apply to the research
projects in this thesis as the instruments required are pilot-scale or chemicals have toxicities
that are not suitable for WFH. In addition to the direct impact of lockdowns, the uncertainties
in both the timing and durations of lockdowns also limited experiments that required constant
measurement or could not be unattended for a long period. In summary, the progress of research
progress has been adversely affected despite the strongest efforts having been put into

minimising the negative impacts.

8.2. Potential research projects and outcomes without COVID-19 restrictions
As discussed previously, the scope of this thesis has been limited by COVID-19 restrictions.
Potential research projects and outcomes that represent six months’ worth of work are

discussed here.

8.2.1. Measuring kinetic of Maillard reactions at lower moisture contents

In chapter 6, the kinetics of Maillard reactions were only studied at relatively high moisture
contents (X = 1 — 10 kg/kg), while the kinetics at lower moisture contents were not studied.
Measuring the kinetics of Maillard reactions at lower moisture contents was included in the
early planning stage of this thesis, and relevant equipment had been set up. The processes of
measuring Maillard reactions at lower moisture contents are largely the same as those at higher
moisture contents except for additional steps in sample preparation. Samples with different
compositions were freeze-dried and then conditioned to different moisture contents. Sample

conditioning is achieved by placing samples in sealed containers filled with different saturated
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salt solutions. Different saturated salt solutions can give a relative humidity ranging from 11%
RH (LiCl) to 77% RH (NaCl), and the moisture content of the samples inside the container
changes until equilibrium is reached. Based on preliminary testing, 5 to 6 days are required for
samples conditioned at low relative humidities to reach equilibrium. During this period and
storage, weighing the samples daily, if not more often, is required. Given the uncertainties in
both the timing and durations of lockdowns, experiments that required conditioning samples
using saturated salt solution were revised. Additionally, some of the salts used in this thesis are
toxic and do not have safer alternatives (e.g., LiCl); thus, working from home was not possible

for this type of experiments.

As discussed in chapter 6, the kinetics of Maillard reactions at lower moisture content may
differ from those at higher moisture contents. The difference in reaction kinetics could be the
main cause of underestimating the temperature dependency of Maillard reactions in the current
model. A better prediction model is expected with the additional kinetics data at lower moisture

contents.

8.2.2. Measuring furosine content in samples

Other than investigating the kinetics of Maillard reactions at lower moisture contents,
measuring furosine content in the samples was also considered at the early stage of the thesis
(prior to COVID-19). In fact, similar to measurements for kinetics at low moisture contents,
the equipment required for measuring furosine has also been set up. Furosine is a marker for
the early stage of Maillard reactions and has lower detection limits than markers for later stages
of Maillard reactions. In other words, furosine is more sensitive than other markers, which is
particularly suitable for investigating the effect of different spray dryer designs (different
particle residence time distribution) on Maillard reactions, where the differences are expected
to be small. In the measurement method for furosine in milk and other dairy products, acid
hydrolysis is required for hydrolysing proteins and converting Amadori products into furosine.
Acid hydrolysis is performed by heating the samples at 110<€ in concentrated hydrochloric
acid (37% HCL) for 23 hours, and there is no safer alternative to acid hydrolysis. Given the
uncertainties in both the timing and durations of lockdowns, measurement for furosine content
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in samples was not possible due to safety reasons. Without measuring furosine or other more
sensitive makers for Maillard reactions, a more conclusive summary of the potential impact of

spray dryers’ designs on the kinetics of Maillard reactions is not possible.

8.3. Conclusion

In summary, due to COVID-19 relation restrictions, experiments or measurements that
required constant monitoring could not be performed. Thus, the overall scope of this thesis was
limited by approximately six months’ work, and a request has been made to examine the thesis

under emergency conditions.
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Appendix:

A.1l. Codes for controlling automated dye injection system
#coding:utf-8

#Dye injection system
#Jacky Zhou
#2101 2021

#Import functions

#set GPIO mode

#setting output mode

#loop control
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A.2. Codes for colour analysis

Main file:

%Cleaning
clc,clear all,close all

%Number of images

n=6;

%Calculate L,a,b,E,Chroma values

for i=1:n

%Load image

imageName=[num2str(i),"'.jpg'];

%Calculate averaged L,a,b,E,Chroma values
output=getAverage(imread(imageName));
L(i)=output(1);

a(i)=output(2);

b(i)=output(3);
E(i)=sqrt(L(i)"2+a(i)"2+b(i)"2);
C(i)=sqgrt(a(i)~2+b(i)~2);

end

%Display the averaged L,a,b,E,Chroma values
disp(L);
disp(a);
disp(b);
disp(E);
disp(C);

%Export results as matrix
result=[L;a;b;E;C];
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Function file 1: getAverage.m

function output=getAverage(image)

%Get size of the image

[row,col,color]=size(image);

%Initiate counters
sumr=0;
sumg=0;

sumb=0;

%Set range for sampling windows
ri=round(0.5*row-25);
re=round(0.5*row+25);
ci=round(@.5*col-25);
ce=round(0.5*col+25);

%Extract r,g,b values from sampling windows
r=image((ri:re),(ci:ce),1);
g=image((ri:re),(ci:ce),2);

b=image((ri:re),(ci:ce),3);

%Calculate averaged r,g,b values within the sampling window
avgr=averageMatrix(r);
avgg=averageMatrix(g);

avgb=averageMatrix(b);

%Regenerate colour values
matrix(1,1,1)=uint8(avgr);
matrix(1,1,2)=uint8(avgg);
matrix(1,1,3)=uint8(avgb);

%Convert and return colour values in CIELab colour space

output=rgb2lab(matrix);

end
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Function file 2: averageMatrix.m

function average=averageMatrix(matrix)

%get size of the matrix

[r,c]=size(matrix);

%initiate counter

sum=0;

%Change values to type double, and calculate sum of all values in the matrix
for i=1:r
for j=1:c
sum=sum+double(matrix(i,j));
end
end

%Calculate average of all values in the matrix, and return

average=sum/r/c;

end
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A.3. Codes for CSTR-TIS model fitting
Main file

%Cleaning
clc,clear all,close all

%Globalising parameters

global n tau

%Loop though all measured signals

for colcounter=1:12

%Initiate the reset counter 1

counter=1;

%Load processed data
data=xlsread('100% 100C.x1sx"');

%Set sampling region for signals
dlength=1800;
dstart=1;

%Change number last number for the different peaks
data=data(dstart:dlength,colcounter)’;

% Normalised the data
data=data/max(data);

%Initiate the reset counter 2

counter3=1;

%Try out different n and tau, stored in the difference matrix
for n=1:20
counter2=1;
for tau=0.1:0.1:30
counter=1;
%Calculate RTD based on current n and tau
for t=0.1*dstart:0.1:0.1*dlength
rtd(counter)=csrtmodel(t);
counter=counter+l;

end
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% Normalised the estiamted RTD
rtd=rtd/max(rtd);

%Calculated the square root of the sum of squared error (SSE) and
stored in a matrix
difference(counter2, counter3)=sqrt(sum((data-rtd).”2));
counter2=counter2+1;
end
counter3=counter3+1;

end

%Calculate size of the matrix storing SSE

[r,c]=size(difference);

%Reset counters
rmin=1;

cmin=1;

%Find minimum difference from the matrix storing SSE
for i=1:c
for j=1:r
if difference(rmin,cmin)>difference(j,i)
rmin=j;
cmin=i;
end
end

end
%Export the minimum tau and n
result(colcounter,1)=rmin/10;

result(colcounter,2)=cmin;

end
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Function file 1: cstrmodel.m

function output=csrtmodel(t)

%Globalising tau and n
global tau n

%Calculate RTD based on tau and n

output=n/factorial(n-1)*exp(-n*t/tau)*(n*t/tau)”~(n-1);

end
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A.4. Code for Fourier transform of measured signals

%Cleaning

clc,clear all,close all

%Load data
data=xlsread("80%.x1sx");

[rr,cc]=size(data);

%#Data length
L=600;

%Sampling frequency Hz
fs=10;

%Sampling period(s)
T=1/fs;

%Time domain (s)
t=(0:(L-1))*T;

for i=1:cc
%FFT of the signal
figure(1)
result=Ffft(data(1200:1800,1i));
f = fs*(0:(L/2))/L;
P2 = abs(result/L);
P1 = P2(1:L/2+1);
P1(2:end-1) = 2*P1(2:end-1);

%Find peaks of signal in frequency domain, and sorted peak frequency in
%a descending order
[result,locs]=findpeaks(P1, 'SortStr', 'descend");

%Loop though peaks found
if length(result')>=1
counter=1;
for j=1:1length(result')

%Ignore all peaks if peak frequency is lower than 1/60 Hz,
%and report the peak frequency with highest amplitude
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if f(locs(counter))>=1/60
peakfrequency(i)=f(locs(counter));
peakheight(i)=P1(locs(counter));

else
counter=counter+l;

end

end
end

end
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