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ABSTRACT 11 

Beta-Lactoglobulin (β-Lg) is the largest protein fraction of whey proteins comprising 12 

more than 65%. Being the major fraction, it determines many of the unique properties of whey 13 

proteins. Thus, the denaturation of β-Lg during drying can limit the application of whey 14 

proteins as ingredient. This study was carried out to measure and predict the drying and 15 

denaturation kinetics of β-Lg during drying at droplet level in a convective drying environment. 16 

The moisture content and temperature scenarios during the drying process were predicted using 17 

reaction engineering approach (REA)-based model. The REA-predictions were coupled with 18 

the first order reaction kinetics to predict the denaturation kinetics. Single droplets of β-Lg 19 

(10% w/v; 1.5±0.1 mm initial diameter) were used throughout drying experiments carried out 20 

at two temperatures (65 °C and 80 °C) at a constant air velocity (0.5 m/s) for 10 minutes. There 21 

was a good agreement between the experimental data and the REA predictions. The model 22 

predictions fitted the experimental data with ±5.70% and ±3.50% error for moisture-time and 23 

temperature-time profiles, respectively. A combination of the REA-based model with first 24 

order kinetics model was also successful in predicting the denaturation kinetics.  25 

26 

Keywords: Beta-Lactoglobulin, denaturation kinetics, drying kinetics, single droplet drying, 27 

reaction engineering approach (REA). 28 

29 
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1. Introduction 30 

Whey proteins are widely used in food product formulations due to their nutritional and 31 

functional properties. Beta-Lactoglobulin (β-Lg) is one of the major components of whey 32 

proteins and it is largely responsible for imparting the unique gelation, foaming and 33 

emulsification properties to whey proteins. In addition, β-Lg also has very good flavour binding 34 

properties which makes it suitable ingredient in many food and beverage products (Jime´nez-35 

Castano et al., 2005). Furthermore, β-Lg is a good source of amino acids and has high solubility 36 

and clarity over a broad pH range. These properties have enabled this protein to use as an active 37 

agent in various protein-fortified beverages, such as fruit juices and sports drinks (Ikeuchi, et 38 

al., 2008; Chatterton et al., 2006). An additional benefit associated with β-Lg is that it exhibits 39 

mild antioxidant activity which is reportedly due to the free thiol group present in the structure 40 

(Shpigelman et al., 2010). The molecular weight of β-Lg is 18.4 kDa and its structure contains 41 

2 disulphide bridges and one free cysteine residue.  42 

In our previous study of isothermal heat treatment (in aqueous medium) and convective air 43 

drying of whey protein isolate (WPI), we showed that β-Lg was more susceptible to heating 44 

and drying stresses compared to other major whey proteins such as  Bovine Serum Albumin 45 

(BSA) (Haque et al., 2013a). About 70% of β-Lg was found to be denatured while 57% of the 46 

BSA was denatured when dried at 80 °C for 10 minutes. It is therefore a major concern at 47 

industry manufacturing and using milk protein powders since denatured and aggregated 48 

proteins have poor solubility in water and also have inferior emulsifying and other functional 49 

properties (Anandharamakrishnan et al., 2007). The functional properties of protein depends 50 

on its molecular composition and structure and the folded polypeptide chains perform protein’s 51 

biological functions. External forces such as dehydration stresses can unfold the secondary and 52 

higher order structure of proteins and negatively affect their stability, especially in aqueous 53 
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systems. In the case of spray drying, high temperature and interfacial stresses are implicated to 54 

the denaturation of proteins (Haque, et al., 2015b). A more scientifically robust way of 55 

overcoming this problem is to carefully control the drying parameters during spray drying 56 

(Anandharamakrishnan et al., 2007). For this purpose, a clear understanding of the relationship 57 

between drying and denaturation kinetics is required. In particular, the changes brought about 58 

by the denaturing stresses have to be quantified in order to control the protein denaturation. 59 

Despite being major fraction of whey protein, information regarding behaviour or response of 60 

β-Lg molecules under stresses is very limited in the literature. 61 

Spray drying is widely used technique in food and pharmaceutical industry as it is relatively 62 

economical compared to freeze drying and also it has considerably high throughput (Chavez & 63 

Ledeboer, 2007; Haque & Adhikari, 2014). Despite the above mentioned advantages, a suitable 64 

technology for measuring drying and denaturation kinetics of protein droplets, in situ, in a spray 65 

drying chamber is yet to be developed. Due to the presence of billions of droplets in a spray 66 

drying chamber and also due to prevailing complex flow pattern, the relationship between 67 

drying and denaturation kinetics of β-Lg in spray drying process is not available. Hence, in 68 

absence of the in situ measurement technology, single droplet drying (SDD) of proteins is, so 69 

far, the most useful technology to measure both drying and denaturation kinetics at droplet 70 

level (Sano & Keey, 1982; Che et al., 2012; Haque et al., 2016). SDD also enables imaging of 71 

the surface topography of a drying droplet and hence enables acquiring the morphological data 72 

of drying droplets/particles. Therefore, the drying and denaturation kinetics, and surface 73 

morphology of β-Lg can be measured and interpreted using SDD. In this work, we present the 74 

drying and denaturation kinetics and surface morphology of single droplet of aqueous solution 75 

of β-Lg in particle formation process using SDD. We also present the prediction of the above 76 

mentioned data using reaction engineering approach (REA) tools. It is known that the spray 77 

drying system operates with two control temperatures; inlet temperature and outlet 78 
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temperature. The outlet temperature is very sensitive to product quality because atomized 79 

droplet contains less water toward the end of drying. The hot air comes at direct contact of the 80 

moist particles and causes damage to the particles. Hence, the protein powder manufactures as 81 

well as researchers are trying to reduce the outlet temperature of the drying chamber (from high 82 

temperature i.e. 80oC to low temperature i.e. 65oC or even lower) for minimal effect on the 83 

product. We used these two temperatures (80oC and 65oC) for drying the protein droplets to 84 

present a comparative pictures of denaturation of protein both at higher and lower drying 85 

temperatures. The findings, presented in this work, will enable the manufacturers to tailor and 86 

control the drying parameters to produce structurally intact and minimally denatured β-Lg 87 

powders through spray drying. The REA based modelling approach can also be used for dryer 88 

wide simulations by embedding the REA-based modelling into Computational Fluid Dynamics 89 

(CFD) environment (Lin & Chen, 2006; Patel & Chen, 2005). In this study, the lumped reaction 90 

engineering approach (L-REA) is implemented to model the average moisture content during 91 

drying.  92 

 93 

2. Experimental Section 94 

2.1. Materials  95 

High purity (≥ 95%) β-Lg was purchased from Sigma-Aldrich (New South Wales, 96 

Australia). The acetonitrile and Deuterium oxide (D2O) were also purchased from 97 

Sigma-Aldrich (New South Wales, Australia). The trifluoroacetic acid (TFA) was purchased 98 

from Fisher Scientific (Victoria, Australia).  99 

 100 

2.2.  Methods 101 
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2.2.1. Single Droplet Drying (SDD) 102 

The design, working principle and other details of this instrument are provided 103 

elsewhere (Adhikari et al., 2007). The aqueous 5±0.1 µL droplets of β-Lg (10% w/v) solution 104 

were suspended on the tip of a glass filament of 0.2±0.01 mm diameter. The β-Lg droplets 105 

which were suspended to the glass filaments were held inside the drying chamber by using a 106 

bored Teflon cylinder. The drying air was allowed to pass through a series of columns 107 

containing dried molecular sieves and dried silica gels. This dried air was finally passed 108 

through the drying chamber. Two drying temperatures (65ºC and 80°C) were used and these 109 

temperatures were maintained using a PID controller. The relative humidity values of the 110 

drying air were measured by using EL-USB relative humidity data logger (Lascar Electronics, 111 

UK), and were found to be 2±0.5% at these two drying temperatures. The wet bulb 112 

temperatures were 26°C and 30°C at air temperatures of 65ºC and 80°C, respectively. The 113 

droplets were dried for 600s. The droplets were collected at every 100 s interval in order to 114 

measure the denaturation of β-Lg as a function of drying time and temperature. The velocity 115 

of air passing through the stationary droplet was maintained at 0.5 m/s in all the experiments 116 

reported. Loss of mass and temperature history were recorded in a computer. Images of the 117 

drying droplets were captured using a digital camera (EOS 60D, Canon, NSW, Australia) at 118 

50× magnification. The camera was attached to the back of the single droplet drying instrument 119 

and abled to focus in the drying chamber. 120 

 121 

2.2.2. Determination of denaturation of β-Lg by using reversed phase (RP)-HPLC 122 

The droplets dried to predetermined time using the SDD instrument were collected 123 

carefully in Eppendorf microtubes and diluted to100 µg/mL with deionized water. The pH of 124 

this solution was then adjusted to 4.6 by adding 0.1M HCl that would separate the un-denatured 125 

and irreversibly denatured β-Lg (Parris & Baginski, 1991; Haque et al., 2015). After keeping 126 
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the β-Lg solution samples at this pH for 30 minutes, they were centrifuged at 13,000 rpm 127 

(11,500 g) for 10 minutes. The supernatant was collected and injected onto the reversed-phase 128 

column to separate the denatured and un-denatured β-Lg as described previously (Ferreira & 129 

Caçote, 2003). The same amount of β-Lg solution, without subjecting to the drying was used 130 

as a control. The same pH treatment and centrifugation procedures were followed to this control 131 

sample as well. The supernatant of the control samples was also injected in the same way to 132 

determine the denatured and un-denatured fractions. A reversed-phase column (Aeris 133 

WIDEPORE 3.6 XB-C18, 150×2.1mm, Phenomenex Pty. Ltd., Australia) was used to separate 134 

the denatured and un-denatured β-Lg fractions. In these tests a 0.1% (v/v) aqueous solution of 135 

TFA was used as solvent A and 0.1% TFA in 80% aqueous acetonitrile (v/v) was used as 136 

solvent B. The temperature of the column and the flow rate of the solvent were maintained at 137 

40 oC and 0.5 mL/min, respectively. The injection volume of the sample was 40 µL. A UV-138 

detector at wavelength of 215 nm was used in these tests. The percentage of denatured β-Lg 139 

was calculated using equation (1), as suggested by Parris & Baginski (1991). 140 

Denatured protein (%) = ሺ1 െ ஺೟ೝ೐ೌ೟
஺೎೚೙೟ೝ೚೗

	ሻ ൈ 100 ………………….. (1) 141 

where 142 

 ௧௥௘௔௧ = area of HPLC peak eluted by dried protein sample 143ܣ

 ௖௢௡௧௥௢௟= area of HPLC peak eluted by control protein sample 144ܣ

Each of these experiments was carried out in triplicates and the average values are reported. 145 

146 

2.2.3. Acquiring and analysis the IR spectra 147 

For structural observation the β-Lg samples were scanned using Perkin Elmer Frontier 148 

FT-IR instrument operated by CPU32M software. The sample buffer was prepared by adding 149 

Leprino 2023 - 8 
Arla vs. Leprino 
IPR2025-01199



8 
 

100 mM sodium chloride (NaCl) into deuterium oxide (D2O) (van de Weert et al., 2001). The 150 

dried and control samples were diluted to 5mg/ml β-Lg concentration using the buffer. The 151 

SDD samples used in these tests were collected after 600 s of drying at 65 °C and 80 °C. A 152 

total of 16 scans at 4 cm-¹ resolution were acquired at 0.2 cm/s scanning rate within 650 cm-1 153 

to 4000 cm-1IR region. In order to identify the peak positions, the baseline was subtracted from 154 

the acquired spectra to avoid the effect of the buffer. It was followed by a 13-point second 155 

derivative analysis to the amide region-I (1600-1700cm-1) by Perkin Elmer’s proprietary 156 

software (Version 10.03.06). 157 

 158 

2.2.4. Modelling of Drying Kinetics using the Reaction Engineering Approach (REA) 159 

Generally, the drying rate of a material can be expressed by equation (2). 160 

)( ,, bvsvms Ah
dt

dX
m          (2) 161 

where ms is the dry solid mass of the sample (kg), X is the average moisture content on dry 162 

basis (kg.kg-1), t is the time (s), ρv,s is the water vapor concentration at interface (kg.m-3),  ρv,b 163 

is the water vapor concentration in the drying medium (kg.m-3),  hm is the mass transfer 164 

coefficient (m.s-1) and A is the surface area of the droplet/particle (m2). 165 

The surface vapor concentration (ρv,s) can then be expressed in terms of saturated 166 

vapour concentration (ρv,sat)  as: 167 

)(exp ,, T
RT

E
satv

v
sv  






 

        (3) 168 

where, ΔEv (J/mol) represents the additional difficulty to remove moisture from the material 169 

when the relative humidity at the surface is  less than one.  The ΔEv is moisture content (X)-170 

dependent, R is the universal gas constant (J.mol-1.K-1) and T is the temperature of the 171 
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droplet/particle being dried (K). ρv,sat (kg.m-3) is the saturated water vapor concentration which 172 

can be estimated as a function of temperature as given by equation (4) (Lin & Chen, 2006, 173 

2007). 174 

35

253749
,

10342.8)273(108613.4

)273(106572.2)273(104807.1)273(10844.4








T

TTTsatv  (4) 175 

The mass balance (equation 2) can be rearranged into equation (5). 176 





 


 bvsatv

v
ms T

RT

E
Ah

dt

dX
m ,, )()exp(        (5) 177 

From equation (5), it can be observed that the REA is expressed as ordinary differential 178 

equation with respect to time. It must be noted that the REA does not predict the moisture 179 

distribution within the droplet/particle rather it predicts the average moisture content as a 180 

function of time. 181 

The activation energy (ΔEv) can be calculated by rearranging equation (5) into equation (6). 182 

 
















 


T

Ahdt

dX
m

RTE
satv

bv
m

s

v
,

,

1

ln



      (6) 183 

The rate of moisture loss ( dtdX / ) is experimentally determined. The dependence of activation 184 

energy on average moisture content can be calculated using equation (7). 185 

 b
bv

v XXf
E

E





,

        (7) 186 

Where, f is a function of the difference in water content (X-Xb), Xb is the equilibrium moisture 187 

content under the condition of the drying air (kg.kg-1), ∆Ev,b is the ‘equilibrium’ activation 188 
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energy representing the maximum ΔEv determined by the relative humidity and temperature of 189 

the drying, as given by equation (8). 190 

 bbbv RHRTE ln,   (8) 191 

RHb is the relative humidity of drying air and Tb is the drying air temperature (K).  192 

In order to predict the temperature profile of the drying droplet, the mass balance 193 

equation represented by equation (5) is coupled with the heat balance. For the single droplet 194 

drying system mentioned above, the heat balance can be represented by equation (9). 195 

)(5.0)( TTkhddH
dt

dX
mTThA

dt

dT
mC bfffvsbpd    (9) 196 

where m is the mass of the droplet/particle (kg), Cpd is the specific heat capacity of 197 

droplet/particle (J. kg-1. K-1), h is the heat transfer coefficient (W.m-2.K-1) and ∆Hv is the latent 198 

heat of vaporization of water (J. kg-1). Similarly, df and kf is the diameter (m) and thermal 199 

conductivity W/(m.k) of the glass filament, respectively. The third term in the right-hand side 200 

of equation (9) represents the heat conduction through the filament to the droplet.  In single 201 

droplet drying experiments, the drops were suspended on the tip of a glass filament.  Hence, 202 

the amount of thermal energy conducted to the droplet through the glass filament should be 203 

included in the energy balance equation. The heat conducted through the filament can be 204 

quantified and compensated assuming the filament as an infinite fin (Adhikari et al., 2007). 205 

The mass transfer coefficient, hm and heat transfer coefficient, h can be determined by 206 

using the established Ranz-Marshall correlations for Sherwood number (Sh) and Nusselt 207 

number (Nu) of spherical droplets subjected to convective air drying (Ranz & Marshall, 1952). 208 

In terms of Sh and Nu both the hm and h can be expressed as given by equations (10) and (11), 209 

respectively. 210 
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33.05.06.02 ce
v

m
h SR

D

dh
S  (10)211 

33.05.06.02 re
b

PR
k

hd
Nu  (11) 212 

where, d is the diameter of the evaporating droplet/particle, Dv is the diffusivity of water vapour 213 

(m2/s) and kb is the thermal conductivity of air (W.m-1.K-1). Re, Sc, Pr are dimensionless 214 

Reynolds, Schmidt and Prandtl numbers, respectively which were calculated based on the 215 

drying air conditions. 216 

The drying conditions of the single droplet drying of the β-Lg droplets are listed in 217 

Table 1. The air velocity and the temperature of the drying air  were controlled by using 218 

precision rotameter (Influx AI29, Influx Measurements Ltd, United Kingdom) and a PID 219 

controller (C91 Brain Child electronics, OneTemp Pty Ltd. Australia), respectively. The 220 

relative humidity values of the drying air were measured by using EL-USB relative humidity 221 

data logger (Lascar Electronics, UK) and were found to be 2±0.5% at the two sets of drying 222 

temperatures. The initial moisture content of droplet was determined based on the mass of the 223 

droplet and the solid concentration of the solution while the diameter of the droplet was 224 

calculated based on the mass of the droplet and density of the solution and assuming the droplet 225 

to be spherical. The physio-chemical properties of β-Lg solution used in the drying kinetics 226 

modelling are determined as described in the section below. 227 

2.2.5. Physicochemical properties of β-Lg solution used in the drying kinetics modelling  228 

The equilibrium moisture contents (Xe) of β-Lg were calculated as a function of water 229 

activity from sorption isotherm by using Guggenheim–Anderson–de Boer (GAB) model as 230 

given by equation (12). 231 
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  www

wo
e ckakaka

ckam
X




11     (12) 232 

Where, mo is the monolayer moisture content (kg water/kg dry basis), aw is the water 233 

activity (dimensionless) and c and k are GAB constants.  234 

The moisture adsorption isotherms data for β-Lg were measured at 20 °C and 37 °C 235 

and the GAB equation was fitted to these adsorption isotherm data. Method of determination 236 

of adsorption isotherms is described in the following section (Section 2.2.6). The GAB model 237 

followed the measured adsorption isotherms reasonably well with average absolute error of 238 

4.5±0.5% (Fig. 1). This fitting yielded mo, c, and k values of 3.37, 2.64 and 0.96, respectively. 239 

The data points show that the sorption isotherms at 20 °C and 37 °C are very close to each 240 

other. This observation indicates that the effect of temperature on the adsorption isotherm is 241 

insignificant compared to the effect of the moisture content in this temperature range (Adhikari 242 

et al., 2005). Hence, only the moisture dependence of water activity was considered in the 243 

modeling exercise. For REA modelling the equilibrium moisture contents (Xe) of β-Lg were 244 

estimated to 0.03 kg water/kg dry solids. 245 

 246 

The temperature dependence of density (p) and specific heat capacity (Cp) of β-Lg was 247 

estimated using the Choi and Okos models as given by equations (13) and (14) below (Choi & 248 

Okos, 1986). 249 

ρp= 1329.9-0.5184(T-273.15)       (13) 250 

where p is the sample density (kg/m3) and T is the sample temperature (K) 251 

Cp = 2008.2+1.2089(T-273.15)-0.0013129(T-273.15)2   (14)  252 
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where Cp is the sample specific heat (J/kg K) 253 

 254 

2.2.6. Adsorption Isotherm measurement 255 

The moisture adsorption isotherms for β-Lg powders were measured using the static 256 

gravimetric method (Stitt, 1958; Bronlund & Paterson, 2004). Nine saturated salt solutions 257 

were prepared in air tight desiccators with the salts lithium chloride, potassium acetate, 258 

magnesium chloride, potassium carbonate, magnesium nitrate, copper chloride,sodium 259 

chloride, potassium chloride  and potassium sulfate  for the corresponding water activities 260 

ranging from 0.1 to 0.9. Approximately 5 gm of β-Lg sample from each type were taken in 261 

clean and dry pre-weighed petri dishes. The petri dishes were then transferred into the 262 

desiccators and incubated at 20 °C and 37 °C. All the samples, in both experimental sets, were 263 

allowed to equilibrium over a period of 20 days; until before appearance of any microbe on the 264 

samples. The samples were weighed periodically at every alternative day from 14th day of 265 

incubation to find equilibrium state of weight. The moisture contents of the samples were 266 

determined using oven drying method at 105 oC. Three replications were kept for each sample 267 

and the average values were taken as equilibrium moisture contents (EMC) to fit the GAB 268 

model.  269 

 270 

2.2.7. Modelling of Denaturation Kinetics 271 

The denaturation kinetics of enzymes and proteins during convective drying can 272 

generally be expressed by the first-order reaction kinetics model as expressed by equation (15) 273 

(Meerdink, G, Van’tRiet, 1995; Haque et al., 2013b). 274 

Ck
dt

dC
d         (15) 275 

where,  kd is the denaturation rate constant (s-1), C is the protein concentration (%) at each time. 276 
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The denaturation rate constant, kd can be expressed as a function of temperature and water 277 

content of the drying droplet as given by equation (16). 278 







 


RT

bXE
aXkk a

od exp (16) 279 

where, T is the droplet temperature (K), X is the moisture content of the droplet (kg.kg-1), R is 280 

the universal gas constant and  Ea, is the apparent activation energy (J.mol-1), ko(s-1), a and b 281 

are the model constants. 282 

The parameters a, b, k and Ea were estimated considering the simultaneous effects of 283 

water concentration (X) and temperature (T) of the drying droplet. A least square algorithm 284 

(Microsoft SolverTM, Microsoft Inc., Washington, USA) was used in determining the values of 285 

these constants for β-Lg denaturation kinetics data. X and T used in equation (16) are based on 286 

the REA-predictions. 287 

288 
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3. Results and Discussion 289 

3.1. Denaturation of β-Lg during Convective Drying 290 

It can be seen from the elution profile of β-Lg in reversed-phase HPLC (Fig. 2) that the 291 

elution times of β-Lg B and β-Lg A are 22.50, and 23.20 min, respectively. This order of elution 292 

of these proteins in RP-HPLC is in good agreement with their respective elution time reported 293 

in the literature (Parris, N., Baginski, 1991; Haque et al., 2013a). The data presented in this 294 

manuscript represent the mean values of the two peaks of β-LgA and β-LgB. 295 

As can be seen from the Fig.3, various drying temperatures caused different degrees of 296 

denaturation of β-Lg. When dried at 65 °C for 10 minutes, nearly 24.4% β-Lg was found to be 297 

denatured. Higher temperature (80 °C) caused higher degree (30.85%) of denaturation for the 298 

same period of drying. The native state of β-Lg was found to decrease significantly when it 299 

reached a state of irreversible denaturation (for example at 240s; 80 °C). Before β-Lg reached 300 

its state of irreversible denaturation, reversible denaturation occurred. The free cysteine 301 

residues present in the β-Lg structure were found to be excited at the state of reversible 302 

denaturation. Due to prolonged drying stresses, the peptides of β-Lg were exposed to such an 303 

extent that they started to aggregate. However, extent of denaturation of β-Lg in the current 304 

study, where the protein was dried individually, is much lower (about 31%) than our previous 305 

study (about 70%) during drying of WPI (as a whole) where numerous proteins were present 306 

together with β-Lg as mixture (Haque et al., 2013a). The principal reason might be the protein–307 

protein interactions. In aqueous state one group of proteins interact with different proteins as 308 

they interact with ions, and other non-protein materials such as lipids, nucleic acids, and 309 

carbohydrates (Waugh, 1954). These interactions may range from covalent bonds and 310 

electrostatic exchanges to the weaker electronic van der Waals' attractive forces. In a condition 311 

likewise the current study where the protein molecule is subjected to a structural change, the 312 
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bonding groups of polypeptides bring into positions which allow them to reversible or 313 

irreversible structural changes. Such condition can lead to remarkable chemical or physical 314 

changes of proteins (Waugh, 1954). 315 

3.2. Effect of drying on the conformation of β-Lg 316 

Amide I region of the infrared spectra was chosen to study the change in the 317 

conformational β-Lg during drying. The vibrations in these cases originated mainly from C=O 318 

stretching of peptide bonds. These vibrations produced absorption peaks at different location 319 

of the IR spectra. However, the original peaks were very intrinsic and could not be separated 320 

(Fig. 4A).  Therefore, the second derivative mathematical tool was used to locate the secondary 321 

structural features (such as α-helix, β-sheet and turn). 322 

Denaturation of protein due to external stress can be identified by observing the shifted, 323 

newly appeared and disappeared peaks within the studied region of IR spectra. The peaks from 324 

1620 cm-1 to 1640 cm-1, and 1674 cm-1 to 1680 cm-1 are assigned to the β-sheet secondary 325 

structure (Fig. 4B). Similarly, the peaks from 1641-1647 cm-1 are assigned to random coil. The 326 

peaks appearing in 1648-1660 cm-1 are assigned to α-helix, and those appearing in the vicinity 327 

of 1663, 1671, 1683, 1694 cm-1 are assigned to β-turn (Haque et al., 2015b; Ngarize et al., 328 

2004). It was found that the drying stresses had increased the intensity but narrowed  the peaks 329 

near 1650 cm-1and 1682cm-1, and two other peaks appeared at the vicinity of 1618 cm-1and 330 

1662cm-1. These changes are indicate that the proportion of random coil and β-sheet increased 331 

due to uncoiling of α-helix, and transformation of β-turn into β-sheet. This type of change in 332 

secondary structure is common in many proteins and is attributed to the formation of 333 

intermolecular hydrogen-bonded anti-parallel β-sheet structures which leads to aggregation or 334 

denaturation (Clark et al., 1981).  335 

3.3. Prediction of Drying Kinetics by REA  336 
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For modelling the drying kinetics using the REA, the relative activation energy, which 337 

is the fingerprint of the REA, is firstly determined as a function of the moisture content 338 

difference (X-Xb). Based on the experimental data of moisture content, temperature, and surface 339 

area of droplet/particle during drying, the activation energy was calculated from the convective 340 

drying run at 80 °C using equation (6). The activation energy was then divided by the 341 

equilibrium activation energy (equation 8) to yield the relative activation energy as shown in 342 

equation (7). The relative activation energy was then correlated with the moisture content 343 

difference (X-Xb).  The relative activation energy of β-Lg was found to be represented well by 344 

equation (17) given below. 345 

])(666.13exp[)(826453.6961 181.0806.1

,
bb

bv

v XXXX
E

E





 (17) 346 

As can be seen from Fig.5, equation (17) provides a good fit to the experimental relative 347 

activation energy data with ±5.7% errors (R2= 0.946±0.03). The relative activation energy was 348 

zero at the beginning of drying and keeps increasing during drying. When equilibrium moisture 349 

content was attained, the relative activation energy was one as shown Fig. 5. The relative 350 

activation energy is essentially material characteristics which represent the difficulty to remove 351 

moisture from the materials being dried.  352 

In order to predict the moisture content and temperature profiles during drying, the mass 353 

and heat balance equations represented by equations (5) and (9), respectively were 354 

simultaneously solved. The equilibrium and relative activation energy, shown in equations (8) 355 

and (17), respectively were used for this purpose. The results obtained from the model 356 

predictions were then compared with the experimental moisture and droplet temperature 357 

history data (shown in Fig. 6 and 7). The results of modelling indicate that the REA-based 358 

model accurately describes both moisture content and temperature during drying. The average 359 
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errors between the experimental and predicted data for moisture-time and the temperature-time 360 

profiles were ±5.80% (R2 =0.935) and ± 3.51% (R2 = 0.991), respectively at drying temperature 361 

of 65 °C. Similarly, the average errors between the experimental and predicted moisture 362 

content-time and temperature-time profiles were ± 5.50% (R2 = 0.946) and ±3.40% (R2 = 363 

0.956), respectively at 80 °C. These results indicate that the REA based temperature and 364 

moisture kinetics models can be confidently applied in predicting the moisture and temperature 365 

histories of β-Lg droplets in convective drying environment.  366 

3.4. Prediction of Denaturation Kinetics 367 

The experimental and predicted denaturation kinetics of β-Lg at both temperatures 368 

(65 °C and 80 °C) are shown in Figs. 6 and 7, respectively. These figures illustrate the effects 369 

of dehydration and droplet temperature on the denaturation kinetics. The predicted denaturation 370 

kinetics data was generated by using first order reaction kinetics (equations (15) and (16)) in 371 

which the REA-predicted moisture content and temperature are incorporated in the model. The 372 

model constants are evaluated based on least square method as presented in Table 2. As can be 373 

seen from Figs. 6 and 7, the predicted denaturation kinetics data points follow the experimental 374 

denaturation kinetics data reasonably well (with ±6.0% errors). The coefficients of 375 

determination (R2) values of these predictions were 0.96 and 0.94 at 65 °C and 80 °C, 376 

respectively. The prediction was less accurate in the early stage of drying as reversible 377 

denaturation occurred up to 250s (Fig. 3). This reversible denaturation produced fluctuation of 378 

hydrophobicity while measuring the denaturation kinetics using RP-HPLC. The activation 379 

energies required for the denaturation of β-Lg were found to be 56.28 kJ.mol-1 and 380 

54.72 kJ.mol-1 during drying at 65 °C and 80 °C, respectively. The statistical analysis suggests 381 

that the values were not significantly different (p>0.05). The value of the denaturation energy 382 

is also comparable with that of inactivation energy of whey protein isolate (WPI) (Haque et al., 383 

2013b).  384 
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3.5. Droplet Morphology of β-Lg 385 

The images of β-Lg droplets captured at the beginning and at the end of drying (600 s) 386 

are presented in Fig. 8. β-Lg droplet was found to produce buckled particle after drying at both 387 

temperatures. Although the β-Lg droplet was not strong enough to resist the deformation of its 388 

shape during drying, it had formed firm glassy skin toward the end of the drying.  389 

 390 

4. Conclusions 391 

The drying and denaturation kinetics of β-Lg were measured during convective air 392 

drying at 65 °C and 80 °C. Both the drying kinetics and denaturation kinetics were predicted 393 

using REA-based models, and first order reaction kinetics, respectively. At the end of drying 394 

at 65 °C and 80 °C, the denaturation of β-Lg was 24.40% and 30.85%, respectively. The 395 

REA-based model predicted moisture and temperature histories of the β-Lg droplets within 396 

5.80% and 3.52% average absolute errors, respectively. Coupling the REA-based model with 397 

the first order denaturation kinetics was able to predict the denaturation kinetics of β-Lg both 398 

at 65 and 80oC, within 6.20% error.  The information generated in this study can be used to 399 

tailor the convective drying parameters (especially spray drying ones) to produce minimally 400 

denatured β-Lg powders. 401 

 402 

  403 
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FIGURES 517 

 518 

Fig. 1. Changing of adsorption isotherm of β-Lg powder at 20 °C and 37 °C. 519 
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Fig. 2.  Reversed-phase HPLC chromatograms for β-Lg (fraction A and B). The two runs 524 

with the same solution have confirmed the good accuracy of the instrument. 525 
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 527 

 528 

 529 

Fig. 3. Denaturation profile during convective air drying of aqueous β-Lg droplet at 65 °C 530 

and 80 °C. 531 
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 533 
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 534 

Fig. 4. (A) Absorbance and (B) second derivative spectra of amide I region of the native and 535 

single droplet dried β-Lg (black line, blue line & red line indicates native, 65 °C and 80 °C 536 

treated spectra, respectively). 537 
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 539 

Fig. 5. Relative activation energy curves for drying of β-Lg droplets at 65 °C and 80 °C 540 

drying temperature. 541 
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 543 

 544 

Fig. 6. Experimental and predicted moisture content (MC) and denaturation profiles of β-Lg 545 

during droplet drying at 65 °C and 80 °C drying temperature. 546 
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 554 

Fig. 7. Experimental and predicted droplet temperature (T) and denaturation profiles of β-Lg 555 

during droplet drying at 65 °C and 80 °C. 556 
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 558 

A B C 

 559 

Fig. 8. Morphology of β-Lg droplet captured (A) before drying and after drying at (B) 65 °C 560 

and (C) 80 °C. 561 

  562 
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TABLES 563 

Table 1 564 

The drying conditions during single droplet drying of β-Lg 565 

Experimental conditions 65 oC drying air 80 oC drying air 

Initial temperature (oC) 23.65 24.56 

Initial moisture content (kg/kg dry solid) 9.75 9.75 

Drying air velocity (m/s) 0.5 0.5 

Relative humidity (%) 2.5±0.5 2.5±0.5 

Initial droplet diameter (m) 0.002 0.002 

 566 

Table 2  567 

Kinetic parameters in prediction of denaturation of β-Lg during droplet drying  568 

Drying 

temperature 
Ko(s-1) a b 

Ea 

(kJ.mol-1) 
R2 

% error 

65 oC 80867 306 400743 56.28 0.960 5.95 

80 oC 79005 298 354023 54.72 0.935 6.01 

 569 

 570 
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