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Once more enzymes are added to juices, they have the effect of degrading the soluble 

pectin and forming of cluster of suspended particles. The pectin creates a coat around the 

enzymes due to their different electric charge. The enzyme breaks the coating and sets 

part of the enzymes free, promoting the agglomeration of these partially coated enzymes. 

These agglomerates can be separated by filtration. The treatment of the fruit juices, 

especially clear juice, reduces the amount of other components in the concentrate than the 

main sugars and organic acid to a minimum (Table 2.2.1). 

2.3 Powder production 

Dehydration is the most commonly used method to transform a solution into a free-

flowing powder. The main objective of the dehydration in food production is the removal 

of the moisture to reduce the microbial activity and prevent product deterioration. The 

removed water decreases the weight and allows for more efficient packaging, handling 

and reduced transportation cost. Many conventional methods are used in food drying 

including hot air drying, vacuum drying, drum drying, spray drying, freeze-drying: in the 

following the spray and freeze drying will be presented in regard to the formation of 

amorphous solids and the accompanied effects. 

 Spray drying 

In a spray dryer the concentrated solution is introduced into a hot dry gaseous medium by 

atomizer, usually a nozzle. The small droplets exhibit a great ratio of surface area to mass 

of the droplet. This allows the water at the surface to evaporate rapidly from the droplet 

on contact with the hot medium. The driving force of the process is the difference in 

vapour pressure on the surface of the droplet to the external vapour pressure in the hot 

air. The evaporation of the water at the surface of the droplet cools the air in the spray 

tower and keeps the temperature of the droplet below the outlet temperature of the spray 

dryer at the same time (Bhandari, Datta, & Howes, 1997). This fact makes the application 

valuable for the food industry, since heat-sensitive components can be handled. Products 

can be split into two groups, the non-sticky and the sticky. On the one hand is the non-

sticky group such as milk, egg and protein powder where the final product can be obtained 

without major complications. However sticky products like low molecular weight 

carbohydrates and organic acids will stick to the chamber wall or will leave the spray 

chamber as a syrup. The major problem for spray drying fruit juice is the contact zone at 

the bottom part of the chamber where the particles are collected. Through airflow 
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conditions, but with similar T-Tg values. The results showed that the increase of stickiness 

is directly connected to the magnitude of T-Tg. 

2.5 Glass transition  

The mechanism of the glass transition has been the subject of many studies, however 

there is not one general explanation, but rather various theories, which form different 

perspectives on the complex mechanism and do not necessarily contradict each other.  

Simon (1930) defined glasses as kinetically frozen in a thermodynamically non-

equilibrium state. The relaxation process in the melt becomes so slow due to the sharp 

increase of viscosity that it cannot keep up with changes of the external parameters. 

Therefore a certain molecular 

configuration is frozen in the glass. 

The glass transition temperature 

defines the temperature in which a 

material, during heating in the 

amorphous state, turns into a viscous 

liquid (syrup, rubbery, etc.). This 

phenomenon is reversible and the 

transition occurs as well by rapid 

cooling of a supercooled liquid to the 

point where the substance is vitrified 

in the non-equilibrium glassy state 

(Figure 2.5.1). The transformation of 

the physical state of the system is 

characterized by the relaxation time, 

which indicates the experimental 

measurable response time of the 

molecules in the system to adapt 

their configuration to the external 

changes. The relaxation time varies 

strongly during the cooling process; in the case of a liquid, the response of the molecules 

is of a high magnitude. Near the glass region the relaxation time overlaps with the 

experimental time scale and below Tg, the relaxation time exceeds the possible 

measurement (Zallen, 2007). The kinetic effect on Tg can be detected during calorimetry 

Figure 2.5.1. Schematic presentat ion of the effects of 

glass transit ion on dielectr ic constant, specific heat,  

expansion coefficient, viscosity, enthalpy, and volume 

when an amorphous glass is heated over its glass (Roos, 

2006) . 
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 Miscibility and the glass transition temperature 

The determination of the glass transition temperature is an easy and popular method to 

test the miscibility of polymers. The detection of one glass transition temperature is 

usually an indicator for full miscibility. Several studies suggest that in DSC 

measurements two glass transition temperature are measured, if the level of heterogeneity 

described by a domain size is within the range of 15-20 nm. In order to measure smaller 

domain size, analysing techniques with a higher sensitivity and resolving powder have to 

be used. For example, X-ray scattering supplies a much higher resolution, allowing the 

identification of structural heterogeneities down to molecular level with domain sizes in 

the range of 0.1-1 nm (Kalogeras, 2016). The problem with the glass transition 

temperature as an indicator for miscibility is that different preparation methods and 

measurements protocols can affect the morphological characteristics, making a general 

comparison of the data difficult. 

Figure 2.5.2. Thermal history di fferent heating rates 

(Roos, 2006). 
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technology, plasticizers are common ingredients to modify the flexibility, ductility and 

extensibility, as well as the mechanical resistance of polymers (Kern Sears & Darby, 

1982). Slade stated that each solvent miscible with a polymer acts as a plasticizer, 

however the converse is not the case as not every plasticizer has to be a solvent for a 

polymer. It clarifies that the phenomenon of plasticization is not reduced to solvents, but 

every small, miscible molecule can act as a plasticizer.  

Three common theories try to cover the mechanisms of plasticisation: the gel, the lubricity 

and the free volume theory. In the gel theory the main effect of the plasticizer is attributed 

to the interruption of hydrogen bonds and Van der Waals forces between the polymers 

(Di Gioia & Guilbert, 1999). The lubricant theory is based on the assumption that the 

plasticizer functions as a lubricant between the molecules and enhances the motion of the 

macromolecules relative to each other (Di Gioia & Guilbert, 1999). The most prevalent 

explanation of plasticization is the linkage to the free volume theory. The introduced 

plasticizer increases the free volume in the system and allows for more free motion of the 

molecules (Kelley & Bueche, 1961).  

In food systems, water is the most common plasticizer and the effect on the glass 

transition has been shown in many studies: starch (Biliaderis, 1991; Kalichevsky et al., 

1992; Liu et al., 2009; Zeleznak & Hoseney, 1987), gelatine (Reutner et al., 1985), 

glucose, fructose, sucrose (Arvanitoyannis et al., 1993; Izard et al., 1996; Ruiz-Cabrera 

et al., 2016; Ruiz-Cabrera & Schmidt, 2015), lactose (Roos & Karel, 1991d), trehalose 

Figure 2.6.1. a) Change of the free volume between polymer due to hydrogen interference 

of water molecule and b) hole size distr ibution in a glassy matrix with increased water 

content, adapted from (Ubbink, 2010). 
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act as a plasticizer in food systems. Other than water 

the small sugars do not alter the interaction between 

the higher molecular weight carbohydrates, but 

rather reduce the average number of entanglements 

of a polymer chain and allows molecular 

rearrangements at temperatures, where the polymer 

chains would be normally in a frozen state (Ubbink, 

2010). However, Shamblin et al. (1998) stated their 

studies of sucrose and polymers with Fourier 

Transformed Raman Spectroscopy proved the 

establishment of hydrogen bonds between sucrose 

and the polymers. It is assumed the formation of the 

hydrogen bond enforces steric constraint on 

contiguous hydroxyl-groups and the decrease of Tg 

of the system is related to the overall loss of hydrogen bonds (Kawai & Hagura, 2012). If 

the influence of the interaction is neglected then a clear trend can be observed with the 

difference of the size and molecular weight. Kawai and Hagura (2012) investigated the 

heterogeneous system glucose and dextrin. The DSC thermograms of the mixture change 

abruptly with the increase of the glucose concentration Figure 2.6.3. A concentration of 

0.2 glucose is sufficient to broaden the glass transition temperature. After a glucose 

Figure 2.6.3. DSC thermogram of the 

dextrin and glucose mixtures (Kawai 

& Hagura, 2012). 

Figure 2.6.4. Schematic drawing of the effect of increased 

plasticizer in the system (Kawai & Hagura, 2012). 
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Askadaskii et al. (2014) studied polymers such as polyethylene and developed a 

formulation to predict the alteration of the glass transition temperature of the amorphous 

region for polymers dependent on the degree of crystallinity and their chemical structure. 

   (2.8) 

T  is the modified temperature of the amorphous region, cr  is the fraction of crystals, 

0V  is the volume of the complete amorphous polymer, a  and cr  are the densities of 

the pure amorphous and crystalline polymer respectively,  is a coefficient accounting 

for the intramolecular forces and U is the internal energy. The term U  can be 

determined at full crystallinity, since T  becomes equal to the melting temperature ( mT  ) 

at 1cr  , which leads to following expression: 

   (2.9) 

The necessary parameters for equation (2.9) can be obtained by experiments or if no 

experimental data are available, various prediction methods to calculate polymer 

properties were presented by Askadskii (2003).  

Figure 2.6.8 illustrates the impact of crystal domains on the amorphous regions in 

polyethylene. At low proportions up to 30% the crystal domains have no effect on the 

Figure 2.6.8. Dependency of the glass transit ion temperature in Kelvin of 

the amorphous region on the degree of crystall ini ty in polyethylene 

(Askadaskii et al., 2014).  
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2.7 Mathematical models 

Once the glass transition temperature of a system is available, important conclusions 

about the changes of the morphology and properties can be drawn for the systems. In food 

processing or preservation the known glass transition serves as a reference parameter to 

be able to control of effects such as collapsing, stickiness or caking. On the bases of the 

introduced theoretical models researchers attempt to predict the Tg of linear polymers 

and explain the composition dependency on Tg for polymer blends.  

 Glass transition of linear polymers  

The prediction of the glass transition temperature of a linear homopolymer was 

established by Askadskii (2003).  

 
, ,

i
i

g
A i i A j

i j

V
T

a V b
  (2.10) 

i
i

V  is the sum of the Van der Waals volumes of the repeating segment in the polymer 

chain, ,A ia is a constant representing the weak dispersion forces from each atom in the 

segment and ,A jb characterizes the energy of strong specific interactions in the segment 

(dipole-dipole, hydrogen bonds etc.). The constants ,A ia  and ,A jb were obtained by the 

regression fitting to 50 polymers (Askadskii et al., 2016b). The scheme is further 

advanced for copolymerization and to account for polymer networks (Askadskii, 2003; 

Askadskii et al., 2016a). The method has been applied to predict the glass transition 

temperature of various proteins with reasonable success, by considering only the involved 

amino acids (Matveev et al., 1997). Over the years other group contribution methods for 

polymers or ionic liquids have been developed, however the use of these group 

contribution schemes is till now limited and cannot be applied to general systems 

(Camacho-Zuñiga & Ruiz-Treviño, 2003; Lazzús, 2012).  
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components is comparably low and the temperature dependency of the heat capacity can 

be considered negligible (Brinke et al., 1983). In the case of dilute-solute system, the 

difference can be so great that the assumption is not valid any more. In the studies of 

Arvanitoyannis regarding fructose, glucose and water systems, he found that the systems 

with a high amount of solid, over 70%, the prediction method was more accurate. In 

general, it is stated that the Tg values for aqueous sytems are underestimated and for 

anhydrous systems overestimated (Arvanitoyannis et al., 1993).   

In the given equations the physical properties are assumed to be additive. This allows 

only to predict monotonous deviations from additivity, either negative or positive. Not 

for all polymer blends can the Tg deviations be described by these equation, such as sugar 

and salt blends (Weng et al., 2014). By strong deviation from additivity the effect of intra-

and inter-molecular interaction of the components has to be accounted for in the mixture.  

Over the years, many empirical concentration second order power equations have been 

introduced. Kwei (1984) interpreted that the strong deviations come from the dissipation 

and merging of hydrogen bonds of the components. To account for these effects, he 

extended the Gordon-Taylor equation by the additional parameter qK. Both coefficients 

are treated as empirical fitted parameters, which can be determined from experimental 

data (Kwei, 1984). 

 1 1 2 2
1 2

1 2

  g g
g K

x T kx T
T q x x

x kx
  (2.23) 

The Kwei equation allows the sigmoidal shaped behaviour of the Tg blended curves to be 

described, but it cannot be applied to all polymer systems due to the limitation of capture 

of positive deviation in the low Tg range and negative deviation in the high Tg range. The 

same holds for the equation of Jenckel and Heusch (1953), Di Marzio (1990) or Kanig 

(1963), who linked the shift in interaction energies in the polymer melt to the respective 

Gibbs functions and hence, created free volume in the glassy state.  

In order to describe the Tg changes over the whole composition range in a blend, the 

equations were advanced to third order. Brekner et al. (1988) stated the conformational 

mobility and the free volume are linked to the probability of the arrangement of hetero-

molecular contacts in the blends due to the specific interactions of the components. Thus, 

an additional coefficient  was introduced, with Eij being 

the contact specific interaction enthalpy either of the homo- or heteromolecular enthalpy. 
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Table 2.7.1. List of the most common analytical models for predicting the glass transition 

of binary blends. 

 Name Functional form Coefficients 

1. 
Gordon-

Taylor 
 

1 1 2 2

1 2

  g g
g

x T kx T
T

x kx
  k 

2. Fox  1 2

1 2

1  
g g g

x x
T T T

  - 

3. 
Couchman-    

Karasz 
 1 ,1 ,1 2 ,2 ,2

,1 1 ,2 2

ln ln
ln   p g p g

g
p p

x C T x C T
T

C x C x
  - 

4. 
Jenckel-

Heusch 
    bJH 

5. Kwei   
1 1 2 2

1 2
1 2

  g g
g K

x T kx T
T q x x

x kx
  qK 

6. Utracki  
2/3* 3/2 3/2

1 2 1 ,1 2 ,21g g gT K x x x T x T   K* 

7. Pinal  
1 ,1 ,1 2 ,2 ,2

,1 1 ,2 2 ,

  exp
c

p g p g m
g

p p p m

x C T x C T ST
C x C x C

 - 

8. Painter    - 

9. Lu-Weiss   

 

CLW, bLW 

10. 
Cowie-

Harding 
  

fC,nC,  

qC, kC 

11. 
Brekner-

Schneider-

Cantow 

 

  

 

KSB,1 

KSB,2 

12. Brostow    a,0, a1, a2 
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In the work of Foster (2002) a slightly different approach has been taken. The Tg of the 

mixture was estimated by the weight average additive method of each component́s Tg, in 

accordance to the water activity in the system.  

 , ,
1

w

n

g i g a i
i

T x T   (2.29) 

It can be understood as the sum of Gordon-Taylor equations of each component with the 

amount of bonded water. Water is not equally distributed in the solid matrix structure of 

a mixture. Therefore the correlation of the water activity and moisture content via sorption 

isotherm allows prediction of the glass transition temperature associated with the right 

amount of moisture for each component in the mixture. This method proved to be 

effective in a ternary sugar-water system and showed better results than the Couchmann-

Karasz extended version (Foster, 2002). All the methods for multicomponent systems 

only consider the effect of one plasticizer, usually water, on the components. Since the Tg 

of water is low it has the greatest impact on the system as a plasticizer (Matveev et al., 

2000), however studies of binary or ternary sugar systems show the plasticizing effect of 

the sugar molecules on each other (Cheuyglintase & Morison, 2010; Finegold et al., 1989; 

Seo et al., 2006). In a study from Kalichevsky et al. (1992), the plasticizing effect of 

several mono- and disaccharides on amylopectin gave the following order on the degree 

of plasticisation: sucrose < glucose < xylose < fructose, which accords with their Tg 

values. Truong´s analytical model is the only model taking the plasticising effect of each 

component on the components with higher Tg values into consideration (Truong et al., 

2002). In the model, each component is plasticised separately by the component with the 

lowest Tg. The new obtained Tg values are then considered to be plasticised by the 

plasticizer next in order. For instance, a mixture of sucrose, fructose and glucoses is 

chosen, the order of plasticisation is identical, as mentioned above, sucrose < glucose < 

fructose, since with a lower Tg value the plasticising effect increases. First of all glucose 

and sucrose would be plasticised by the fraction of fructose equally Figure 2.7.1. 
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 Tg of anhydrous binary systems  

The preparation method of the binary systems is the same as for pure substances, however 

in the case of melt quenching, the crystals have to be co-melted to obtain an amorphous 

mixture. As previously described, this procedure has disadvantages for binary or higher 

order systems. Truong (2003) demonstrated for binary sugar and organic acid mixtures 

that by heating them up, interaction in the form of hydrolysis occurs between the 

components as well as degradation of the components is observed. For the study fructose, 

glucose and sucrose crystals were individually combined with either malic, citric or 

tartaric acid crystals and heated over the melting temperature of the component with the 

higher melting temperature. Depending on the intensity of the change in colour of the 

mixture, Truong (2003) divided the interaction into, no, slight, intermediate and strong 

interaction. Only binary mixtures of glucose and fructose with citric acid show no 

interaction; all other systems exhibit slight to strong interaction, especially for the 

combination with tartaric acid, showing that melt quenching cannot be considered for 

these mixtures. 

 

Figure 2.8.1. Glass transition temperature at various weight fract ion of fructose 

for glucose and fructose mixtures. Authors from top to down: (Truong, 2003), 

(Arvanitoyannis et al., 1993), (Finegold et al., 1989), (Ruiz-Cabrera & 

Schmidt, 2015) and (Wungtanagorn & Schmidt, 2001a). 
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the crystals directly in the DSC. However, no indication as to the final heating 

temperature is given in their trial, whereas a too high final melting temperature could be 

the reason for the degradation of fructose and the lower response seen for the glass 

transition at higher fructose contents. 

The glass transition for the mixtures of fructose and sucrose is quite similar for the various 

compositions (Figure 2.8.2). The reason for the close spacing between the first data points 

of Finegold et al. (1989) is that mole fraction was considered in the study instead of 

weight fraction and since the molar mass of sucrose is almost double that of fructose, the 

conversion of mole fraction to mass fraction has a great effect, whereas the molar mass 

of glucose and fructose are almost identical and no change is observed (Figure 2.8.2). 

Similar to the previous binary systems, the Gordon-Taylor equation models the tendency 

of the glass transition of the binary mixture well.  

The glass transition temperature for the binary system of glucose and sucrose follows a 

different trend compared to the two other binary systems. Unlike the negative deviation 

from mass additivity observed for fructose/sucrose and glucose/fructose mixtures, the 

binary system of sucrose and glucose displays an alternating convex-concave plot of the 

glass transition temperature over the composition range. This indicates that the interaction 

and the scale of the mixing are different and change for different blend compositions. Seo 

et al. (2006) defined the shape and size of molecules responsible for this behaviour. In 

their study, they compared the glass transition temperature of binary systems for 

mono/monosaccharide (glucose/sorbitol), di/disaccharide (sucrose/trehalose), 

mono/disaccharide (sorbitol/sucrose and glucose/sucrose) and mono/trisaccharide 

(glucose/maltotriose) mixtures. All  binary systems of monosaccharides in combination 

with di or trisaccharides exhibit the sigmoidal trend for the glass transition temperature. 

The binary system of mono/disaccharide fructose and sucrose does not present irregular 

trends of the glass transition for different blend compositions. Furthermore the irregular 

compositional dependence on the glass transition temperature can be found in polymer 

blends such as PVMA/PVPh, PMMA/PVPh and PCL/PS, where the size factor between 

the molecules becomes minor (Kalogeras & Brostow, 2009). More likely is that the 

balance between inter and intramolecular interaction is shifted at a crucial compositional 

threshold. FTIR studies of the PVMA/PVPh blends displayed strong intermolecular 

hydrogen bonds between the phenolic -OH group in PVPh and the ether oxygen of 

PVME, which exceed the intrachain interaction of the repeating PVPh segment in 

strength. This is seen as a positive deviation from mass additivity for the glass transition 
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presented above. The Simha-Boyer rule and the Couchman-Karasz performed much 

better in characterizing the binary systems, however in some binary systems these 

equations lack the ability to cover interactions between the components. Therefore, 

Truong (2003) compared the empirical coefficient k for the Gordon-Taylor equation with 

the coefficient of the Couchman-Karasz 2 1/Cp Cpk  and introduced an interaction 

factor  to quantify the deviation from ideal mixing of binary systems. The latter 

coefficient only represents the ideal mixing of the components, whereas due to the fitting 

of the k coefficient in the Gordon-Taylor to experimental data, it also accounts for the 

interaction between the components.  

 
(ideal mixing)
(non-ideal mixing)

CK GTGT

CK GTCK

k kk
k kk

  (2.31) 

 mixI 1 0.05  (2.32) 

Where is the interaction factor, GTk and CKk  are the empirical coefficients of the Gordon-

Taylor and the Couchman-Karasz equation and Imix is the parameter characterizing the 

mixing. The system was defined as ideal, if the empirical coefficient is in the range of 5% 

from the ratio of the change in heat capacity of the pure components the system (Table 

2.8.4). 

Table 2.8.4. Characterizing of the mixing conditions in various anhydrous binary 

mixtures adapted by (Truong et al., 2002). 

Parameter 
Anhydrous binary mixtures  

S/G G/F S/F C/S C/G C/F 

GTk  1.31 2.48 1.49 1.41 1.59 2.82 

CKk  1.35 1.06 1.44 1.63 1.21 1.13 

 0.97 1.72 1.03 0.86 1.31 2.15 

Imix 0.03*  0.72 0.03*  0.14 0.31 1.15 
 

Note: *  ideal mixing  

Only the binary systems sucrose/fructose and sucrose/glucose can be considered ideal 

mixtures by this definition. It is still open to argument whether this is really the case for 

the binary system of sucrose and glucose due to the sigmoidal trend of the glass transition 
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temperature (Figure 2.8.3) or whether a more diverse data collection would show actually 

a similar trend to the other binary sugar blends.  

 Tg of anhydrous ternary mixtur es 

The information on the glass transition temperature of food components in ternary 

mixtures is relatively limited; only two research groups have addressed the topic with the 

focus on the main carbohydrates sucrose, glucose and fructose. The approach around the 

research from Saavedra-Leos et al. (2012), Ruiz-Cabrera and Schmidt (2015) and Ruiz-

Cabrera et al. (2016) differentiates strongly from the work of Truong (2003). Truong 

(2003) constructed the study of the glass transition temperature of ternary sugar mixtures 

to prove the reliability of his presented analytical model whereas Saavedra-Leos et al. 

(2012), Ruiz-Cabrera and Schmidt (2015) and Ruiz-Cabrera et al. (2016) did a statistical 

analysis using a Scheffe cubic model to evaluate the compositional dependence of the 

glass transition temperature.  
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  (2.33) 

 

The regression analysis shows that only the linear model and the binary mixtures have a 

statistically relevant impact on the Tg of the mixture (Ruiz-Cabrera & Schmidt, 2015). At 

the same time Saavedra-Leos et al. (2012), Ruiz-Cabrera and Schmidt (2015) and Ruiz-

Cabrera et al. (2016) used direct melt quenching in the DSC to obtain amorphous mixtures 

Figure 2.8.5. Experimental design for sucrose, fructose and glucose mixtures (left) and three- 

dimensional response surface of the measured glass transition temperature during heating (right) 

(Saavedra-Leos et al., 2012).  
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in which the glass transition temperatures of the binary system of sucrose and 

maltodextrin with various DE are presented in Figure 2.9.2. 

Up to a weight fraction of 0.2 for the various maltodextrins no change in the glass 

transition temperature is detected and even at a higher portion of maltodextrin of 0.4 the 

increase is only minor. As described in Section 2.6.1, the polymer has no effect on the 

glass transition at low concentrations, as the molecular mobility of the mixture is 

dominated by the low molecular weight components. For the easier case of a binary 

system with sucrose, the starting temperature is already relatively high compared to other 

low molecular weight solids in the fruit juice. The high amount of additional fructose, 

glucose and citric acid in orange juice in combination with residual water decreases the 

glass transition temperature significantly due to their low glass transition temperature 

making it necessary to use high ratios of maltodextrin to raise the overall Tg of the 

mixture. 

Looking at a particle during the spray drying process maltodextrin is evenly distributed, 

which means the glass transition temperature is affected by maltodextrin over the whole 

particle. An alternative is the use of a surface active agent for example proteins, which 

assembles at the water/air interface.  

Figure 2.9.2. Glass transition temperature measurements and predictions of the 

binary systems of sucrose and maltodextrins with different average molecular 

weights (Roos & Karel, 1991c). 
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as detecting the powder recovery of the these samples after spray drying. The comparison 

stated that animal proteins have higher surface activities than plant proteins. This is yet 

again linked to the proportion of protein migrating to the surface of the particle and 

therefore responsible for higher powder yield in the cyclone. The percentage of protein 

on the surface can be estimated by analysing the amount of nitrogen on the surface of the 

particle, as long as protein is the only component containing nitrogen. In the case of 

sucrose solution, a maximum concentration of 60% protein on the surface could be 

detected at an addition of 2.5%. A further increase had no great impact on the surface 

coverage and therefore on the powder recovery. The experiments with bayberry show 

almost identical results for surface coverage and powder yield. Despite the promising 

ability of protein to prevent stickiness of fruit juices during spray drying at very low 

quantities, some difficulties still exist. For instance, the long-term stability of the 

produced powder could be compromised, since the encapsulated mixture is most likely at 

ambient temperature above the glass transition temperature, which could lead to 

stickiness of the particle once the protein barrier is ruptured. More studies have to be done 

in this field to guarantee a completely stable powder product and to prove the efficiency 

of protein as a drying aid.   

2.10 Analysis of the glass transition temperature 

A variety of different analysing instruments for the glass transition exist. The instruments 

distinguish themselves in their basic method and the measured properties. This makes it 

important to know in advance if the focus of interest is on thermodynamic, mechanical, 

physical or rheology properties. Table 2.10.1 provides a summary of the most frequently 

used techniques to determine the glass transition temperature in materials and following 

that some of these techniques are explained in more depth. 
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temperature difference is presented, the heater adjusts it to keep both temperatures 

identical. The difference in detected heat flow between the sample and empty pan is 

plotted over the temperature and provides information about physical changes and phase 

transition occurring in the sample (Wunderlich, 2005). 

Figure 2.10.1 shows the common measured transitions and reactions for polymers in DSC 

measurements. First order phase transitions are accompanied by absorption or release of 

heat without any temperature changes. Both melting and crystallisation are first-order 

transitions that are identified by exothermal and endothermal peaks of the heat flow. 

Crystallisation is an exothermal process releasing heat at transition, whereas melting 

requires heat to proceed which is seen as an endothermic peak. The area of the peaks is 

equal to the latent heat of the transition. Because of the resemblance of a second order 

transition, a step of the heat flow at the glass transition is detected. The glass transition 

occurs over a broad temperature range and there are various ways of defining the glass 

transition temperature. As displayed in Figure 2.10.2, the first possible temperature is the 

onset point (Tb), in which the first change in heat flow is detected. In some cases, this can 

be a quite difficult task, for which reason the more reproducible extrapolated onset point 

(T1e) is commonly stated, which is the intersection of the extrapolated baseline with the 

tangent through the midpoint of the curve. In literature, the midpoint of the slope (Tg) is 

most frequently defined as the glass transition temperature, as it allows the highest 

Figure 2.10.1. Overview of the most common possible transitions and reactions observed in a DSC 

thermogram obtained by (Kalogeras, 2016).   
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2.11 Water Activity  

Water plays an important role in foods, having a direct effect as a plasticizer and solvent 

on mechanical diffusional properties of foods and controlling the growth of 

microorganisms. The water content alone cannot provide sufficient information relating 

the energetics and the equilibrium state of water and the influence on the properties of the 

system. Therefore the thermodynamic description of water as water activity was defined 

by Lewis and Randall (1924). 
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w T
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  (2.37) 

Where fw is the fugacity of water in the system at the given temperature and fw,0 is the 

fugacity of pure water at the same temperature conditions. Fugacity is a measure of the 

escaping tendency of a substance. It is measured in the units of pressure and describes an 

effective pressure regarding the non-ideality in the gas phase. In food science it is 

assumed the water vapour behaves like an ideal gas, which allows us to replace the 

fugacity with the equilibrium vapour pressure. The error of the approximation is less than 

0.1% under normal conditions. Therefore, the water activity can be expressed as the 

vapour pressure of water above the system pw at the temperature T, divided by the vapour 

pressure of pure water at the same temperature. 
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Food solids exist mostly in a steady state, but they are non-equilibrium systems and these 

undergo changes with time to reach equilibrium (Chirife & Buera, 1995; Roos, 1995). 

The properties of the food solids can be time-dependent depending on the state of the 

solids, which can be seen in changes of the microstructure and the water activity during 

storage. The water activity at which stability issues occur may vary strongly for each 

component from hours to years. A food powder with sucrose as a main component 

becomes sticky and may crystallise at a water activity of 0.3, whereas dairy powder with 

lactose as its main sugar will continue to be stable for years at the same aw and under 

normal storage conditions (Roos, 2008). 

In solid bodies surface molecules and atoms are exposed to unbalanced forces of 

attraction. The surface of solids tends to bind molecules from the surroundings to lower 

the free surface energy and reach an equilibrium state. The acting surface forces can be 
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magnitude because of the different chemical and physical effects. First, small pores are 

filled and a multilayer of water is built up on the surface up to aw of 0.2-0.4, followed by 

swelling and filling of larger pores up to 0.6 to 0.7 and finally the solute dissolution in 

the upper region. The last type represents mostly crystalline components such as sugars 

and salt. The increase of moisture content is very low up to the point where the crystal 

starts to dissolve in the adsorbed water at the surface of the crystal (Labuza & Altunakar, 

2008). 

Usually the food solid samples are equilibrated over different saturated salt solutions with 

a constant relative humidity to obtain at least five experimental data and then a sorption 

model is fitted to the data. The Guggenheim-Anderson-DeBoer (GAB) or the Brunauer-

Emmett-Teller (BET) sorption models are commonly used to fit the experimental sorption 

data (van der Berg & Bruin, 1981). In the BET models, it is assumed the sorption is 

predominated by adsorption of the water molecules on the surface of the system. Thus, 

heat of adsorption is limited to one monolayer of water on the surface and no interaction 

of the adsorbed molecules occurs. 

   (2.39) 

Where M is the moisture content in solids at aw and temperature T, and Mo is the 

monolayer value in the same units and c is the surface heat constant expressed by: 

 /sQ RTc constant e   (2.40) 

R is the real gas constant, Qs is the excess heat of sorption. The constant c varies 

depending on the characteristics of adsorbing site. For type 1 chemisorption, the excess 

is large and varies from 50-200, for type 2 it is much lower in the range of 2-50 and type 

3 the value becomes 0-2. The BET model is in a good agreement for solids with low water 

activities, however it performs weakly to capture the whole range. Therefore the GAB 

model was developed as an improved version of the BET model taking into account 

multilayer adsorption. It has been proven to represent experimental data in the water 

activity range of 0-0.95. This improvement is achieved by introducing an additional 

parameter kb, which has a value between 0.7 to 1 (Labuza & Altunakar, 2008). Piotr 

(2009) summarized in his work most of the known equations based on physical 

phenomena, semi-empirical models and empirical models. Furthermore the required 

coefficients for the models are given for a broad range of foods.  
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Foods are always heterogeneous systems with various ingredients. In mixtures, the 

individual isotherms are used to determine the multicomponent sorption isotherms. It is 

assumed the isotherms are additive and no interactions take place between the 

components. Primarily, the moisture content of each component is predicted at one water 

activity. In the next step, the moisture content of multicomponent system is calculated by 

adding the individual moisture contents in respect to their solid weight fraction in the 

system (Labuza & Altunakar, 2008). This simplification of the multicomponent systems 

is valid for several systems. Berlin et al. (1973) stated in various milk protein mixtures 

the additivity of individual sorption isotherms. Lang and Steinberg (1980) also proved for 

binary and ternary mixtures that the components act independently of each other. Foster 

(2002) found in her studies the approximation of additivity of various sugars mixtures to 

be valid. Not all systems can be described by a simply additive approach. Studies of sugar 

beet roots (Iglesias et al., 1975), dried lactose hydrolysed milk (Jose et al., 1977), and 

sucrose and starch mixture (Chinachoti & Steinberg, 1986) contradicted the results of 

other works. The deviation of the experimental data and the predicted sorption isotherm 

are related to various effects such as assembly of water on the macromolecular surface, 

swelling, conformational changes caused by water adsorption, inter-polymer hydrogen 

bonds, binding of ions, cross-linking, competition for water, and plasticization of 

amorphous regions. Hence, the validity of the additive method is more an exception than 

the regular case (Labuza & Altunakar, 2008).    

2.12 Water activity and glass transition temperature  

The importance of the water activity regarding the glass transition temperature is the 

linkage of the water activity to the moisture content of a substance at a specific 

temperature. This is especially helpful in cases where it is not possible to measure the 

water content directly, for example during spray drying. With the assumption that the 

surface of the particle is in equilibrium with gas outlet flow, the sorption isotherm of the 

material can be used to approximate the moisture content on the surface of the particle. 

With the known moisture content the glass transition temperature can be predicted, if the 

impact of water on the glass transition of the product has been studied previously 

(Timothy, 2010). The water activity is often displayed with the corresponding moisture 

content and glass transition temperature in the same diagram to show the correlation 

between the parameters. Jaya and Das (2009) investigated the glass transition temperature 

and sticky point of mango and tomato powder at various moisture contents (Figure 
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2.12.1). The two diagrams demonstrate the correlation between the glass transition and 

the sticky temperature. Up to a value of 0.3 for the water activity, the difference between 

the parameters is almost identical for the range. This agrees well with the study of  

Paterson et al. (2005), indicating only the difference in T-Tg is related to the sticky 

phenomena of homogenous powders. 

2.13 Conclusion 

Over the years, many researchers have applied drying techniques on various fruit juices 

in combination with additives. However, the focus of the studies has been mainly on 

different drying methods and their modifications, as well as the utilization of various 

drying aids. Little attention has been given so far on the physical and chemical aspect of 

the whole fruit juice composition. The correlation between the stability issues during the 

process and storage to the glass transition temperature has been demonstrated in many 

cases for low molecular weight components. The emphasis in many DSC measurements 

of the glass transition temperature has been on pure components, binary blends or fruit 

juices with a fixed composition and especially the influence of water. In several studies, 

only the sugars and water are stated to influence the glass transition of the fruit juices, but 

due to the low Tg value, other components such as organic acid and sorbitol have to be 

considered to predict the overall glass transition temperature of the juice. This gap has to 

be filled in order to account for all the possible interaction between the components. The 

established extended prediction models of Gordon-Taylor and Couchman-Karasz 

describe the compositional dependency of the glass transition temperature poorly for 

higher order mixtures, if water is not predominant in the system. The plasticisation model 

Figure 2.12.1. Stabil i ty/mobil ity diagram displaying the water activity, moisture content, glass 

transition temperature and sticky point for mango powder (left)  and tomato powder (right) (Jaya & 

Das, 2009). 



Literature Review  94 

of Truong et al. (2002) is the only model so far taking into account binary interactions 

between all components and is extendable to higher order mixtures. It has to be proven, 

if this method is capable of predicting the glass transition temperature of fruit juice with 

known chemical composition and low moisture content or other methods might have to 

developed. It is only if the glass transition temperature of the fruit juices is known that 

the right amount of drying aids can be added to increase the glass transition temperature 

to the necessary value avoiding stability issues. However, the reason why high quantities 

are needed to observe a major increase in the glass transition temperature is not yet fully 

understood and it has to be accounted for in the prediction of the Tg of the mixture. 

Combining the insights of the molecular miscibility of polymers and low molecular 

weight components, as well as the molecular mobility of the components might provide 

a clearer picture of the structure of the matrix and the connection to the measured glass 

transition temperature. This gives the opportunity to modify the matrix in the powder 

particles of fruit juices during drying and further improve their shelf life stability. 
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,EmixH  is the overall excess enthalpy in high order systems and is composed of the 

,Emix ijH  of the binary systems. Since it is hard to identify the excess properties of the 

binary systems, excess properties for binary systems are usually fitted to experimental 

data and the following three methods have been used: 

Redlich and Kister (1948): 

 2
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X x x A x x x A A x x A x x   (4.12) 

Hwang et al. (1991): 
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A series of Legendre polynomials: 
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0A  , 1A  , 2A  are polynomial adjustable coefficients, xi and xj are the weight fraction of the 

components and E
ijX  represents the excess property of the binary system. As Hillert 

(2008) recommended to fit the binary excess properties to the Redlich-Kister expression, 

this approach has been implemented in this model. One of the recent empirical equations 

for binary systems was developed by (Brostow et al., 2008) and showed the best fit to 

complex binary systems. 

   (4.15) 

Where ao, a1, a2 are polynomial adjustable coefficients similar to 0A  , 1A  , 2A  defined by 

(Brostow et al., 2008) as presented in section 2.7.2 , x1 and x2 are the weight fraction of 

the components and Tg,i are the glass transition temperatures of the pure components. 

The first term 1 ,1 2 ,2 g gx T x T  is the linear combination of the glass transition temperature 

(weight average) and the second term accounts for the deviation from linearity. The 

second term is identical to the Redlich-Kister expression as 
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( ) ( (1 ) (2 1)i j i i ix x x x x . The expression allows representation of even sigmoidal 

deviations. This model has been tested by Kalogeras and Brostow (2009) on various 

polymer mixtures and gave a very good fit, which supports the utility of fitting ,EmixH  to 

the Redlich-Kister equation. 

In Figure 4.2.1, the experimental Tg values of the binary system of glucose and 

maltodextrin DE 6 are presented from Truong (2003).  

The dashed line correlates to the Couchman-Karasz prediction, which overestimates the 

glass transition temperatures of the mixture. The underlying interaction mixH between 

glucose and maltodextrin DE 6 can be expressed in the form of the Redlich-Kister 

equation with n=1. 
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For the binary glucose and maltodextrin DE 6 system equation (4.11) can be rewritten: 
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  (4.18) 

Figure 4.2.1. Binary system of glucose and maltodextrin DE 6. The 

experimental data are from (Truong, 2003).   
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Besides the glucose and maltodextrin system, Truong (2003) studied the combination of 

citric acid, sucrose and fructose with maltodextrin DE 6. As can be seen in Figure 4.2.3, 

the glass transition temperature of each individual mixture steadily increases by small 

amounts until maltodextrin DE 6 makes up 70% of the total mixture. From this point the 

glass transition temperature of the sucrose and maltodextrin DE 6 steeply increases with 

each additional amount of maltodextrin. van der Sman (2013b) used a simple approach 

in his work to compare the glass transition temperatures of different binary mixtures by 

normalizing the individual Tg values. 

 , ,1
,

,2 ,1

g data g
g norm

g g

T T
T

T T
  (4.20) 

Where Tg,1 and Tg,2 are the glass transition temperatures of the pure solids. By applying 

this approach to the data of maltodextrin DE 6 mixtures, the normalized Tg values can be 

directly compared. Figure 4.2.4 shows the normalized Tg values of the data presented in 

Figure 4.2.3. From a first observation, it is noticeable how similar the overall trend of the 

different mixtures is. In the lower region, from the 0 to 0.7 weight fraction of maltodextrin 

DE 6, the Tg values of the binary systems increase with each 0.1 increment 

 

Figure 4.2.4. Replotted normalized Tg values of the binary maltodextrin DE 6 

mixtures. 
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of maltodextrin weight fraction by about 4-6% of the Tg values of maltodextrin DE 6. At 

high weight fractions 0.7 to 1 of maltodextrin DE 6 in the system, the advance of the Tg 

values of the mixtures is in the range of 10-30%.  

For the glucose system, the increase of the glass transition temperatures below a weight 

fraction of 0.4 of maltodextrin DE 6 seems to be much slower than for the other systems, 

however, the Tg values seem to catch up at higher amounts of maltodextrin DE 6 in the 

systems. The general tendency of the binary maltodextrin DE 6 systems raises the 

question, is it possible to use constant values for A0 and A1 to represent ,mix EH  for all 

datasets. Figure 4.2.5 shows the prediction of the normalized Tg values of each binary 

system using the corresponding fitted ,mix EH  using the individually fitted A0 and A1 

value. As already demonstrated on the binary system glucose and maltodextrin DE 6, the 

new approach gives a very good description of the increase of the glass transition 

temperature. The same is true for the other binary blends with sucrose, citric acid and 

fructose (Figure 4.2.5). 

The coefficient A0 and A1 used to calculate ,mix EH  are listed in Table 4.2.2. As expected, 

due to the very similar trend of the increase in Tg, the coefficients for the binary systems 

with sucrose, fructose and citric acid have almost identical values for the coefficients. 

The values of glucose vary slightly, especially for A1. This is due to the rapid increase in  

Figure 4.2.5. Representation of the binary maltodextrin DE 6 systems using the 

individual fi tted A 0 and A1 coefficients. 
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Until now only binary systems have been considered, however equation (4.11) can also 

be extended for multicomponent systems.  
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The first part of the equation is the general extension of the Couchman-Karasz equation. 

The second term ,mix EH  is the deviation of the mixture of all low molecular weight 

components in relation to the polysaccharide in the system. Therefore the coefficient A0 

and A1 will be defined as followed. 

 , , ,( )norm average g poly g mixture lowA A T T   (4.24) 

Tg, poly is the Tg value of the pure polysaccharide and Tg,mixture low is the Tg value of the 

mixture of all low molecular weight components. Tg,mixture low is calculated with the 

extended Cochman-Karasz equation at zero polysaccharide content. 
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Figure 4.2.6. Prediction of binary system with Maltodextrin DE 6 using the 

average coefficients. 
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 Testing of the approach on literature data 

In the literature, several binary systems of various combinations of low molecular weight 

components and polysaccharides have been studied. In order to validate the approach 

taken in this work, Tg data from binary systems of sucrose and various polysaccharide 

polymers have been collected and normalized to compare the trend between the systems 

(Figure 4.2.7). In the lower range of the polymer weight fractions, from 0 to 0.5, the 

increase of Tg is consistently almost identical for the various systems. At a weight fraction 

of 0.6 of polymer, the data seem to be scattered and the prediction is more at the lower 

end of the normalized values. Overall, the reasonable approach seems to be to estimate 

the trend of the sucrose and polymer blends. 

Fruit juices never consist of only one component, but rather are a mixture of various low 

molecular weight components, where sugars and organic acids contribute to the major 

solids in the juice (see Section 2.2). In order to transform the juices into a powder, usually 

a drying aid such as maltodextrin with varying DE values is utilized. In general, a fruit 

juice powder with a fixed amount of drying aid is produced and studied. However, Fongin 

et al. (2017) presented in their work the increase of the glass transition temperature of 

freeze dried mango pulp with incremental raising of maltodextrin DE 17-21 content. The 

chemical composition of mango pulp was not mentioned, therefore the sugar and organic 

acid solid composition of mango pulp from Jaya and Das (2009) was used. The mass 

Figure 4.2.7. Normalized Tg value of binary mixtures of sucrose and polymer 

data from (Roos & Karel, 1991c; Shamblin & Zografi, 1998; Truong, 2003).  
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as the filling of available interstitial spaces and the interaction with available hydrogen 

bond sites in the carbohydrate matrix instead of the coverage of a monolayer on a surface. 

The parameter C cannot be directly related to any changes in the specific volume, the 

composition of the system or the molecular weight of the individual components. 

However the parameter K-1 is linked to the critical water activity at which Tg of the 

systems is identical to the storage temperature and the system transits from the glassy to 

GAB model Flory -Huggins Free Volume theory 
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Figure 4.3.1. Concept of the GAB and Flory-Huggins Free Volume theory adapted from (Ubbink 

et al., 2007). 
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the rubbery state. Some of the parameters from the GAB model can be correlated to the 

physical properties of a carbohydrate matrix, however it does not account well to the 

physical changes in an amorphous matrix.  

Other physical models describe the direct changes in the glassy and rubbery state. One of 

these models is the free volume model. The concept is that during the formation of a 

glassy matrix polymers due to the slower relaxation of the polymer chains, the molecular 

packing exhibits free interstitial spaces also known as free volume voids. The polymers 

are packed more loosely and connected via intermolecular interactions, as seen in Figure 

4.3.1 on the right side 1. The water molecules are absorbed into the amorphous matrix, 

fill the free volume voids and interact with the polymer via hydrogen bonds (1-2). 

Townrow et al. (2010) studied the free volume voids of various maltose-maltopolymer 

blends by PALS. The results showed that the free volume voids are not big enough to 

account for all the water molecules absorbed into the glassy matrix. Even at moisture 

contents of below 4%, only a part of the water molecules fill up the voids, whereas most 

of the water molecules are dispersed in the solid matrix and bound to the carbohydrate 

molecules. Once the voids are filled, they further expand the voids and further loosen the 

molecular interaction between the polymer chains. At one point, the relaxation of the 

polymer is no longer restricted and the glass transition temperature of the systems is 

identical to the storage temperature. The system then transits into the rubbery state. Once 

the polymer is in the rubbery state, the sorption can be described solely by the Flory-

Huggins solution model. The dashed line in the graph describes the sorption behaviour, 

if only the solution of the polymer and water are considered. The continuous line accounts 

for the free volume in the amorphous matrix and relates the packaging history to the glass 

transition temperature of polymer. The two lines intersect as soon as the system turns into 

the rubbery state and the system is described by the Flory-Huggins model.   

The Flory-Huggins solution model coupled with the Ventras structural relaxation model 

has been applied successfully for binary, but also to more complex food systems (Jin et 

al., 2014; Ubbink et al., 2007; van der Sman, 2013a, 2016; Zhang & Zografi, 2000). The 

advantage of the Flory-Huggins Free Volume theory (FHVT) is the possibility to combine 

the occurring structural changes and interaction between solute and solvent. Furthermore, 

the FHVT model is not limited to fitting to existing data such as the BET and GAB 

models, but can be derived from the composition of the system. In the following the 

equations the Flory-Huggins Free Volume theory will be presented. First, the general 
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Flory-Huggins model will be displayed and then, the context of the absorption into the 

glassy matrix will be discussed.  

 Absorption into a material in the rubbery state  

The rubbery state of a polymer mixture can be described as a Flory-Huggins solution, 

where the smaller and bigger polymers are arranged as point particles on a lattice 

structure. Considering a polymer and water system, in the case of high dilution the 

solution properties of the solution should be close to ideal. Therefore the entropy of the 

mixture can be written as: 

 lnx lnxmix
w w s s

B

S n n
k

  (4.26)  

xw and xp are the weight fractions of water and the solute and kb is the Boltzmann constant. 

In the case of the solute being a polymer, the equation can be transformed into the 

characteristically Flory-Huggins expression.  

 ln lnmix
w w p p

B

S n n
k

  (4.27) 

Where w  and p are the lattice volume fractions. In the Flory-Huggins model the enthalpy 

of interaction between the several molecular units are expressed as following, where  

is the Flory-Huggins interaction parameter for the solute and solvent. 

 mix
w p

B

H n
k T

  (4.28)  

From the total free energy of mixing mix mix mixG H T S  the water activity can be 

acquired. 

 21exp[(1 ) (1 ) (1 ) ]w w w wa
N

  (4.29)  

N is the ratio of molar volume of the solute to the solvent; for polymers it becomes 

negligibly small. One important aspect of the Flory-Huggins model is the definition of 

the lattice units. Ubbink et al. (2007) stated for similar sized monomeric units the choice 

is not problematic, since the molecular size is comparable. However, for solute and 

solvent mixtures that exhibit very distinct unit sizes such as water and polymer, it does 

matter. This is especially true, if the lattice volume fraction is defined by the dependence 
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In very highly diluted regions aw of 0.9 to 1, the Flory-Huggins model becomes invalid 

in this form, but the very high diluted regions are not relevant for our purpose of 

calculating the stability of powders, since the powders are liquefying at these high water 

activities. 

 Absorption into a glassy matrix 

The Flory-Huggins solution model can only represent systems in the rubbery state. It is 

not capable of accounting for anomalous volumetric behaviour at low water activities. 

Once a polymer matrix transitions into the glassy state, the sorption mechanism will 

depend on the molecular packing and the history of the glass. The molecular packing of 

the polymers or carbohydrate systems in the glassy state can be represented by free 

volume voids, which can be occupied by small molecular weight components or water 

molecules at lower water activities. At higher water activities, the water molecules expand 

the voids and break the bond network in the system until the relaxation of the polymer is 

no longer restricted and it turns into the rubbery state (Kilburn et al., 2004; Ubbink, 2010). 

The free volume sorption model was first introduced by Vrentas and Vrentas (1991), who 

appended an additional term, F, to the solution model of Flory-Huggins. This 

approximation gave a good representation to the observed experimental data (Jin et al., 

2014; Ubbink et al., 2007; Zhang & Zografi, 2000, 2001). 

As long as the experimental temperature T lies below Tg of the system, the free volume 

term F is added to the solution model. 

 21exp[(1 ) (1 ) (1 ) F]w w w wa
N

  (4.37)  
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Where Mn,w is the molecular weight of water, xs is the weight fraction of all solids, Tg,mix 

the glass transition temperature of solid in K and water mixture, R the gas constant, ,p sC
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the weight average of all pure solid specific heat capacities differences at Tg in J g-1K-1 

and T the ambient temperature in K. 
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Instead of using pC of water and the solid mixtures the plasticizing effect of water can 

be expressed in form of the k value of the Gordon-Taylor equation:   
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Roos (2006) presented the linear correlation of the anhydrous onset point Tg of a sugar 

system and the plasticizing expressed via the k value of the Gordon-Taylor:  

 ,0.0293T 3.61g anhydrousk   (4.42) 

Truong (2003) continued to use this correlation in his work and adapted the equation to 

his experimental values.  

 ,0.0211T 3.0423g anhydrousk   (4.43) 

Seventy-six different mixtures, with their corresponding k values, have been collected 

from the literature and plotted over the anhydrous Tg of the mixtures. From these data, a 

fitted equation has been derived which represents the correlation best fit in Figure 4.3.3. 

In the literature, the most common way to define the Tg values is by the midpoint and the 

extrapolated onset point. For the fitting of k value to the experimental data, Tg data from 

the midpoint and onset point have been used for binary water-solid systems. The 

difference between the midpoint and onset point is assumed to be minor due to the small 

transition width of these systems. The problem with the generalization of the k value for 

the solid-water systems is that the method of measuring the moisture content has a huge 

impact on the final k value. If the moisture content is measured, for example via a vacuum 

oven, the glass transition temperature of the solid-water system is related to the free 

mobile water phase. However, by using a Karl-Fisher titration, the total moisture content 

can be correlated to the glass transition temperatures of the system, therefore, for the same 

system, different k values can be estimated. Especially, in systems with a high Tg, which 
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have not passed into the rubbery state, the diffusion of water is more limited, explaining 

the deviation of k values for systems with higher Tg values. 

Also, if insoluble components are in the system, a different moisture content is correlated 

to the glass transition temperature, therefore only artificial systems with known 

compositions were collected. In this work the k value is expressed as: 
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Where ,gT  is defined as the maximum Tg of the systems where the k value reaches its 

maximum of 7.7 and Bk is a constant. The equation does not consider systems with a 

negative glass transition temperature. These systems are irrelevant for fruit juice powders 

and the closer the actual glass transition temperature is to that of the Tg of water, the more 

ideal the mixing seems to become and can be approximated by equation (4.44).    

Figure 4.3.3. Data and prediction of the constant k value of the Gordon-Taylor 

equation for solid water systems from the l iterature (Orford et al., 1989; Roos 

& Karel, 1991a; Roussenova et al.,  2014; Ruiz-Cabrera et al.,  2016; Ruiz-

Cabrera & Schmidt, 2015; Truong, 2003; Ubbink et al., 2007). 
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4.4 Test on literature values 

The mobility diagram introduced in Section 2.12 is a useful outline to demonstrate the 

stability of powders stored at different relative humidities. In this way, the relationship 

between the water activity and the glass transition temperature can be connected and 

allows one to determine the change from the glassy state into the rubbery state where the 

powder particle starts to become sticky, caking and, at higher relative humidities, turn 

into highly viscous syrup.  

In the following, the idea is to be able to test if it is possible to predict the stability diagram 

of fruit juice powders from the literature on the basis of the chemical composition using 

the presented model for the glass transition temperature of mixtures and combining it with 

the FHVT model for the absorption of moisture. In the literature the main contribution of 

investigated fruit powders are fruit purees in combination with different drying aids. 

Besides the high portions of sugars and organic acids, purees contain other components 

such as dietary fibres and smaller amounts of protein and ash. In this approach the 

assumption is made that the main contributions to the glass transition temperature are the 

high sugar and organic acid content and therefore the absorption of moisture into the 

sugar- and acid-rich phase is the critical part of the stability of the powders. For the 

prediction of the Flory-Huggins Free Volume theory, the values of Table 4.4.1 are used 

to estimate the relationship of moisture content and water activity. The density data of the 

sugars and organic acids are used from Truong (2003) and the average measured density 

for maltodextrins with various dextrose equivalents was obtained from Takeiti et al. 

(2010).  
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correlation of the interaction parameter with molecular weight can be interpreted as the 

deviation from ideal mixing of the solvent and solute. For smaller molecules such as 

monosaccharides, polyols and organic acids the dissimilarity in molecular size and the 

energetic difference of the molecules and water are relatively small and therefore the 

value of the interaction parameter is relatively low.  

For polymers, due to the difference in size and conformational configuration in 

comparison to water molecules, the interaction parameter is larger, accounting for 

enthalpy and entropy deviations from ideal mixing. These differences do not dissipate 

with the increase of the water molecules in the systems, therefore the interaction 

parameter is believed to be constant. The interaction parameter does not increase 

infinitely with the molecular weight, the exact relation between the interaction parameter 

and polymers with very high molecular weight are still not fully understood and further 

investigations are required in this field.  

Figure 4.4.1. Prediction of the relat ion of the water activity and glass transition 

temperature for maltodextr in DE 10 using a fixed and changing interaction 

parameter. Experimental data from (Roos & Karel, 1991c). 
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the resulting error is minor, since the overall trend for the system with low glass transition 

temperature and polysaccharide fraction is quite similar.  

Table 4.4.5. Coefficient of determination of the estimated stability curves of the various 

mango powders. 

MD DE 17-21 fraction 0 0.2 0.4 0.6 0.8 1 

R2 0.95 0.98 0.98 0.99 0.99 0.99 

 

The overall trend of decreasing Tg values with increasing water activity is almost linear 

for the pure mango powders up to a weight fraction of 0.4 maltodextrin with a small 

curvature at higher water activities. At a weight fraction of 0.6 maltodextrin DE 17-21, a 

stronger Tg depression from 0 water activity to 0.11 than from 0.11 to 0.22 can be 

observed. The greater the maltodextrin content the more pronounced the decrease of the 

glass transition temperature is from the solid mixtures to lower water activity levels.     
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Figure 4.4.4. Prediction of the relation of the water activity and glass transition temperature for 

data of the mango powders with various maltodextrin DE 17-21 fractions presented by (Fongin et 

al., 2017).  
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Figure 4.4.5. Sorption isotherms of mango soluble solids with various 

maltodextr in DE 17-21 fractions from A) 0 to 0.8 water act ivity and B) an 

enlargement at low water activity from 0 to 0.4. 
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For comparison reasons the mango powder and acai powder at similar maltodextrin 

contents are plotted in the same graph (Figure 4.4.9). Since the main component in both 

systems is maltodextrin DE 20 the overall behaviour of the systems should be very similar 

due to high polysaccharide contents of 80%. It can be observed, up to a water activity of 

0.22, that the two systems show the same trend. For the acai powder, the Tg are almost 

constant between water activities of 0.22 and 0.43, which implies that the powder did 

absorb a minimal amount of moisture.  

Figure 4.4.8. Prediction of the relat ion of the water activity and glass transition 

temperature for data of the acai powders with various drying aids presented by 

(Tonon et al., 2009). 
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This is not the case for the mango powder, where there is gradual increase in the moisture 

content and therefore a progressive depression in the Tg values of the powder. The fitted 

and predicted sorption isotherms for the mango powder and acai powder are illustrated in 

Figure 4.4.10. Modelled sorption isotherm of the mango and acai powders at 

high maltodextrin amounts using the GAB and FHVT models. 

Figure 4.4.9. Tg values of mango powder and acai powder with similar 

maltodextr in DE 20 contents at various water activit ies. 





Prediction model  142 

 

Figure 4.4.11. Prediction of the relation of the water activity and glass 

transition temperature for data of the orange juice powders with fractions of 

MD DE 10. In A, only the predicted values are used. In B, the Tg solid values 

of the mixture of powder from the study by Islam et al.  (2016) are uti l ized. 



Prediction model  143 

Similar to the previous described system the experimental data follows a more fully 

curved line than the slight curvature of the FHVT model (Figure 4.4.11 (A)), which makes 

the overall prediction of the relation of water activity and glass transition temperature 

very difficult with an R2 of 0.42 for the 40:60 ratio and 0 for the other two systems. 

Adjusting the Tg values of the solid mixture to the values presented only be improves the 

overall prediction slightly (Figure 4.4.11 (B)). The great difference in the sorption 

isotherms for the predicted orange juice powders in comparison to the measured sorption 

isotherm is similar to the example shown in Figure 4.4.10 and does not allow for an 

accurate fit to the experimental data. 

4.5 Conclusion 

In this chapter, a new model of predicting the glass transition temperature of low 

molecular weight mixtures with carbohydrate polymers was developed on the basis of the 

chemical composition. The modifications of the Couchman-Karasz equation allow to 

account for the negative deviation from linearity seen for the glass transition temperature 

of mixtures of low molecular weight components upon the addition of carbohydrate 

polymers. An adapted Flory-Huggins Free Volume Theory (FHVT) model was presented 

as an alternative approach for estimating the sorption isotherm of fruit juice powders on 

the basis of the chemical composition, instead of relying on the fitting of the BET or GAB 

models to the experimental data. The combination of the prediction model of the glass 

transition temperature of mixtures in the dry state and the FHVT model were applied to 

estimate the glass transition temperature at various water activities for fruit powders 

presented in the literature. This approach resulted in a very good representation of the 

trend of the glass transition temperature for the different system at various water 

activities. Some limitations were found in predicting the trend of Tg for some fruit 

powders due to discrepancies between the behaviour of the sorption isotherm found in 

the literature and estimated ones. However, the test of the approach on the literature data 

demonstrated that it is possible to predict the glass transition temperature of carbohydrate 

mixtures with only the chemical composition of the powders as an input criteria. 

The next step is to validate the effect of polysaccharide on the Tg of the fruit juice solids 

and Tg values of fruit juice powders in general. Therefore six commercially produced fruit 

and vegetable juice concentrate freeze dried powders are investigated for their glass 

transition temperature in the following chapter. 
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Table 5.2.2. Distribution of the sugar and organic acid composition in the fruit and 

vegetable juices. 

Compound 
Black   

currant  

Kiwi  

fruit  

Clear 

apple 

Cloudy 

apple 
Lemon Carrot  

Fructose (%) 37 43 61 58 23 18 

Glucose (%) 27 39 18 22 20 22 

Sucrose (%) - - 14 12 - 56 

Citric acid (%) 36 11 - - 56 - 

L-malic acid (%) - 4 5 6 2 3 

Sorbitol (%) - - 2 1 - - 
 

The distribution of the sugars and organic acid in the juices agree well with general 

compositions stated in the literature (Eisele & Drake, 2005; Ford, 2012; Heiberg et al., 

1992). However, considering the total mass balance of the sugar and organic acid in the 

juices (Table 5.2.1) in comparison to the total solid content there is still a large 

discrepancy. For blackcurrant and kiwifruit the sugars and organic acids contribute 

around 72% of the total solid content, for clear apple and carrot around 77% and for lemon 

and cloudy apple the fraction is much higher at ca. 86%. These values might not be 

entirely accurate due to variance in the HPLC measurement and the total solid content. 

For the kiwifruit and blackcurrant juice, the difference is almost 30% between sugar and 

organic acids and the total solid content.  

In this study the juices have not been studied for their protein, fat and dietary fibre content, 

but the chemical composition of commercial blackcurrant juice concentrate has been 

presented in the New Zealand food composition database (Research, 2019). The 

contribution of these components is relatively small with fats making only up 0.5 g/100g, 

proteins 0.3 g/100g and dietary fibres 3.1 g/100g of the total solid content. By adding 

these amounts to the sugar and organic compounds the whole composition represents 

roughly 80% of the total solid content, which leaves another 20% that is unknown. 

Willems and Low (2016) investigated the effect of the intensive enzyme treatment in 

commercial pear juice production on the cell wall polysaccharides in the juice. The study 

showed that the monosaccharide and oligosaccharide content from the hydrolysed 

pectins, starch and hemicellulose increases in the mashing stage and by further 

carbohydrase treatment. Other processing stages have shown to have little influence on 

the carbohydrate profile observed in the chromatographic results (Willems & Low, 2016).  
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Figure 5.3.1. (A) The second cycle of the DSC heating curve of the various 

juice powders at zero water activity. (B) Both heating cycles of the DSC signal 

of cloudy apple juice powder.  
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a water activity of 0.23, but the overall difference is reasonably small, which corresponds 

well to the similar behaviour for the juice powders. The carrot powder isotherms follow 

a slightly different path due to the high concentration of sucrose in the system, whereas 

the other juices have a greater proportion of very low molecular components such as 

monosaccharides and organic acids. The FHVT model allocates a similar interaction 

0.38 with water to the low molecular weight components. Only small deviations are 

evident due to slight differences in their molecular weight. From the fact that the trend of 

the sorption isotherms is identical for the various juices powders, even though the 

distribution of the sugars and organic acids differ between the juices, it can be assumed 

that the low molecular weight component can be categorized into one group with a very 

similar interaction parameter. It is noticeable that the measured moisture content for clear 

apple juice powder is especially low at a water activity of 0.11 and 0.23 in comparison to 

the other samples. The estimated moisture content at the various water activities using the 

FHVT model can be related back to the glass transition temperature as presented for the 

pure fruit powders in the following section.   

Figure 5.4.1. Moisture content of the six juice powders at di fferent water 

activit ies and the predicted corresponding sorption isotherm using the FHVT 

model.  
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The clear apple juice powder appears to be more liquefied at a water activity of 0.11 

(Figure 5.4.6). It is harder to differentiate between the individual particles. At the other 

water activities the same visual changes as for the previous powders can be seen. The 

predicted values based on the sugar and organic acid composition match the measured 

values more closely for clear apple concentrate powder since the glass transition 

temperature of the predicted and measured powder at zero water activity are much closer 

as seen in (Table 5.4.3 and Figure 5.4.7) with an R2 of 0.87. By using the measured value 

of clear apple concentrate powder the prediction can be improved to a fit of R2 of 0.97. 

The overall fit is a bit lower than the other powders, this is due to the higher measured Tg 

values at a water activity of 0.11 and 0.22. 

  

Figure 5.4.7 Prediction of the effect of water on the Tg depression of clear 

apple juice powder on the basis of the sugar and organic acid composit ion and 

using the DSC value of clear apple juice powder at zero water activity. The 

error bars refer to the 95% confidence interval for n=3. 
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temperatures does not impact the predicted values as much as the two predicted lines are 

close together.  

The study of the fruit juices provided a better understanding of the glass transition 

temperature and its relation to the moisture content in these systems. It also proved that 

the proposed prediction approach of Chapter 4 is applicable for predicting the Tg if fruit 

juice powders and their storage stability at various water activities.  

The next step is to validate the effect of the polysaccharide on the glass transition 

temperature of the fruit juice solids. Therefore various mixtures of the polysaccharide 

maltodextrin DE 9-13 with the individual solid components in the blackcurrant juice and 

blackcurrant juice itself are investigated in the next chapter.  
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Figure 6.2.5. Predicted and measured Tg values of various blends with various ratios of 

maltodextr in DE 9-13 at zero water activity. The error bars refer to the 95% confidence interval 

for n=3. 
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be observed that the width of the gap between the onset and end points is smaller up to a 

weight fraction of 0.7.   

 Dynamic heterogeneity in maltodextrin DE 9-13 blends 

In Section 2.6.1, the two studies by Icoz et al. (2005) and Kawai and Hagura (2012) are 

discussed in detail. Both studies show the effect of mixing components with different 

molecular weights on the DSC heat flow signal. Icoz et al. (2005) demonstrated when 

mixing two dextrans with molecular weights of 970 Da and 2000 kDa that the DSC signal 

of the blend resembled the DSC signal of the 970-Da dextran, but broadened out as the 

concentration of the 2000 kDa dextran increased. The DSC heat flow signal of a mixture 

containing an 80% concentration of the 2000 kDa dextran was similar to the signal for 

pure 2000 kDa dextran. Kawai and Hagura (2012)  investigated the change of the DSC 

heat flow signal of glucose blends with increasing concentrations of dextran. The study 

also showed a widening of the glass transition temperature with increasing concentration 

of dextrin in the system. As already stated in Section 2.5.1, a single glass transition 

temperature in a DSC thermogram is not a reliable indicator for complete homogeneity. 

Because of self-association of polymers and the dynamic fluctuation of various length 

Figure 6.2.7. Onset, offset and midpoint Tg data for the fructose and 

maltodextr in DE 9-13 blends at zero water activity. The error bars refer to the 

95% confidence interval for n=3.    






















































































































































































