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1.1. General introduction  
Drying refers to the process of removing water or another solvent from a material by 

evaporation. The process is not only applied to achieve the desired end-product but also 

enables preservation, efficient handling and transportation. Many dryer types have been 

reported in literature and are used in the drying of solutions, slurries, pastes, particulate solids 

or sheets (Mujumdar, 2015; Ratti, 2001). The most prominent dryers, covering over 85% of 

all industrial dryers, are convective with either hot air or combustion gases as heat transfer 

medium (Mujumdar, 2015). Among the convection drying technologies, spray drying is a 

widespread technique used to transform a liquid feed into powder particles by contacting an 

atomized feed with a hot drying gas (Masters, 1985). Spray drying results in powders with 

long shelf lives, which can easily be transported and readily reconstituted. The industrial 

application of spray drying began already in the 1920s with milk and detergents (Keshani et 

al., 2015). Over the years, spray drying evolved as an industrial drying technology with a 

wide range of applications in the food, pharmaceutical and chemical industries (Fu et al., 

2020; Fu, Woo, Chen, et al., 2012; Vehring, 2008). The array of spray-dried products has 

extended in recent years owing to the many advantages of the technique, including its high 

production capacity and fast drying rate, controllable continuous mode of operation, 

applicability to heat-sensitive materials and its suitability for drying various types of 

feedstocks (Filková & Mujumdar, 1995). Despite the advantages and widespread use of spray 

dryers, it is still difficult to predict and thus control the quality of the powder that is produced. 

This is caused for a substantial part by the limited understanding of the particle formation 

process (Vicente et al., 2013). The desired product quality is usually attained by inefficient 

trial-and-error approaches that need to be repeated for different products and spray drying 

systems. The lack of understanding and limited scope for control of the particle formation 

process negatively affects the operational efficiency of spray dryers, for instance due to 

fouling and suboptimal production capacity. This may lead to higher energy costs than 

necessary and may result in significant material losses when the final powder fails to meet 

the desired quality specifications. Hence, understanding the particle formation process is 

considered key for improving the operation efficiency, with possible energy and material 

savings, while achieving the desired powder quality. 

During spray drying, droplets generated by atomization of the liquid feed are converted into 

powder particles with a particular size, surface composition and morphology depending on 
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both the feed properties and the process parameters. The properties of the primary particles 

are also the basis for the properties of agglomerates, which are porous secondary particles 

often generated by joining primary particles via collisions during spray drying (Palzer, 2005). 

The properties of the agglomerated powder largely define the powder performance, including 

the bulk density, flowability, stability, dispersion and dissolution behaviour (Dhanalakshmi 

et al., 2011; Fu et al., 2020). Considering that the primary particles constitute the 

agglomerated particles and accordingly determine the bulk properties of the final powder, it 

would be desired to predict and control the properties of the primary particles, such as the 

morphology (Bumiller et al., 2002; Fu, Woo, Chen, et al., 2012; Sadek, Schuck, et al., 2015; 

Takeiti et al., 2008; Walton, 2000). To create a free-flowing powder, for example, particles 

should ideally be smooth and spherical with little or no surface distortions, while irregular 

particles will not be free-flowing and have a higher bulk density (Both et al., 2020; Walton, 

2000). Spherically shaped and porous powder particles may have superior wetting, 

dispersibility and solubility properties (Sadek et al., 2014; Selvamuthukumaran, 2019). 

Morphological control of primary particles from spray drying is also essential for peroral, 

pulmonary or nasal delivery of pharmaceuticals. For example, low density or hollow particles 

can be advantageous for pulmonary drug delivery as they improve the dispersibility and the 

delivery efficiency by lowering the aerodynamic diameter of particles (Vehring, 2008). The 

control of the morphology development during drying is also believed to be critical for the 

controlled release and protection of active ingredients or retention of volatile substances, like 

flavours (Hecht & King, 2000; Nandiyanto & Okuyama, 2011; Vehring, 2008).  

For successfully adapting the primary particle morphology during spray drying towards 

desired applications, a sound understanding of key factors governing the morphology 

development during drying is required. In practice, many system parameters have been found 

to influence particle morphology. These include the gas temperature, gas and feed injection 

rates, the shape of the nozzle and the physicochemical properties of the material (Boel et al., 

2020; Both et al., 2020; Sadek, Pauchard, et al., 2015; Vehring et al., 2007). Despite the 

obtained insights in parameters affecting the morphology, there is still a lack of coherent 

understanding of the physical effects responsible for the morphology evolution. A thorough 

understanding of these effects and subsequent predictive modelling are crucial next steps to 

advance particle morphology engineering during drying.  
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Given that the morphology of the primary particles is at the basis of the properties of a powder 

formed from these particles or from aggregates that may be formed from these primary 

particles, we will focus on the development of the morphology of the primary particles during 

spray drying. The following sections of this chapter provide background information on the 

morphology development of these primary droplets during drying. In section 1.2 the 

principles of morphology development will be discussed with a focus on skin formation. 

Approaches to studying the morphology development during drying are discussed in section 

1.3. Here, single droplet drying is highlighted as an important research technique for 

obtaining real-time information on morphology development during drying. Finally, in 

section 1.4 the research objective and an outline of the thesis are provided. 

1.2. Morphology development 
During spray drying, water or another solvent is evaporated from the droplets. The result is 

that dry particles are generated with different shapes and internal structures, i.e. different 

morphologies. In the past decade, interest has increased in finding effective strategies to tailor 

the morphology of particles during spray drying, especially when there is a need to control 

for easy powder handling and desired powder bulk properties (Giorgiutti-Dauphiné & 

Pauchard, 2018). Therefore, efforts to understand and accordingly steer the morphology 

development during spray drying have been made in various fields; including food (Both, 

Nuzzo, et al., 2018; Bouman et al., 2016; Griesing et al., 2016; Rogers et al., 2012; Sadek, 

Pauchard, et al., 2015; Wu et al., 2014), pharmaceutical (Boel et al., 2020; Vehring, 2008; 

Vicente et al., 2013) and chemical/nano-industry (Iskandar et al., 2003; Nandiyanto & 

Okuyama, 2011).  

The morphology development of a droplet depends on the solidification mechanism during 

drying, which is directly influenced by both the composition and the process parameters. In 

literature, one often discriminates the type of solidification mechanism initiated based on 

comparing the diffusion rate of the solutes with the radial velocity of the receding droplet 

surface, which is often described with the non-dimensional Péclet number (Archer et al., 

2020; Boel et al., 2020; Both, 2019; Bouman et al., 2016; Sadek, Schuck, et al., 2015; 

Vehring et al., 2007; Vicente et al., 2013). The Péclet number is defined as the ratio of the 

evaporation rate and the solute diffusion coefficient. As long as the diffusive transport of the 

solute away from the droplet surface to the droplet centre is fast relative to the rate of 

evaporation (Pe « 1), the droplet shrinks isotropically and solutes diffuse inward, yielding a 
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solid and dense particle (Fig. 1.1). During most droplet drying processes, however, the 

evaporation rate remains large while diffusion rates go down at some point (Pe » 1). In this 

case, there is insufficient time for redistribution of the solutes by diffusion within the droplet, 

resulting in large concentration gradients between the droplet’s surface and centre. The 

surface becomes enriched in solutes leading eventually to a semi-solid layer referred to as 

“skin” (Fig. 1.1). Most organic materials, including many food formulations, are skin forming 

materials (Walton, 2000). Besides skin forming materials, crystalline and agglomerate 

materials also exist, but these are usually produced from inorganic compounds. The vast 

majority of morphology research has been concerned with the study of skin forming 

materials, as is the case in this thesis. 

 

Figure 1.1. Schematic illustration of the common types of morphologies developed based on the solidification 
mechanism. When the diffusive transport is dominating during drying (i.e. Pe « 1) it likely results in a dense 
and solid particle (left path). If, however, evaporation predominates (i.e. Pe » 1), a skin is formed and 
different morphologies may arise (right path).  

From the onset of skin formation, the morphology of the droplet can change considerably 

depending on the process conditions and material properties. The spherical droplet may for 

instance develop into a smooth and hollow particle or a more irregular particle with dents 

and possibly a vacuole or multiple vacuoles (Fig. 1.1). As soon as the skin develops some 

degree of solidity, or sometimes one refers to elasticity, further evaporation will result in the 

accumulation of internal stresses. This elasticity may arise when a gel or glass is formed due 

to for example entanglements or jamming of molecules (van der Sman, 2012b). The stresses 

emerge from pressure differences generated during drying and changes in the material 
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properties due to drying or phase transformations (Vehring, 2008). To illustrate, during 

drying of colloidal dispersions, capillary stresses develop as menisci form between the 

colloidal particles during solvent evaporation (Lintingre et al., 2016). Besides, 

compressive/shrinkage stresses develop during continuing evaporation of solvent from the 

core of the drop through the skin. The final particle morphology developed is said to be 

governed by the skin’s reaction to these stresses (Giorgiutti-Dauphiné & Pauchard, 2018; 

Sadek, Pauchard, et al., 2015). Depending on how the skin properties, including rheological 

properties and shell thickness, evolve with the drying time, different mechanical instabilities 

occur to relieve the stresses acting on the skin, including cavitation, buckling, cracking, or 

wrinkling (Both, 2019; Bouman et al., 2016; Du et al., 2020; Giorgiutti-Dauphiné & 

Pauchard, 2018; Lintingre et al., 2016; Sadek et al., 2013; Tsapis et al., 2005; Zhang et al., 

2014). If, for instance, a skin has enough structural strength early during drying, it will not 

deform considerably during the time scale of drying, hence resisting most surface distortions 

and retaining its spherical shape. Softer skins will gradually deform over time to relieve the 

drying stresses, which may result in for example wrinkling, folding or creasing (Du et al., 

2020; Li et al., 2011).  

The development of the rheological properties and the thickness of the skin during the drying 

process depends on the material properties and the drying conditions (Boel et al., 2020; 

Giorgiutti-Dauphiné & Pauchard, 2018). Sadek et al. (2015a) studied the mechanical 

properties of milk protein skins after drying. They demonstrated with whey proteins, which 

are sometimes compared with rigid colloids, a brittle plastic skin layer was formed yielding 

smooth, spherical, hollow and fractured particles. The hollow structure is the consequence of 

an under-pressure which is developed in the droplet during drying and causes cavitation or 

sometimes named vacuole formation (Bouman et al., 2016). For casein micelles on the other 

hand, which may be viewed as soft, deformable colloids, a ductile elastic skin was formed 

resulting in twisted and wrinkled particles. The effect of changing the composition of 

mixtures of protein and carbohydrate was studied by Both et al. (2018a), who found that a 

high concentration of proteins yielded smooth and hollow particles, whereas particles with 

more carbohydrate (maltodextrin) were wrinkled and contained small vacuoles. They 

concluded in a later report that in the case of high ratios of whey proteins, jamming of whey 

proteins in the skin occurs during drying, resulting in an elastic skin yielding a smooth and 

spherical particle (Both, Tersteeg, Boom, et al., 2019). Besides the solute composition, the 
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solute concentration is also important for the skin properties developed. Bouman et al. (2016) 

showed for whey proteins that lower initial concentrations resulted in more wrinkled 

particles, while higher concentrations yielded smooth and hollow particles. Similarly, Rogers 

et al. (2012) found more extensive buckling at low initial concentrations. This is probably 

related to the thickness of the skin at the moment that it develops structural rigidity. 

Since the formation of a skin results from the balance between diffusion and evaporation rate 

(i.e. Péclet number), the drying conditions, like the temperature, relative humidity and droplet 

size also affect the skin properties and the resulting particle morphology. Generally, higher 

temperatures lead to rapid evaporation and rapid skin formation, whereas lower temperatures 

give slower evaporation and allow the diffusional redistribution of the components depending 

on their characteristics (e.g. molecular weight and surface activity) (Sadek, Schuck, et al., 

2015). The eventual skin properties may differ depending on this redistribution, affecting the 

final morphology of the particle. Both et al. (2018a) for instance obtained more hollow 

particles after single droplet drying at low temperatures, whereas particles dried at higher 

temperatures tended to become wrinkled with a fixed ratio of maltodextrins and whey 

proteins. With confocal Raman microscopy, they showed that different drying temperatures 

result in different distributions of the components in the skin, where low temperatures 

promote phase separation causing whey proteins to dominate the skin properties and hence 

the morphology development.   

The initial droplet size has similar effects on the eventual distribution and morphology 

development during single droplet drying. Droplets with larger initial diameter have a smaller 

surface-area-to-volume ratio and dry at a lower relative rate. Since they take longer to dry at 

similar process conditions than smaller droplets, there is more time for redistribution of the 

components and skin formation occurs later in the drying process (Both, 2019). Therefore, 

the larger droplets will develop a thicker skin (Gouaou et al., 2019). This effect of the droplet 

size on the eventual skin properties should especially be considered when comparing single 

droplet drying and spray drying as the droplet sizes are typically much larger for single 

droplet drying techniques. For this reason, it is important that the droplets studied in isolation 

should be as small as possible, and ideally similar to those generated in a spray dryer, 

resulting in more comparable drying rates and Péclet numbers (section 1.3).  

Next to the drying temperature and the droplet sizes, the relative humidity of the vapour phase 

affects the properties of the skin formed and the deformations occurring (Pauchard & Allain, 
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2003). All the aforementioned studies indicate that we should understand skin formation and 

the developed skin properties as a combined function of the material properties and the 

process conditions. This will involve measuring, predicting and mechanistically 

understanding the skin formation dynamics not after, but during drying. 

1.3. Studying particle morphology 
In industrial practice, spray drying processes are often optimised via experiments and 

subsequent statistical analysis of process and formulation parameters with the produced 

powder characteristics, including the morphology (Dobry et al., 2009). Spray drying 

processing parameters and/or feed properties may be systematically changed and produced 

morphologies are subsequently studied after spray drying, employing microscopy (Alamilla-

Beltrán et al., 2005; Both et al., 2020; Littringer et al., 2013; Paramita et al., 2010; Walton & 

Mumford, 1999). Although this empirical approach is useful for deducing relevant 

parameters for the final morphology, it does not allow for conclusions about conditions 

outside the range of those used during the experiments, and may therefore lead to suboptimal 

operation. Mechanistic understanding will however enable us to draw general conclusions, 

even if they are outside the direct range of experimental study. For this, we however need 

direct observation of the particle morphology evolution during the drying process itself.  

Studying the morphology development in a spray dryer is virtually impossible as droplets 

show a wide size distribution and trajectories upon atomization, while the fast-drying kinetics 

(~ seconds) complicates recording the dynamics (Adhikari et al., 2000; Sadek, Schuck, et al., 

2015). Additionally, probing the relevant processing parameters for morphology 

development in situ may be cumbersome at a large scale, and performing experiments at 

larger scales may become costly and may generate significant waste. These issues have 

resulted in the development of single droplet drying techniques as a better-controlled version 

of the spray drying process itself, allowing for continuous tracking of a single droplet during 

drying under controlled conditions that resemble to any extent possible those found in spray 

dryers (Fu, Woo, Chen, et al., 2012).   

Single droplet drying was originally developed to study the evaporation of pure liquid 

droplets by Fuchs (1934), Frossling (1938) and Langstroth et al. (1950). These studies were 

later extended by Ranz and Marshall (1952) to solutions, suspensions and pastes. In recent 

years, single droplet drying has been used to establish insight on the effect of multiple 
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parameters during droplet drying on morphology development, including formulation, 

droplet size, initial solids concentration, drying air temperature and speed and air humidity 

(Both, 2019; Fu, Woo, Chen, et al., 2012; Schutyser et al., 2018). Several experimental 

techniques for studying single droplet drying have been developed for this purpose, including 

free-flying, pendant, sessile and acoustic/aerodynamic levitation. The morphology 

development during drying is typically tracked by cameras or microscopic techniques and 

dried particles can be further characterized for their morphology with for example scanning 

electron microscopy, (cryo-) transmission electron microscopy, X-ray diffraction, confocal 

Raman microscopy or X-ray tomography (Boel et al., 2020; Both, 2019). In this thesis a novel 

sessile single droplet dryer is introduced, enabling drying of droplets with smaller initial 

droplet sizes than can be obtained using most existing sessile single droplet drying techniques 

(i.e. with a minimum of 200 μm instead of typically mm range) (Foerster et al., 2016). As 

discussed earlier, this is important for allowing better comparison to industrial-scale spray 

dryers. The technique consists of depositing a droplet on a hydrophobic surface placed inside 

a drying chamber where the drying conditions are controlled (Fig. 1.2). The hydrophobic 

surface is required to fix its location and at the same time retain an almost spherical droplet 

shape. This drying technique is well capable of following the morphology development 

during drying as the droplet remains in the focal plane of the camera throughout the drying 

process. With the drying videos recorded, it is then possible to obtain an indirect indication 

for the inception of the skin (i.e. locking point) and to follow the subsequent mechanical 

instabilities taking place.  

 

Figure 1.2. Sessile single droplet drying, with (A) an overview of the novel sessile single droplet drying set-
up presented in this thesis, (B) a schematic illustration of the sessile single droplet technique, (C) a time-
lapse of a drying maltodextrin droplet with an initial dry matter content of 30% (w/w), dried with hot air of 
90 °C and an air velocity of 0.3 m/s.  
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The single droplet drying process is frequently used to interpret the morphology development 

during industrial spray drying, though it is undoubtedly a simplified, idealized version of the 

spray drying process. For instance, many single droplet drying techniques dry droplets with 

larger droplet diameter when compared to the size ranges achieved during spray drying (i.e. 

mm instead of ~10-100 µm), resulting in an increased drying time (i.e. minutes instead of 

seconds) and a different balance between evaporation and diffusion (Boel et al., 2020; Fu, 

Woo, & Chen, 2012; Sadek, Schuck, et al., 2015). In addition, heat and mass transfer can be 

different from spray drying due to the design of the drying device, which can be the case for 

pendant and sessile droplet drying (Perdana, Fox, Schutyser, et al., 2013). Besides, during 

spray drying, different droplets experience different drying trajectories through the spray 

dryer, which probably include droplet-droplet and droplet-drying chamber wall collisions. 

Despite the differences between the single drop drying and spray drying process, literature 

has frequently shown that overall the industrial spray-dried particle morphologies could be 

deduced from those generated with single droplet drying (Both et al., 2020; El-Sayed et al., 

1990; Fu, Woo, Moo, et al., 2012; Nuzzo et al., 2017; Schiffter & Lee, 2007; Ullum et al., 

2010; Walton & Mumford, 1999). This implies that, within limitations, it is possible to use 

single droplet drying as a technique to study and predict the morphology of spray-dried 

powders without performing expensive industrial spray drying trials. Additionally, drying of 

a single droplet under controlled conditions is valuable for providing real-time information 

on the mechanisms of drying that give rise to the morphologies, including shrinkage 

behaviour of droplets, skin formation, and mechanical instabilities occurring, such as 

cavitation and wrinkling. Once the observations during single droplet drying are 

complemented with particle analysis after drying and other experiments that facilitate 

insights on the drying behaviour of materials, a theoretical framework can be designed to fill 

the gap in knowledge regarding the particle morphology and engineering thereof. Besides 

this, models simulating droplet morphology evolution are also expected to contribute to an 

improved understanding of morphology development during drying, albeit still in their 

infancy. Handscomb and Kraft (2010) were the first to construct a modelling framework 

simulating the structural evolution of droplets following shell formation. The framework 

combined a core droplet description with a number of structural sub-models. They developed 

criteria for picking the appropriate sub-model, allowing simulation of structural evolution as 

influenced by changing droplet composition and drying conditions. They used the framework 

to simulate the drying of droplet colloidal silica and combined the results from the 
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simulations to produce a morphology map linking the suspended particle size to the dried-

particle morphology. Du et al. (2020) also developed a model for the morphology 

development of a soft matter droplet based on a pseudo-dynamic analysis. They were able to 

construct morphology maps, linking the final morphology to elastic length, gel layer 

thickness and weight loss. It is expected that eventually morphological models will be 

developed that have a sound coupling between rheology and drying, where the parameters of 

the model are tuned by comparison to for instance single droplet drying and rheology 

experiments.  

1.4. Objective and outline of the thesis 
On the basis of the discussion above, the overall objective of this thesis is to relate the 

fundamental properties of the drying materials to the dynamics and skin properties of drying 

single droplets. To do this, we aim to predict the skin properties during drying and the final 

particle morphology, from the rheological properties of the constituents depending on 

concentration and change in temperature. The insights obtained in this work may offer a route 

towards multi-scale understanding and better control of spray drying processes.  

To achieve our goals, different experimental techniques and models are combined. Given the 

primary interest in foods, the focus will be on components that are relevant for foods, such 

as maltodextrins, whey proteins, caseins and probiotics. In the following paragraphs, the 

content of the chapters of this thesis is summarized (Fig. 1.3).  

In Chapter 2 the viscosity profiles as function of the concentration of maltodextrins, whey 

proteins and their mixtures are measured and described with well-known viscosity models. 

Whey proteins follow the Krieger-Dougherty relation for dispersions of hard-spheres, while 

the viscosity of maltodextrins can be described with a combination of the Spurlin-Martin-

Tennent and Williams-Landel-Ferry theories. The viscosity data are linked to observations 

during single droplet drying. 
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Figure 1.3. Schematic overview of the thesis content including chapter division.  

Chapter 3 focuses on the moisture diffusivity during drying of concentrated protein and 

carbohydrate systems. An accurate description of the moisture diffusivity supports modelling 

the single droplet drying process. Diffusion data for the different food matrices are obtained 

from thin film drying combined with gravimetric analysis in a dynamic vapour sorption 

analyser. Obtained experimental moisture diffusivities are compared to theoretical diffusion 

models, including the Darken relation for the mutual diffusivity and the free-volume theory 

for the self-diffusivity of moisture.  

In Chapter 4 a new sessile single droplet dryer is employed which is specifically designed 

for studying the morphology development of sessile single droplets closer to the droplet sizes 

generated during spray drying. The novel system uses a piezoelectric dispenser capable of 

dispensing small droplets at relatively high initial dry matter contents. With this single droplet 

drying technique, the morphology development of maltodextrins varying in dextrose 

equivalence (DE) is investigated. Molecular weights, glass transition temperatures and 

rheological properties of the different maltodextrins are used to explain the evolution of the 

structure of different particles.  

Chapter 5 continues with a more detailed characterisation of the rheological behaviour of 

concentrated maltodextrins varying in DE. For this, rheological master curves are constructed 

with superposition principles, which map the rheological behaviour of maltodextrins at 
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various temperatures and concentrations in a single plot, covering a very wide range of 

conditions. Master curves are described with a model for transient or entangled networks. 

Rheological data are linked to droplet drying based on modelling of temperature and moisture 

evolution using an effective diffusion model validated with sessile single droplet drying 

experiments.  

In Chapter 6 we assess if morphology development may be important for protecting heat-

sensitive components. More specifically, we investigate if morphology development can be 

related to the survival of probiotic Lactobacillus plantarum WCFS1 after drying. Different 

drying matrices varying in physicochemical properties have been selected that result in 

different particle morphologies.  

Finally, in Chapter 7 we first provide a general discussion of the main findings of Chapters 

2-6. To put the main findings into a broader perspective we then investigate the rheology of 

concentrated globular whey proteins as an important protein model system and accordingly 

test the applicability of superposition principles for explaining the morphology evolution 

during drying. We compare the results for whey proteins and maltodextrins and attempt to 

establish a mechanistic explanation for the morphology development. Additionally, pilot-

scale spray drying experiments are performed to verify whether and how the conclusions 

from single droplet drying can be translated to the results obtained at large scale. Finally, the 

chapter will provide some thoughts for future research.        



 

 



 

This chapter has been published as Both, E.M., Siemons, I., Boom, R.M., Schutyser, 

M.A.I. The role of viscosity in morphology development during single droplet drying.  

Food Hydrocolloids. 2019, 94. https://doi.org/10.1016/j.foodhyd.2019.03.023. 
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2.1. Abstract 
Particle morphology influences the final quality of a powdered product. However, the 

mechanisms behind morphology formation are not completely understood yet. In this study 

particle morphology is linked to rheological properties of the concentrated liquid 

formulations at high concentration. Shear rate sweeps showed jamming of the whey proteins 

at concentrations of ~50% (w/w), whereas maltodextrins remained fluid up to concentrations 

of ~70% (w/w). The morphology development of the latter components during single droplet 

drying could be influenced by altering the initial droplet size and dry matter content. If 

droplets had a high initial dry matter (50% (w/w) morphology development started 

immediately, and the formed morphology could be explained by the rheological behaviour 

of the mixture at that concentration. This indicated that measuring the rheological properties 

at high concentrations can provide insight in morphology development. Gaining insight on 

morphology development will eventually lead to higher quality powdered products. 
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2.2. Introduction 
Spray drying is a widely used process to convert liquid formulations into powder to facilitate 

transport and extend their shelf-life. During drying not only water is removed, but the powder 

will also attain a particular morphology, which is related to quality parameters such as 

flowability (Fu, Huck, Makein et al., 2012) and reconstitution behaviour (Takeiti et al., 2008). 

The morphology development during spray drying of droplets can be followed using single 

droplet drying, imposing controlled and monitored conditions (Schutyser et al., 2018). The 

use of single droplet drying to mimic spray drying has been extensively discussed in reviews 

(Fu, Woo, Chen, et al., 2012; Sadek, Schuck, et al., 2015; Schutyser et al., 2018). Although 

the drying rate during single droplet drying experiments is lower (especially due to difference 

in droplet size) compared to spray drying, the particle morphologies observed are 

representative for spray-dried particles (Nuzzo et al., 2015; Sadek et al., 2014; Sadek et al., 

2016). Some studies report more pronounced morphologies in single droplet drying, while 

the overall appearance is similar (Nuzzo et al., 2017). This shows that single droplet drying 

experiments are meaningful for mimicking and studying spray drying processes. 

In a previous study on single droplet drying of solutions containing whey protein (WP) and 

maltodextrin DE12 (MD) we already concluded that the typical morphology varies from 

particles with a wrinkled surface and small internal vacuoles, to particles with a smooth 

surface and a large internal vacuole (Both, Karlina, et al., 2018; Bouman et al., 2016). This 

morphology could be influenced by altering the drying conditions, which was explained by 

the combination of the drying rate and the subsequent different skin properties. Depending 

on the composition, conditions could be identified at which lowering the drying temperature 

created a transition from wrinkled towards smooth particles. In the current research we will 

extend this work by investigating the effect of the dry matter content and droplet size on the 

morphology development, at the conditions identified previously. 

To understand the morphology development, it is important to gain better insight on the 

rheological properties of the formed skin. During drying, solutes in the droplet become 

increasingly concentrated at the droplet surface, which leads to the formation of a viscoelastic 

skin (Vehring et al., 2007). The rheological properties of the skin contribute to particle 

morphology development; however, measurement of these properties in-line is very 

challenging or virtually impossible. Instead, bulk rheological properties of the solutions may 

be assessed, e.g. viscosity or viscoelastic properties. The viscosity of highly concentrated 
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solutions has been measured for several model systems (e.g. Avaltroni et al., 2004; Brownsey 

et al., 2003; Dahbi et al., 2010; Haene and Liederkerke, 1996; Parker et al., 2005) and for 

whey proteins has been related to morphology by Sadek et al. (2013). The relationship 

between viscoelastic properties and morphology has not yet been much explored, except for 

two recent studies via indentation of 5 mm thick dried films (Sadek, Pauchard, et al., 2015), 

and via oscillatory droplet tensiometry (Andersson et al., 2018). Therefore, in this study we 

aim to understand the morphology development by analysis of the viscous behaviour of 

mixed formulations at increasing concentrations. This can contribute to better understanding 

of the morphology development during spray drying, and with that facilitate the production 

of powders with a higher quality and lower environmental impact.  

2.3. Materials and methods 

2.3.1. Materials 
Solutions of whey protein isolate (94% protein, Friesland Campina, The Netherlands) and 

maltodextrin with a dextrose equivalent of 12 (Roquette, France) were made with varying 

mass ratios: 100:0, 75:25, 50:50, 25:75 and 0:100 (WP:MD on a dry basis) and varying dry 

matter content: 20, 30, 40 and 50% (w/w). First, the whey protein was dissolved in 

demineralized water and stirred overnight at 4 °C to ensure complete hydration. Next, the 

maltodextrin was added to this solution and stirred for 30 min at room temperature. The 

solutions used in single droplet drying (SDD) were made with a dry matter content of 30, 40 

or 50% (w/w), with mass ratios of 25:75 or 50:50 (WP:MD), where the 40 and 50% (w/w) 

solutions were deaerated for 20 min to remove entrapped air in an ultrasonic bath (5210E-

DTH, Branson, USA). The solutions used in rheology could not all be dissolved at the 

targeted dry matter content, due to the higher protein content and/or dry matter content than 

the samples used in SDD. Therefore, all solutions were first made at 20% (w/w) and 

subsequently concentrated using a rotational evaporator at 70 mBar and 50 °C. Following 

this procedure, we ensured that all components remained in solution. 

2.3.2. Sessile single droplet drying 
The morphology development during the drying of solutions was studied with a sessile 

droplet drying platform (Fig. 2.1) that was further developed from the platform that was 

previously described by Perdana et al. (2011). A pneumatic micro-dispenser (Nordson 

Engineering Dispensing, USA) deposited a droplet on a hydrophobic membrane 
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(Polypropylene, Akzo Nobel Faser Ag., the Netherlands) in the focus of a CCD camera (µEye 

1480ME, Imaging Development systems GMBH, Germany). The droplet was dried with dry, 

hot air at 60 °C (25:75 WP:MD) or 70 °C (50:50 WP:MD), which are the transition conditions 

as identified in Both et al. (2018a) with a velocity of 0.3 m/s, and a relative humidity of ~1%. 

The initial droplet radii varied between 300 and 700 µm and the initial dry matter content 

was 30, 40 or 50% (w/w). The 40 and 50% (w/w) solutions were deaerated for 20 min to 

remove entrapped air in an ultrasonic bath (5210E-DTH, Branson, USA). The data analysis 

is based on 4 replicates. The initial droplet size, final droplet size and locking point size were 

determined from the recorded movie with ImageJ (National Institute of Health, USA). The 

scale was determined by correlating the number of pixels of the needle to its actual size, 

which is 225 µm. The locking point was defined as the first visual deviation from the original 

spherical droplet shape.  

 

Figure 2.1. Sessile single droplet drying platform, with (1) sample holder with hydrophobic membrane, (2) 
insulated air tunnel, (3) robotic dispenser with needle tip, (4) μEye camera. The insert shows a droplet on 
the hydrophobic membrane. 

2.3.3. Rheology measurements 
The rheological experiments were carried out with a strain-controlled rheometer (MCR 502, 

Anton Paar). A shear rate sweep was performed using a concentric cup geometry (CC17, 

16,660 mm x 24,858 mm (width x height), Anton Paar) at 20 °C. The shear rate was 

logarithmically increased from 0.1 to 100 s-1, with 15 measuring points with durations that 

decreased logarithmically from 300 to 1 s. Subsequently, the procedure was reversed, i.e. 

from 100 to 0.1 s-1 with 15 measurement points and logarithmically increasing durations of 
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1 to 300 s. With this procedure the absence of loading history and sample fracture were 

verified. Samples of varying dry matter content were measured in duplicate; once including 

the reversed procedure, and once without the reversed procedure. A rotational temperature 

sweep was performed at a constant shear rate of 50 s-1 using a cone-plate geometry (CP50-4, 

Anton Paar) with a diameter of 25 mm and 4.000° angle. Samples had a dry matter content 

of 40% (w/w) and the sample temperature was linearly increased from 15 °C to 90 °C with a 

ramp of 2.5 °C⋅min-1, with 121 measuring points and a duration of 15 s per point. Paraffin oil 

was used to avoid any undesired evaporation from the samples during the temperature sweep. 

2.3.4. Describing the relation between viscosity and concentration  

Maltodextrin DE12 

The viscosity profile upon concentration of a polymer solution can be described with a series 

of universal relations. In the semi-dilute regime the combination of the empirical Spurlin-

Martin-Tennent’s (SMT) model combined with the Mark-Houwink relation has been shown 

to describe the viscosity of maltodextrin solutions (Avaltroni et al., 2004; Spurlin et al., 

1946), being random coil polymers. The intrinsic viscosity of a polymer solution ሾ𝜂ሿ can be 

described with the Mark-Houwink relation:  ሾ𝜂ሿ = 𝑘𝑀௩ఈ 2.1 

With 𝑀௩ the viscosity-averaged molecular weight (10,000 g⋅mol-1 for the maltodextrin used), 

and 𝑘 and 𝛼 constants related to the degree of molecular expansion at 20 °C, thus the polymer 

backbone stiffness and polymer-solvent interactions. For maltodextrin, (Avaltroni et al., 

2004) found that 𝑘 and 𝛼 are 2.43∙10-3 (dl⋅g-1) and 0.337 (-). These parameters are the input 

parameters for the SMT model, which is based upon the Huggins model: 𝜂௦௣ = ሾ𝜂ሿ𝑐𝑒௞ಹሾఎሿ௖ 2.2 

With 𝜂௦௣ the specific viscosity 𝜂௦௣ = 𝜂௘௙௙ௌெ்/𝜂௪௔௧௘௥ − 1 (-), 𝑐 the concentration (g⋅dl-1), ሾ𝜂ሿ  
the intrinsic viscosity (dl⋅g-1), and 𝑘ு the Huggins parameter. The effective viscosity (𝜂௘௙௙) 

is the dynamic viscosity (Pa⋅s). The Huggins parameter 𝑘ு, was in this study used as a fitting 

parameter and in earlier studies estimated to be 1.34±0.20 or 1.2 (-) for maltodextrins 

(Avaltroni et al., 2004; van der Sman & Meinders, 2013). An average density was used in 
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the semi dilute regime (20 – 40% w/w) to convert the weight fraction 𝑥 ௠ௗ (% w/w) to 

concentration c (g⋅dl-1), namely 1150 kg⋅m-3 which corresponds to a 30% (w/w) solution. 

In the concentrated regime, the viscosity of a polymer solution is governed by the amount of 

free volume. Williams, Landel and Ferry developed a free volume model (WLF) which 

relates the viscosity of a polymer solution at a specific temperature to the viscosity at the 

glass transition temperature (Williams et al., 1955): 

log ቆ𝜂௘௙௙ௐ௅ி𝜂௚ ቇ = − 𝐶ଵ൫𝑇 − 𝑇௚൯𝐶ଶ + 𝑇 − 𝑇௚ 
2.3 

With 𝜂௚ the universal viscosity at the glass transition ~1011 Pa⋅s, the universal parameters 𝐶ଵ = 17.4 and 𝐶ଶ = 51.6 K (Anese et al., 1996; Soesanto & Williams, 1981), and the glass 

transition temperature 𝑇௚ which can be described by the Couchman-Karasz theory 

(Couchman & Karasz, 1978): 

𝑇௚ = 𝑥௪𝛥𝐶௣,௪𝑇௚,௪ + 𝑥௠ௗ𝛥𝐶௣,௦𝑇௚,௦𝑥௪𝛥𝐶௣,௪ + 𝑥௠ௗ𝛥𝐶௣,௦  2.4 

With 𝑥௪ = 1 − 𝑥௠ௗ the mass fraction of water, 𝑇௚,௪ the glass transition of water (134 K), 𝛥𝐶௣,௪the change in specific heat capacity at the glass transition of water (1.92 J⋅g-1⋅K-1), 𝑇௚,௦ 

the glass transition of maltodextrin DE12 (450 K), 𝛥𝐶௣,௦ the change in specific heat capacity 

at the glass transition of maltodextrin DE12 (0.426 J⋅g-1⋅K-1) (Avaltroni et al., 2004; van der 

Sman & Meinders, 2011).  

The SMT model is applicable to systems with low concentrations, while the WLF equation 

is only valid for higher concentrations. Thus we need to combine these two models if we 

want describe the full range of concentrations. We combine the two model equations using 

an ordinary smoothed step function: 

𝜂௘௙௙,௠ௗ = ቌ1 − ൭ 11 + 𝑒ି௫೘೏ି௕௧ ൱ቍ 𝜂௘௙௙ௌெ் + ൭ 11 + 𝑒ି௫೘೏ି௕௧ ൱ 𝜂௘௙௙ௐ௅ி 
2.5 

With 𝑏 and 𝑡 as fitting parameters, where 𝑏 represents the transition point from 𝜂௘௙௙ௌெ் to 𝜂௘௙௙ௐ௅ி, 

and 𝑡 is a measure of the abruptness of the transition, where a larger 𝑡 provides a smoother 

transition. 
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Whey protein and mixtures of whey protein and maltodextrin 

Globular proteins such as whey proteins do not exhibit the same rheological behaviour as 

random coil polymers, such as maltodextrins. Whey protein solutions may be considered to 

behave as hard-sphere dispersions upon concentrating (Loveday et al., 2007), and therefore 

the viscosity can be described by the Krieger-Dougherty relation (KD), which describes the 

viscosity as a function of the volume fraction of the protein (𝜙):  𝜂௘௙௙,௪௣௜𝜂௠௘ௗ௜௨௠ = ൬1 − 𝜙𝜙௠௔௫൰ିሾఎሿథ೘ೌೣ
 

2.6 

With 𝜙௠௔௫  the maximum packing density and ሾ𝜂ሿ the intrinsic viscosity. The volume fraction 

of protein was calculated from the weight fraction multiplied with the voluminosity: 𝜑 =𝑥 ௪௣௜ ∙ 𝑞.  The voluminosity of whey protein is estimated 1.5 mL⋅g-1  (Walstra et al., 1984) 

and assumed constant at varying concentration. For whey protein solutions the viscosity of 

water is used as 𝜂௠௘ௗ௜௨௠, whereas for mixed systems the viscosity of the maltodextrin 

solution was used. Furthermore, in mixed systems a modified weight fraction was used for 

both maltodextrin and whey protein: 𝑥௠௢ௗ,௜ = 𝑥௜ ൫𝑥௜ + 𝑥ுమ଴൯⁄ . By using a modified fraction 

it is assumed that the presence of another component has no effect on the viscosity of the 

component modelled. 

2.4. Results and discussion 
As drying is essentially a concentration process, we first discuss the effect of concentration 

on the viscosity of maltodextrin and whey protein mixtures (section 2.4.1 and 2.4.2). 

Subsequently we will address the effect of temperature for the same mixtures (section 2.4.3). 

Our observations are then related to the particle morphology development during spray 

drying (section 2.4.4). 

2.4.1. Effect of concentration on viscosity of maltodextrin and whey protein 
solutions 
The viscosity of maltodextrins, whey proteins and mixtures thereof was Newtonian in the 

measured shear rate range for all compositions (Fig. A.2.1). The experimental data for the 

effective viscosity of maltodextrins as a function of concentration and the proposed models 

are shown in Fig. 2.2. At lower concentrations (<40% w/w), the effective viscosity follows 

the prediction by the Spurlin-Martin-Tennent (SMT) theory quite closely (Eqn. 2.1 and 2.2). 

Avaltroni et al. (2004) already showed that the SMT-model gives fair estimations of the 
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viscosity of (semi-)dilute maltodextrin mixtures (from 1-50% w/w) with different dextrose 

equivalent (Avaltroni et al., 2004). The Huggins parameter (𝑘ு) is influenced by the 

molecular architecture of the glucose homopolymer, and was found to be 1.34 or 1.2 (-) for 

maltodextrin in previous work (Avaltroni et al., 2004; van der Sman & Meinders, 2013). 

Linear regression on the current data resulted in a value of 1.23±0.02 (-), in line with 

expectation. Generally, a Huggins parameter value >1 indicates a poor solvent quality. This 

is underlying the general tendency of carbohydrate polymers to aggregate (Avaltroni et al., 

2004). Upon increasing the concentration (>40% w/w), the polymer-polymer association 

becomes more pronounced and maltodextrins are expected to form a percolating network via 

hydrogen bonding, increasing the mechanical stability of the solution (Molinero et al., 2003). 

Therefore, the SMT theory cannot predict the viscosity of concentrated solutions.  

 

Figure 2.2. Viscosity of maltodextrin solutions at 20 °C as a function of concentration, with () experimental 
data, (- -) SMT model, (∙∙∙) WLF model, (−) Smoothed step function. 

For higher concentrated solutions the Williams-Landel-Ferry (WLF) theory is better suitable 

to describe the viscosity of polymers (Williams et al., 1955). This theory can be used to 

predict the viscosity depending on temperature and the concentration (Eqn. 2.3 and 2.4). 

From Fig. 2.2 we can conclude that the effective viscosity of highly concentrated (>40% 

w/w) maltodextrin solutions was well described by the WLF theory. To illustrate, the WLF 

model was able to accurately describe the rheological behaviour of starch hydrolysates in a 

concentration range between 60 and 85% (w/w) and for temperatures ranging between 20 °C 

and 80 °C (Haene & Liederkerke, 1996), and Sopade et al. (2003) showed that the WLF 
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theory could also more accurately describe the temperature dependency of the viscosity of 

honey when compared to Arrhenius, Vogel-Tamman-Fulcher and power-law models 

(Sopade et al., 2002). In general, the WLF theory should not be applied much below the Tg 

or at very low viscosity levels (<10 Pa⋅s). However, Haene and Liederkerke (1996) showed 

that for starch hydrolysis products, the theory could be applied down to viscosity levels of 

0.1 Pa⋅s. Also here we find that the theory can be applied for maltodextrins down to ~0.1 Pa⋅s 

(Fig. 2.2). The viscosity of the maltodextrin solution over the whole range of concentrations 

can be described by combining the SMT and the WLF theory using a smoothed step function 

approach (Eqn. 2.5), with 𝑏 = 0.45 and 𝑡 = 0.03 as the fitting parameters. This generalized 

equation can aid in for instance predicting the self-diffusivity of maltodextrins following the 

generalized Stokes-Einstein equation (van der Sman & Meinders, 2013).         

The effective viscosity of whey protein can be described using the commonly applied 

Krieger-Dougherty relation for dispersions of hard-spheres (Fig. 2.3, Eqn. 2.6). This relation 

assumes that there is a steady state between individual spherical particles and cooperatively 

moving packets of particles that are constantly formed and dissociated (Loveday et al., 2007). 

The KD model has already been shown before to describe the viscosity of β-lactoglobulin, 

which is the major protein present in whey protein isolate (deWit & Klarenbeek, 1984; 

Loveday et al., 2007). Applying this model to the data presented here, the intrinsic viscosity 

and maximum packing density of the protein were found to be 4.92 ± 0.41 (dl⋅g-1) and 0.79 

± 0.03 (-), respectively. These values are substantially higher than the theoretical values of 

2.5 and 0.62, respectively, for monodisperse, completely rigid spheres (Dörr et al., 2013). 

However, Loveday et al. found that pure β-lactoglobulin dispersions already have an intrinsic 

viscosity of 3.6 and a maximum packing density of 0.71 (Loveday et al., 2007). The increased 

packing density for β-lactoglobulin dispersions may be explained by the formation of dimers. 

Their shape can be approximated by prolate ellipsoids, which form a denser packing than 

spheres (Donev et al., 2004; Parker et al., 2005). In the case of our whey protein dispersions, 

the packing density is even further increased as it is a mixture of differently sized, shaped 

and charged molecules, which will allow even denser packing. 
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Figure 2.3. (A) 𝜂/𝜂௠௘ௗ௜௨௠  as a function of modified volume fraction whey protein and composition, where 
the colour of the line of the KD model fit is similar to the corresponding symbol of the experimental data. (B) 
the maximum packing density from KD as a function of composition. With () whey protein, () 75:25 
WP:MD, () 50:50 WP:MD, () 25:75 WP:MD. 

2.4.2. Effect of concentration on viscosity of maltodextrin - whey protein mixtures 
The viscosity of the mixed maltodextrin-whey protein solutions was analysed using KD. In 

the analysis, the viscosity of the medium was described as the viscosity of the modified 

weight fraction maltodextrin using the SMT/WLF theory and the KD model was fitted on the 

basis of the modified volume fraction of whey protein (Fig. 2.3, Eqn. 2.6). This approach 

provided a good fit for 75:25 (WP:MD) with a similar maximum packing density as for pure 

whey protein. However, when the mixtures were higher in maltodextrin, the modified volume 

fractions of whey protein and the 𝜂/𝜂௠௘ௗ௜௨௠ were much lower, which resulted in higher 

uncertainty of the fitted maximum packing density. Furthermore, the fitted 𝜙௠௔௫ of the whey 

proteins decreased with increasing maltodextrin content (Fig. 2.3B), showing that the 

presence of maltodextrin influences the packing and jamming of the whey proteins. This 

implicates that the whey protein solutions high in maltodextrin do not undergo jamming upon 

concentration, simply because the fraction maltodextrin is too high. This is also illustrated in 

Fig. 2.4, where the viscosity is plotted against the concentration. Here the jamming of the 

whey proteins in the 100:0 and 75:25 (WP:MD) is clearly visible from the asymptote around 

~50% (w/w), whereas the solutions higher in maltodextrin have a gradual slope even at high 

concentration.  
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Figure 2.4. Viscosity of maltodextrin, whey protein and mixtures thereof as a function of concentration. The 
colour of the line of the model fit is similar to the corresponding symbol of the experimental data. With (-) 
maltodextrin, () whey protein, () 75:25 WP:MD, () 50:50 WP:MD, () 25:75 WP:MD. 

2.4.3. Effect of temperature on viscosity of maltodextrin – whey protein mixtures 
The viscosity is influenced by the concentration and the temperature. While initially the 

droplet temperature settles at the wet bulb temperature, after reaching a critical moisture 

content the droplet temperature starts to increase while at the same time the skin is being 

formed. This may lead to a reduction in viscosity, which again can influence the skin 

formation and thus the morphology development. To assess the temperature dependency, 

solutions of  40% (w/w) were heated from 15 °C to 90 °C at a constant shear rate (Fig. 2.5A). 

The results showed that the influence of the temperature on the viscosity of whey protein 

solutions was smaller than for maltodextrin solutions. The viscosity of maltodextrin solutions 

at 50 °C was reduced by a factor 4 compared to the viscosity at 15 °C, whereas the viscosity 

of whey protein was reduced by a factor 3. At high temperatures the viscosity increased again, 

in the case of whey protein this was around 58 °C. This may be related to denaturation of 

whey proteins, which usually starts around 63-65 °C. Sugars can delay protein denaturation 

(M. A. Haque et al., 2015), which explains that the temperature at which denaturation occurs 

shifts to higher temperatures with higher maltodextrin content (Fig. 2.5B). In the mixture 

75:25 (WP:MD) the maltodextrin apparently is not able to delay the protein denaturation, 

which may be possibly aligned with the limited effect of the maltodextrin on the jamming of 

whey proteins (Fig. 2.4). 
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Figure 2.5. (A) Viscosity of maltodextrin, whey protein and mixtures thereof as a function of temperature, 
and (B) Temperature at viscosity inversion as a function of ratio WP:MD. With (-) maltodextrin, () whey 
protein, () 75:25 WP:MD, () 50:50 WP:MD, () 25:75 WP:MD. The temperatures indicate the 
temperature at the viscosity inversion. 

2.4.4. Morphology development during single droplet drying 
As discussed in the introduction, solutions of mixtures were dried around their transition 

conditions, because at these conditions, small variations of the drying conditions will cause 

large differences in morphology. Fig. 2.6 demonstrates that on this transition, the same drying 

conditions can either result in a smooth, hollow particle, or in a denser, wrinkled particle. In 

Fig. 2.6A a time series of a drying droplet forming a smooth and hollow morphology is 

shown. The drying started at a constant drying rate (Both, Karlina, et al., 2018), while slowly 

the concentration of components at the surface increased and a skin was formed. When the 

skin thickened, the morphology started to develop at the so-called locking point. Afterwards, 

the droplets formed a vacuole which rapidly grew until the droplet was hollow. In Fig. 2.6B 

a droplet was dried under the same conditions. The initial drying was similar, but after the 

locking point a different morphology was formed: the skin was pulled in from multiple sides 

leading to a fully wrinkled particle surface. 
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Figure 2.6. Time series of droplets dried under similar conditions yielding different morphologies, with (A) 
vacuole formation and (B) wrinkling. Specific conditions: 25:75 (WP:MD), Tair: 60 °C, R0: 370 μm, DM0: 
30% (w/w). Air flow is from right to left, as indicated by an arrow. 

Subsequently, droplet drying experiments were carried out at varying initial size and initial 

dry matter content at the transition conditions. The effect of both parameters on the final 

particle morphology is shown in Fig. 2.7A (25:75 WP:MD) and Fig. 2.7B (50:50 WP:MD). 

The morphology of droplets with an initial dry matter content of 30% (w/w) showed a clear 

effect of the droplet size; larger droplets tended to result in a smooth and hollow morphology, 

while smaller droplets were more likely to result in wrinkled particles. The droplets with an 

initial radius of 370 μm (25:75) and 390 μm (50:50) were dried at the transition conditions, 

which provided particles showing either hollow of more wrinkled morphology. Increasing 

the initial dry matter content to 40% or 50% (w/w), yielded wrinkled particles regardless of 

the initial size.  

The onset of morphology development, the so-called locking point, provides information on 

the skin formation. Therefore, the locking point time (Fig. 2.8A) and the size at the locking 

point (Fig. 2.8B) were determined for these samples, to identify the effect of both initial size 

and initial dry matter content. The droplets with composition 25:75 (WP:MD) showed a later 

locking point time, and therefore a smaller normalized radius (R/R0) at the locking point than 

the 50:50 mixture, due to the lower drying temperature. Generally, larger droplets had a later 

locking point, but the normalized radius (R/R0) was independent of the initial size. Increasing 

the dry matter content from 30% to 40% (w/w) decreased the locking point time 

approximately by half, while further increasing to 50% (w/w) only slightly lowered the 

locking point time. The same effect was visible for the radius at the locking point: at 30% 



The role of viscosity in morphology development 

29 

(w/w) it is ~88% of the initial radius, whereas for 40% and 50% (w/w) it lies around ~96%. 

These small differences between the 40 and 50% (w/w) samples suggest that only a small 

amount of water needs to be evaporated before the skin reaches a sufficiently high strength 

and the morphology starts to form. 

 

 

Figure 2.7. Final particle morphology of dried droplets, with different composition: (A) 25:75 (WP:MD) at 
Tair 60 °C  and (B) 50:50 (WP:MD) at Tair 70 °C, and varying initial dry matter content (vertical) and initial 
droplet radius (horizontal). The radius given corresponds to the initial droplet radius. 
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Figure 2.8.(A) Locking point time and (B) normalized radius (R/R0) at the locking point of drying droplets as 
a function of initial droplet size, with varying composition (,, WP:MD 25:75; ,, WP:MD 50:50), 
and varying initial dry matter content (,: 30% (w/w); ,: 40% (w/w); ,: 50% (w/w)). The droplets 
with the composition of WP:MD 25:75 were dried at 60 °C and WP:MD 50:50 were dried at 70 °C. 

A critical phenomenon for morphology development is the formation of a skin at the droplet 

surface. During drying water evaporates from the surface of the droplet, leading to an increase 

of concentration of molecules near the surface. If the diffusion rate of the molecules away 

from the surface is slower than the evaporation rate, a skin is formed that gradually increases 

in thickness during further drying (Vehring et al., 2007). At a certain skin consistency, the 

skin will no longer be able to shrink to compensate the volume reduction due to water 

evaporation. However, water evaporation still continues, and therefore the internal pressure 

decreases and as a result stresses are building up to deform the droplet skin (Sugiyama et al., 

2006). Therefore, the skin consistency determines the type of morphology. A rigid, jammed 

skin cannot easily deform, and the internal pressure continues to decline until a local weak 

point in the skin will collapse. This creates a defect and initiates a large vacuole to be formed. 

A viscous and deformable skin can continuously deform leading to a wrinkled particle. The 

skin strength depends on the rheological properties of the system, i.e. whey protein and 

maltodextrin DE12 solutions will behave differently upon concentration. Whey proteins act 

as a ‘hard-spheres’ and therefore jamming will occur at sufficiently high concentrations. 

Maltodextrin, on the other hand, will slowly increase in viscosity and only undergo glass 

transition upon cooling. When advancing towards the glass transition, water diffusion rates 

will decrease and thus drying will slow down, which allows more time for the skin to deform. 
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These different responses were clearly observed in the rheology measurements (Fig. 2.4). For 

whey protein jamming occurred at a concentration above ~50% (w/w), forming a rigid skin 

and subsequent vacuole formation. Maltodextrin solutions were still fluid when concentrated 

to 70% (w/w), leading to the formation of a weak skin and therefore a wrinkled morphology.  

The locking point analysis of the drying droplets (Fig. 2.8) showed that for droplets with an 

initial dry matter content of 50% (w/w) locking occurs almost instantly. Therefore, this dry 

matter content can be regarded as a critical concentration in morphology development, and 

rheological testing at this concentration can provide valuable insights. Mixtures with a 75:25 

(WP:MD) ratio are close to maximum packing at this concentration and are expected to form 

a rigid skin, which was shown in previous research for drying temperatures ranging from 40 

to 90 °C (Both, Karlina, et al., 2018). The mixtures with a 50:50 or 25:75 (WP:MD) are not 

close to maximum packing, and will thus form a weak skin, which may be expected to lead 

to a wrinkled morphology. However, as showed in Fig. 2.7 vacuole formation was observed 

during the drying of droplets with a large initial radius (>35 μm at 30% dm). Due to the slow 

drying, phase separation may occur, leading to whey protein enriched zones. This could 

provide rigidity to the skin, leading to the formation of hollow particles. Although phase 

separation was not measured here, it has been previously observed for droplets dried under 

similar conditions (Both, Karlina, et al., 2018; Nuzzo et al., 2015), and is therefore the most 

likely phenomenon behind the effect of droplet size on morphology. Phase separation may 

either be entropically induced liquid-liquid phase separation, or be caused by denaturation of 

the protein (see Fig. 2.5), depending on the conditions during drying, especially on the 

temperature. Furthermore, whey protein is a surface-active component and has a higher 

molecular weight than maltodextrin. It is therefore likely that relatively more whey protein 

is present at the air-water interface than maltodextrin (Fäldt et al., 1993; Meerdink & van’t 

Riet, 1995).  
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2.5. Conclusions 

The rheological properties of concentrated aqueous solutions of whey protein isolate and 

DE12 maltodextrin were investigated and related to the development of distinct particle 

morphology during drying of single droplets of the same mixtures. The viscosity increase of 

the mixed whey protein and maltodextrin as function of concentration and temperature was 

described with various models. Subsequent droplet drying experiments revealed that 

morphology development of the whey protein-maltodextrin solutions could be well related 

to the rheological behaviour of the mixtures. The droplets were expected to form wrinkled 

morphologies, as the viscosity increased only moderately even at high concentrations. 

However, the morphology appeared highly dependent on drying time, where the ‘slower’ 

dried droplets were more likely to form a smooth and hollow morphology. Therefore, it was 

assumed that phase separation occurred, leading to whey protein enriched zones. If skin 

formation occurs faster than phase separation, maltodextrin will dominate morphology 

development and a wrinkled morphology develops.  

Rheological analysis of the concentrated mixed systems assisted in gaining insight in 

morphology development, since the viscosity at high concentration could act as an indicator 

for morphology of the tested components. Combining single droplet drying with rheology 

extends the possibilities of interpretation of single droplet drying observations. A wider range 

of components should be tested to analyse if rheological behaviour at high concentrations 

can be used as an indicator for morphology development. For example, the viscosity profile 

of micellar caseins gave a good explanation for the formed morphology (Dahbi et al., 2010; 

Sadek et al., 2016). Also in the case of lactose, the very low viscosity at high concentrations 

can explain the later locking and the formation of a collapsed morphology (Both, Nuzzo, et 

al., 2018). In future work therefore the relationship between rheology and morphology should 

be investigated for a wider range of component mixtures, and at higher dry matter contents. 

  



The role of viscosity in morphology development 

33 

2.6. Appendix 

 
 

Figure A.2.1.Viscosity profiles of solutions with 
different composition and varying concentration 
(% w/w). Symbols: () from 0.1 to 100 s-1, () 
from 100 to 0.1 s-1, () from 0.1 to 100 s-1 (no 
return). 
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3.1. Abstract  
Understanding moisture diffusivity behaviour over a wide range of moisture contents is 

pivotal for optimising drying operations. Generally, data on moisture diffusivity are scarce 

and the effect of matrix composition on moisture diffusivity at relevant temperature for 

drying processes is not yet well described. In this paper moisture diffusivity in protein-

carbohydrate films is systematically investigated for a wide range of moisture contents at 80 

°C. Diffusion data are obtained from controlled thin film drying experiments following the 

regular regime method and compared to theoretical models. Moisture diffusivity for binary 

maltodextrin-water and whey protein-water systems appeared similar and were reasonably 

well described with the Darken relation. Diffusivity was lower for casein-water systems at 

moisture contents above 0.12 kg water/kg, which may be explained by compartmentalization 

of water in the casein micelles. At low moisture contents all binary systems showed universal 

behaviour, which may be explained by random coil behaviour leading to similar water-

molecule interactions. This behaviour could be well described by free-volume theory. In 

mixed systems of proteins and carbohydrates moisture diffusivity appeared strongly 

influenced by the presence of casein, probably due to their high voluminosity. Finally, it was 

surprisingly observed that diffusivity in multicomponent systems decreased sharply at lower 

water contents when compared to binary systems. This might be explained by a denser 

molecular packed system in the dry regime for multicomponent systems or water trapping by 

protein-carbohydrate complexes.   
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3.2. Introduction  
Diffusion of water is ubiquitous in many natural and industrial processes. It is a critical 

phenomenon for designing drying operations in food, pharma and chemical industries as it 

determines process efficiency and affects product quality (Chen, 2007; Labuza & Hyman, 

1998; Malafronte et al., 2015; Thirunathan et al., 2017). Most drying processes are diffusion-

limited and accurate description of moisture diffusivity can support the improvement of 

critical drying applications, such as the encapsulation of probiotics and bioactive ingredients 

(He, 2006; Schutyser et al., 2012). Ideally, the moisture diffusivity for such applications is 

known as a function of water content and temperature.  

Limited data on moisture diffusivity over a wide range of water contents and temperatures 

are available. Particularly for multi-component food matrices, there is a wide variation of the 

reported diffusivity values due to the complexity of foods and different methods of 

measurement (Mittal, 1999). The most important techniques to assess moisture diffusion 

include nuclear magnetic resonance (NMR) spectroscopy (Malafronte et al., 2015; Marcone 

et al., 2013), magnetic resonance imaging (MRI) (Chen, 2007; Ghosh et al., 2002) and 

gravimetric methods (Ferrari et al., 1989; Perdana, van der Sman, et al., 2014; Räderer et al., 

2002; Thirunathan et al., 2017). 

Perdana et al. (2014b) employed the regular regime method to extract moisture diffusivity 

from thin film drying experiments in a dynamic vapour sorption (DVS) analyser. The DVS 

analyser allows drying at different temperatures and provides accurate weight measurements 

at short time intervals. With this method, moisture diffusivity can be determined over a large 

range of moisture contents at the film temperature. The method was evaluated for its potential 

to obtain diffusivities for different carbohydrates and their mixtures, which are frequently 

applied to encapsulate active ingredients. The moisture diffusivities in the different 

carbohydrate systems were found to exhibit similar behaviour with varying moisture content. 

The latter was attributed to the fact that carbohydrates have very similar repeating molecular 

groups, which result in the same water molecule-carbohydrate interactions and thus result in 

a similar water self-diffusivity. Additionally, experimental diffusivities were found 

comparable to model predictions from theory via the Darken relation combined with the 

generalized Stokes-Einstein relation for solute self-diffusivity and the free-volume theory for 

water self-diffusivity (Perdana, van der Sman, et al., 2014; van der Sman & Meinders, 2013).  
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In practice many product formulations that are dried consist of proteins or a combination of 

proteins and carbohydrates, such as with skim milk. Colsenet et al. (2005) and Mariette et al. 

(2002) already studied water diffusion with NMR spectroscopy in whey protein and casein 

dispersions at varying concentrations and at ambient temperature. Malafronte et al. (2015) 

evaluated effective moisture diffusivity in skim milk during drying over a large range of 

moisture contents and temperatures (from 50 to 90 °C) by combining NMR and direct 

parameter estimation. However, to the best of our knowledge, studies that systematically 

investigate the effect of the composition on moisture diffusivity for more complex matrices 

are lacking. Especially, there is lack of knowledge on diffusion behaviour of water at low 

moisture content and elevated temperature, which are relevant parameters to drying 

processes. Therefore, the objective of the present work is to quantify diffusivity in 

concentrated protein and carbohydrate systems. Thin film drying experiments were carried 

out in a DVS system and experimental diffusivities were compared to theoretical models. 

First, different binary systems were evaluated, including maltodextrin-water, whey protein-

water and casein-water systems. Second, we evaluated ternary systems of mixtures of 

maltodextrins and whey proteins or caseins. Finally, skim milk was investigated as a 

practical, but even more relevant matrix.  

3.3. Materials and methods 

3.3.1. Materials 

Binary solutions 

Protein stock solutions were prepared by adding whey protein isolate (94% protein, Friesland 

Campina, The Netherlands) or micellar casein (Cas, 88% protein, Friesland Campina, The 

Netherlands) to demineralised water, and stirring overnight at 4 °C to ensure complete 

hydration. Carbohydrate stock solutions were prepared by adding maltodextrin with a 

dextrose equivalent of 12 (MD12, Roquette, France) to demineralised water and stirring for 

30 min. The whey protein and maltodextrin solutions had a dry matter concentration of 20% 

(w/w) and the casein solutions had a dry matter concentration of 10% (w/w).  
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Complex matrices 

The stock solutions were mixed in various mass ratios and subsequently mixed for 30 min. 

Skim milk (Arla Food Ingredients, Denmark) was slowly dissolved in demineralised water 

at 50 °C. Subsequently, the solution was stirred for 60 min at 45 °C to ensure complete 

dissolution. The final mixtures had a dry matter concentration of 10% (w/w) or 20% (w/w).  

3.3.2. Dynamic vapour sorption analysis of a drying thin film 
The prepared solutions were cast in an aluminium cup to create a film of 8 x 8 mm with a 

thickness of ~1 mm. Before the maltodextrin solutions could be tested, ~1-1.5% (w/w) agar 

powder (Sigma Aldrich, USA) was added and subsequently the mixture was allowed to boil 

for a maximum of 30 s in a microwave oven. After boiling, the maltodextrin mixture was 

cast in the aluminium cup and the solution was slowly cooled down to solidify at room 

temperature. Agar was added to the pure maltodextrin formulations to suppress convective 

flow in the film (Räderer et al., 2002). Earlier studies indicated that the agar had negligible 

effect on the moisture diffusivity (Coumans, 2000; Yamamoto, 1999). Agar was not added 

to formulations with protein as their higher viscosity already suppressed internal convective 

flow.  

The thin film drying experiments were performed in a dynamic vapour sorption (DVS) 

system (Surface Measurement System, England). The slightly adapted drying procedure 

originally developed by Perdana et al. (2014b) was used. The thin film was first dried at 80 

°C for 24 h. Next, the drying air temperature was increased to 120 °C for 24 h to obtain the 

final dry matter in the sample. After this, the air temperature was re-adjusted to 80 °C. During 

drying at 80 °C, the mass of the film was recorded each 3 s and during drying at 120 °C every 

15s. The relative humidity of the drying air was set at 0.0% and the air flow applied was 7 

cm/min. 

The mutual diffusivities were calculated adopting the regular regime method as described by 

Perdana et al. (2014b). This regular regime approach was already verified by Perdana et al. 

(2014b) by checking the effect of the initial drying conditions, i.e. mass transport in the 

drying air was not limiting and the initial water content had only limited influence on the 

measured diffusivities. To calculate the desorption rate in the regular regime we varied the 

densities of the systems based on the composition and these are summarized in Table 3.1.  
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Table 3.1. The selected densities for the matrices tested. 

Component ρ (kg·m-3) Reference 

Maltodextrin  1550 (van der Sman & Meinders, 2013) 

Whey protein 1350 (Akkerman, 1992; Buma, 1965) 

Casein 1265 (De Kruif et al., 2012) 

Skim milk 1036 (Sherbon, 1988) 

3.3.3. Modelling the mutual diffusivity of water in binary systems 
The mutual diffusivity of water in binary systems was described by following the generalised 

Darken relation (Darken, 1948; Krishna & Van Baten, 2005; Perdana, van der Sman, et al., 

2014; van der Sman & Meinders, 2013): 𝐷 = ൫ф௝𝐷௜,௦௘௟௙ + ф௜𝐷௝,௦௘௟௙൯𝑄  3.1 

In which 𝐷 is the mutual diffusivity (m2/s) of component 𝑖 in a 𝑖 − 𝑗 system, 𝐷௜,௦௘௟௙ and 𝐷௝,௦௘௟௙ 

(m2/s) are the self-diffusivities of components 𝑖 and 𝑗, respectively. ф is the volume fraction 

(m3/m3) and 𝑄 (-) is the thermodynamic factor, which is related to the derivative of the 

themodynamic potential. We have used the volume fraction instead of the molar fraction as 

was already proposed by Krishna and Van Baten (2005). 

The thermodynamic factor can be written following the Flory-Huggins free energy function: 𝑄 = 1 − 2𝜒ф௝(1 − ф௝) 3.2 

Where 𝜒 (-) is the Flory-Huggins interaction parameter between solvent and solute 

components, which is assumed to be composition dependent. The interaction parameter 

follows (van der Sman & Meinders, 2011):  𝜒௣,௪ = 𝜒௣,௪ଵ − (𝜒௣,௪ଵ − 𝜒௣,௪଴ )(1 − ф௣)௡  3.3 𝜒௣,௪ଵ  is the interaction parameter of a nearly dry biopolymer (ф௣ ≈ 1) and 𝜒௣,௪଴  is the 

interaction parameter of a fully hydrated biopolymer (ф௣ ≈ 0). For all the components we 

take ф௣ → 0, then 𝜒௣,௪଴ = 0.5, indicating that water is a theta solvent under dilute conditions 

and when ф௣ → 1, 𝜒௣,௪ = 𝜒௣,௪ଵ ≈ 0.8 for maltodextrins (van der Sman & Meinders, 2011). 

For whey proteins a value of 𝜒௣,௪ଵ  = 1.8 is assumed and for caseins 𝜒௣,௪ଵ  = 1.4, taking into 

account (partial) denaturation of proteins at the elevated temperatures which leads to 
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exposure of hydrophobic groups (van der Sman, 2015). The value of the exponent was chosen 𝑛 = 2, which is taken from van der Sman (2015), and also used in other approximations of 

the Pincus-deGennes-Tanaka theory (Baulin & Halperin, 2002; Dormidontova, 2002).  

For a maltodextrin-water system, the self-diffusion of carbohydrate molecules is predicted 

using the generalized Stokes-Einstein relation: 

𝐷௦,௦௘௟௙ = 𝑘𝑇6𝜋𝑟ு𝜂௘௙௙ 3.4 

In which 𝑘 is the Boltzmann constant, 𝑇 (K) the temperature, 𝑟ு (m) the hydrodynamic radius 

of the molecules, and 𝜂௘௙௙ (Pa⋅s) is the effective viscosity. The hydrodynamic radius is 

calculated from the degree of polymerization of maltodextrin DE12 following the Mark-

Houwink relation (Scholte et al., 1984):  𝑟ு = ௔ೠ஽௉షబ.రవ  3.5 𝐷𝑃 is the degree of polymerization, 𝐷𝑃 = 111.11/𝐷𝐸 (Dokic et al., 1998).The hard-sphere 

radius of a monomeric subunit 𝑎௨ (m) follows (Perdana, van der Sman, et al., 2014): 

𝑎௨ = ൬ 𝑀௨4/3𝜋𝑁௔𝜌௦൰ଵ/ଷ
 

3.6 

In which 𝑀௨ is the molecular weight of the monomeric anhydroglucose unit, 𝑁௔ the number 

of Avogadro and 𝜌௦ the density of maltodextrin, fixed at 1550 kg/m3.  

The effective viscosity of the maltodextrin DE12-water system is calculated by combining 

Spurlin-Martin-Tennent’s (SMT) model and the Williams, Landel and Ferry free volume 

model (WLF) by using an smoothed step function (Both, Siemons, et al., 2019): 

𝜂௘௙௙,௠ௗ = ቌ1 − ൭ 11 + 𝑒ି௫೘೏ି௕௧ ൱ቍ 𝜂௘௙௙ௌெ் + ൭ 11 + 𝑒ି௫೘೏ି௕௧ ൱ 𝜂௘௙௙ௐ௅ி 
3.7 

𝑥௠ௗ is the mass fraction of maltodextrin (% w/w), 𝑏 and 𝑡 are fitting parameters, where 𝑏 =0.45 represents the transition point from 𝜂௘௙௙ௌெ் the effective viscosity as determined by 

SMT to 𝜙𝜂௘௙௙ௐ௅ி the effective viscosity as determined by WLF. 𝑡 is a measure of the 

abruptness of the transition, where 𝑡 =0.03 was used as proposed by Both et al. (2019a).  
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The self-diffusion coefficient of whey protein was described by taking the concentration 

dependence of the self-diffusion coefficient of Brownian spherical particles as described by 

(Nesmelova et al., 2002): 𝐷/𝐷଴ = ଵିଽఝ/ଷଶଵାு(ఝ)ା(ఝ/ఝబ)/(ଵିఝ/ఝబ)మ  3.8 

Where 𝐷଴ (m2/s) is the Stokes-Einstein relation, in which 𝜂 (Pa⋅s) is the viscosity of pure 

water and 𝑟ு is taken 3.5 nm (Kristiansen et al., 1998), 𝜑଴ ≈ 0.5718 is the concentration of 

dense packing of spheres, and 𝐻(𝜑) is calculated as follows: 𝐻(𝜑) = ଶ௕మ(ଵି௕) − ௖(ଵାଶ௖) − ௕௖(ଶା௖)(ଵା௖)(ଵି௕ା௖)
 𝑏 = ቀଽఝ଼ቁభమ and 𝑐 = ଵଵఝଵ଺  

3.9 

The volume fraction 𝜑 is calculated using the following relation: 

𝜑 = 1/(1 + 𝑣1𝑣2 𝑥11 − 𝑥1) 3.10 

In which 𝑥1 is the weight fraction of water in solution, and 𝑣1 = 10ିଷ m3/kg and  𝑣2 = 0.75 · 10ିଷ m3/kg are the specific volumes of water and protein, respectively (Colsenet 

et al., 2005). We assume that the partial volumes of the components remain constant. 

The casein self-diffusivity was predicted using an empirical equation proposed by Speedy 

(1987) and Salami et al. (2013), in which caseins behave as hard-spheres below the close 

packing limit and as soft particles above this limit:  𝐷 = 𝐷଴(1 − 𝜑0.571)(1 + 𝜑ଶ(1.459 − 11.04𝜑ଶ)) 3.11 

In which 𝐷଴= 2·10-11 m2/s and 𝜑 is the volume fraction occupied by the hard-spheres.   

The self-diffusion coefficient of water in a maltodextrin system is predicted using the free-

volume theory based on the work of Vrentas & Duda (1977): 

𝐷௪,௦௘௟௙ = 𝐷଴𝑒𝑥𝑝 ൬− 𝐸𝑅𝑇൰ 𝑒𝑥𝑝 ⎣⎢⎢⎢
⎡ −(𝑚௪Ṽ௪∗ + 𝑚௦Ṽ௦∗)𝑚௪ ቆ𝑉෠ிு,௪𝛾௪ ቇ + 𝑚௦ ቆ𝑉෠ிு,௦𝛾௦ ቇ⎦⎥⎥⎥

⎤
 

3.12 
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𝑉෠ிு,௪ = 𝐾ଵ௪(𝐾ଶ௪ − 𝑇௚,௪ + 𝑇) 3.13 𝑉෠ிு,௦ = 𝐾ଵ௦(𝐾ଶ௦ − 𝑇௚,௦ + 𝑇) 3.14 

𝐷௪,௦௘௟௙ = 𝐷଴𝑒𝑥𝑝 ቀ− ாோ்ቁ 𝑒𝑥𝑝 ቈ ି(௠ೢṼ∗ೢ ା௠ೞṼೞ∗)௠ೢቀ಼భೢം ቁ൫௄మೢି ೒்,ೢା்൯ା௠ೞቀ಼భೞം ቁ൫௄మೞି ೒்,ೞା்൯቉  
3.15 

With 𝐷଴=1.48·10-7 is the pre-exponential factor (m2/s), 𝐸 the energy to overcome the 

attractive forces from neighbouring molecules, 2.34 (kJ/mol), 𝑅 the gas constant (J/mol.K), 𝑇 the temperature (K), Ṽ∗ the specific critical free volume (m3/kg),  the ratio of solvent and 

polymer jumping units. With 𝐾ଵ௪, 𝐾ଶ௪, 𝐾ଵ௦, 𝐾ଶ௦ the free volume parameters (m3/kg.K and 

K respectively), 𝑇௚ the glass transition temperature, and γ the overlap factor for shared free 

volume (between 0.5 and 1). Table 3.2 shows the parameters used for a maltodextrin system 

as was proposed by Perdana et al. (2014b) and van der Sman and Meinders (2013). The free 

volume parameters for maltodextrin-water system are listed in Table 3.2. 

Table 3.2. Free volume parameters for water and carbohydrates. 

Free volume parameters Water  Carbohydrates Ṽ∗ (m3/kg) 9.10·10-4   5.90·10-4   𝑇௚ (K) 136 347 

  (-) - 0.79 𝐾ଵ/ (m3/kg ·K) 1.945·10-6  0.336·10-6  𝐾ଶ (K) -19.73 69.21 

For the self-diffusion coefficient of water in a whey protein and casein system, the ratio of 

the solvent and solute jumping units (), and the specific critical free volume of the protein 

(Ṽ௦∗) are unknown. Similarly, the free volume contribution of the protein (𝑉෠ிு,௦) is unknown. 

These parameters were obtained by fitting the free volume theory to the moisture diffusivity 

measured below 0.15 kg water/kg.   
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3.4. Results and discussion 

3.4.1. Modelling of moisture diffusivity in binary systems 
The experimental data and predicted mutual moisture diffusivity for a maltodextrin-water, 

whey protein-water and casein-water systems are shown in Fig. 3.1. Perdana et al. (2014b) 

showed that experimental diffusivities for various carbohydrate systems could be well 

described by the generalised Darken relation, using the Stokes-Einstein relation for the solute 

self-diffusivity and the free-volume theory for the water self-diffusivity based on the work 

of Vrentas and Duda (1977). In this study, a similar modelling approach was applied for a 

maltodextrin-water system, but extended with the Spurlin-Martin-Tennent (SMT) and 

Williams-Landel-Ferry (WLF) theories to describe viscosity (Both, Siemons, et al., 2019). In 

Fig. 3.1A we observe that the calculated mutual diffusivity for a maltodextrin-water system 

is close to the experimental data over a wide range of moisture contents. In the range of 

moisture contents between 0.04 kg water/kg and 0.2 kg water/kg the free-volume theory gives 

a better estimation of the measured mutual moisture diffusivity than the Darken relation. The 

latter is in agreement with the work of van der Sman and Meinders (2013), who showed that 

diffusion of water in concentrated systems of simple sugars and glucose homopolymers is 

well described by the solvent self-diffusivity as predicted by the free volume theory. 

The mutual diffusivity in protein-water systems was modelled using a similar approach (Fig. 

3.1B and C). The self-diffusivities of whey proteins and casein are concentration dependent. 

For whey proteins we made use of the assumption that whey proteins behave as Brownian 

spherical particles (Nesmelova et al., 2002; Tokuyama & Oppenheim, 1995), assuming that 

the particle diffusion follows the classic theory of Brownian motion. For micellar casein, we 

proposed the empirical equation by Speedy (1987), which was later validated by Salami et 

al. (2013). Because former self-diffusivity models are no longer valid in low moisture 

regimes, we assume that whey proteins are effectively immobilized below 0.36 kg water/kg 

and caseins are immobilized below 0.55 kg water/kg.   
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Figure 3.1. Mutual diffusivity of water in 
a maltodextrin-water system (), (B) in 
a whey protein-water system (), and 
(C) in a casein-water system () at 80 °C 
determined at an air flow of 7 cm/min (n 
≥2). Lines represent the predictions of 
the mutual moisture diffusivity using 
Darken relation (-, Dm), the water self-
diffusivity (-, Dw), and the solute self-
diffusivity (--, Ds).  

 

 

 

 

The water self-diffusivity for protein systems was also described by the free volume theory 

(Fig. 3.1B and C). This was done as it was shown that the Vrentas-Duda free-volume theory 

could be applied to predict the water self-diffusion in different thermodynamically complex 

systems, including biopolymers, sugars, polyols and gelatin (van der Sman & Meinders, 

2013; Yapel et al., 1994). The wider applicability of this theory may be explained by the fact 

that the interactions of these different components with water is similar; via hydrogen 

bonding. For prediction of the water self-diffusion in protein systems, we fitted the ratio of 
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(Ṽ௦ ∗  = 2.91·10-4 m3/kg for whey protein, 3.16·10-4 m3/kg for casein and for comparison 

4.66·10-4 m3/kg for carbohydrates). We also fitted the free volume contribution of the protein 

(𝑉෠ிு,௦) (௏෡ಷಹ,ೞఊೞ = 1.20·10-5 m3/kg for whey protein, 3.67·10-6 m3/kg for casein and for 

comparison 2.36·10-5 m3/kg for carbohydrates).  Adjustment of these parameters is proposed 

due to exposure of hydrophobic domains of proteins in the intermediate to dry moisture-

regime (Brindle & Krochta, 2008; Dauphas et al., 2005). This phenomenon is expected to 

affect the hydrogen-bonded network and associated free volume.   

The calculated mutual diffusivity in a whey protein system using the Darken relation was in 

agreement with the experimentally determined mutual diffusion (Fig. 3.1B). However, the 

mutual diffusivity calculated for casein was above the measured values for a moisture regime 

between ~0.12 and 0.8 kg water/kg (Fig. 3.1C). The differences observed between the 

theoretical calculations and measured diffusivity for casein systems may be explained by skin 

formation. Micellar caseins absorb at the air-water interface (Sadek et al., 2014) and jam 

when their concentration reaches a critical level with dramatic increase of viscosity. 

According to Dahbi et al. (2010) this critical concentration is already at 18.5% (w/w) casein. 

Therefore, a skin will be formed rapidly upon concentration, which is probably still 

permeable to water but reduces moisture diffusivity as would be predicted by theory. 

3.4.2. Binary systems compared 
For comparison of the mutual water diffusivities in the binary systems we plotted the 

measured mutual diffusivities of the systems in Fig. 3.2. The mutual diffusivities in a 

maltodextrin-water system and a whey protein-water system are similar at higher moisture 

contents (≥0.5 kg water/kg), whereas the mutual diffusivity in a casein matrix is clearly 

lower. As discussed earlier, this lower mutual diffusivity may be explained by the low critical 

casein concentration of ~18.5% (w/w) (Fig. 3.3) (Dahbi et al., 2010). At this concentration 

the micelles are highly swollen and tightly packed (Bouchoux et al., 2012), which does not 

allow for large water mobility over distances larger than the size of the micelles; the water is 

likely compartmentalised into the separate micelles. 

Below a moisture content of 0.15 kg water/kg, the diffusion of water showed universal 

behaviour for the different matrices (Fig. 3.2). We hypothesize that in this regime proteins 

partly lose their conformation due to concentration effects or heat induced denaturation 

during our drying experiments (Horne, 2008; Vasbinder & De Kruif, 2003). Bouchoux et al. 
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(2010) indicated that upon concentration some parts of the casein micelles readily collapse, 

while other micelles are pushed closer together. Whey proteins such as β-lactoglobulins start 

to dissociate into monomers above 40 °C and can further lose conformation due to heat 

denaturation (deWit & Klarenbeek, 1984). If proteins lose their (meso)structure, they behave 

as random coils similar to maltodextrin molecules (Atkins & De Paula, 2010; Avaltroni et 

al., 2004; Tanford, 1968). This all together results in similar water-molecule interactions and 

therefore almost similar diffusivities.  

 

Figure 3.2. Experimentally determined moisture diffusivity at 80 °C for a maltodextrin-water mixture (), 
whey protein-water system () and a micellar casein-water system () (n ≥2). 

 

Figure 3.3. Viscosity profile of casein () as function of concentration as obtained by Dahbi et al. (2010), 
maltodextrin () and whey protein () solutions as a function of concentration (Both, Siemons, et al., 2019; 
Dahbi et al., 2010). The dashed lines are the predicted viscosities as reported by Dahbi et al. (2010) for 
caseins and Both et al. (2019a) for maltodextrins and whey proteins. 
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3.4.3. Moisture diffusion in complex matrices 
Moisture diffusion was also studied in ternary and complex, and practical systems (Fig. 3.4). 

The moisture diffusivity in a mixture of whey proteins and maltodextrins (1:1 mass ratio) 

was observed close to the moisture diffusivity in binary systems of the individual components 

between moisture contents 0.5 to 0.7 kg water/kg (Fig. 3.4A). From 0.3 to 0.5 kg water/kg 

the diffusivity of the mixed system followed the diffusivity of a binary whey protein-water 

system. Below 0.08 kg water/kg, the water diffusion in the mixed maltodextrin-whey protein 

system decreased faster than expected based on the theory. 

Figure 3.4. Moisture diffusivity for (A) 
maltodextrin-whey protein-water system mass ratio 
1:1 (green circle), (B) maltodextrin-casein-water 
system mass ratio 1:1 (blue triangle), (C) 
maltodextrin-whey protein-casein-water system 
mass ratio 1:1:1 (red square) and (D) skim milk-
water system (yellow diamond), (E) casein-water 
(white circle) compared to all mixes containing 
casein. Lines in the figure represent the predicted 
mutual diffusivity of water in maltodextrin (-), whey 
protein (--) and casein (•).   
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In general casein dictates the diffusive behaviour of water in the tested matrices (Fig. 3.4B, 

C, D and E); when casein was mixed with maltodextrin or with maltodextrin and whey 

proteins, we observed a diffusivity curve closely following the diffusivity as measured in a 

casein system (Fig. 3.4E). Skim milk, containing ~30% (w/w) casein and 5% (w/w) whey 

protein (Karlsson et al., 2005), also showed a diffusivity curve close to that for a pure casein 

system (Fig. 3.4E). Interestingly, other macromolecules present in the system besides caseins 

had little influence on the mutual diffusivity measured. This dominant effect of casein on 

mutual diffusivity could be due to the higher voluminosity (m3/kg of dry component) of 

caseins (~3.9·10-3 m3/kg) as compared to that of whey proteins (~1.5·10-3 m3/kg) and 

carbohydrates (~0.6·10-3 m3/kg) (McSweeney & Fox, 2009; Townrow et al., 2010; Walstra, 

1979). The higher voluminosity implicates that there are stronger interactions of water with 

micellar caseins as compared to the other components, resulting in a diffusivity dominated 

by caseins.     

Based on the observation that the moisture diffusivity in concentrated binary systems showed 

uniform behaviour (section 3.4.2), it was expected that the water diffusivities in concentrated 

multicomponent systems was similar. However, the moisture diffusivity curves of 

multicomponent systems with proteins decreased more sharply at lower moisture content 

(Fig. 3.4). This phenomenon was not observed by Perdana et al. (2014b) when comparing 

the mutual diffusivity of water in ternary carbohydrate systems to that in binary systems. 

Therefore, we further examined the effect of protein-carbohydrate ratio on mutual diffusivity 

in concentrated ternary systems (Fig. 3.5). 

The mutual diffusivities for a 25:75 whey protein-maltodextrin (WP:MD) system was close 

to the mutual diffusivity for a 50:50 WP:MD system (Fig. 3.5A). Similarly, in Fig. 3.5B one 

can observe that the mutual diffusivity for 25:75 casein-maltodextrin (Cas:MD) system is 

analogous to that of the 50:50 Cas:MD system. Mixtures containing only 10% (w/w) protein 

showed diffusivity curves close to the diffusivities measured for binary systems. These 

results indicated that decreasing protein concentrations in mixed systems of proteins and 

maltodextrins results in higher diffusivities at low moisture contents (i.e. the diffusivity 

curves shift to the left). This might imply that the addition of proteins to carbohydrate systems 

results in more dense random molecular packing in the dry regime (i.e. glassy state), where 

most of the free volume holes are filled, concomitantly decreasing moisture diffusivity 

(Ubbink, 2016). However, this argument can only be confirmed if one further examines the 
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sizes of the free volume holes as function of moisture content for the different systems tested. 

Positron annihilation lifetime spectroscopy (PALS) might be a promising technique to 

quantify the size distribution of the free volume holes in the matrix (Cangialosi et al., 2003; 

Ubbink, 2016). Alternatively, the more sharp decrease observed for multicomponent systems 

might be explained by water trapping due to the formation of a denser skin or due to promoted 

protein-carbohydrate interactions (Soltanizadeh et al., 2014). Overall, it would be interesting 

to further investigate anomalous properties of water in concentrated multicomponent 

systems. Townrow et al. (2010) suggest that infrared spectroscopy, pressure-volume-

temperature (PVT) analysis, nuclear magnetic resonance spectroscopy, electron spin 

resonance spectroscopy, and neutron scattering might be suitable techniques to study the 

latter. 

 

 

Figure 3.5. (A) Moisture diffusivity in whey protein-maltodextrin systems for mass ratio 0:100 (black square), 
10:90 (magenta star), 25:75 (red triangle), 50:50 (green circle), 100:0 (white diamond). (B) Moisture 
diffusivities casein-maltodextrin systems mass ratio 0:100 (black square), 10:90 (magenta diamond), 25:75 
(cyan star), 50:50 (blue triangle) and 100:0 (white circle) for moisture contents below 0.25 kg water/kg. 
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3.5. Conclusions  
Thin film drying combined with gravimetric analysis was used to obtain mutual moisture 

diffusivities for different food matrices adopting the regular regime method. Model 

predictions of the moisture diffusivity using the Darken relation captured the trends in 

experimental data reasonably well for maltodextrin-water and whey protein-water systems. 

Diffusion of water in concentrated binary systems (≤0.15 kg water/kg) was showing quite 

universal behaviour. Universal behaviour in the dry regime was attributed to random coil 

behaviour, resulting in similar interaction with water and accordingly similar diffusivities. 

The Darken relation overestimated the moisture diffusion in a casein-water system for 

moisture contents above ~0.12 kg water/kg. The reason behind this discrepancy was 

explained by jamming of the surface-active micelles upon concentrating, resulting in the 

formation of a dense skin, and consequently a decreased diffusivity as compared to prediction 

from theory. Comparison of the binary systems revealed similar diffusivities for maltodextrin 

systems and whey protein systems at higher moisture contents (≥0.5 kg water/kg), whereas 

mutual diffusivity for casein was lower. Probably the latter is due to compartmentalization 

of water in micelles, reducing water mobility. To obtain a more in-depth understanding of 

moisture diffusion in complex matrices during drying, we examined diffusion in complex 

mixed systems and skim milk. Moisture diffusion curves for complex system showed that 

the presence of casein greatly influenced the moisture diffusive behaviour, which may be due 

to the high voluminosity of caseins. In addition, it was found that moisture diffusivity curves 

of multicomponent systems decreased more sharply at lower water content when compared 

to binary systems. This phenomenon may be attributed to a denser random molecular packing 

in the dry regime, filling most of the free volume holes, and consequently a lower moisture 

diffusivity. Alternatively, skin formation or formation of protein-carbohydrate complexes 

might result in water trapping. Further studies aiming at the analysis of the molecular 

structure of mixed protein and carbohydrate matrices in the glassy state can potentially verify 

the mechanism behind the sharper decrease in diffusivity found.  
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3.6. Appendix  
Table A.3.1. Overview of parameters. 

Parameter Definition Additional information 𝐷 Mutual diffusion coefficient of 

water in solute (m2 s-1) 

 Experimentally obtained after thin film drying in 
this work by applying regular regime approach. For 
calculations one is referred to Perdana et al. (2014b) 

 Theoretical description was obtained by the 
generalised Darken relation (Darken, 1948; Krishna 
& Van Baten, 2005) ф Volume fraction (m3 m-3)  𝑄 Thermodynamic factor for 

diffusion coefficient (-) 

 Calculated by the Flory-Huggins free energy 
function  

𝜒௣,௪ଵ  Flory-Huggins interaction 

parameter of a nearly dry 

biopolymer (-) 

 0.8 for maltodextrins (van der Sman & Meinders, 
2011) 

 1.8 for whey proteins 
 1.4 for caseins (van der Sman, 2015)  𝜒௣,௪଴  Flory-Huggins interaction 

parameter of a fully hydrated 

biopolymer (-) 

 0.5 for all biopolymers (van der Sman, 2015) 

𝑘 Boltzmann constant  𝑟ு Hydrodynamic radius (m)  Calculated following Mark-Houwink relation for 
maltodextrin (Scholte et al., 1984) 

 Whey proteins, 3.5nm (Kristiansen et al., 1998) 𝑎௨ Hard-sphere radius of 

monomeric unit (m) 

 0.36nm calculated  

𝐷𝑃 Degree of polymerisation of 

carbohydrate molecule (-) 

 111.11/DE (Dokic et al., 1998) 

𝑀௨ Molecular weight of the 

monomeric anhydroglucose 

unit (g mole-1) 

 

𝜌௦ Density (kg m-3)  1550 for maltodextrins (van der Sman & Meinders, 
2013) 

 1350 for whey proteins (Akkerman, 1992; Buma, 
1965) 

 1265 (De Kruif et al., 2012) 
 1036 (Sherbon, 1988) 𝜂௘௙௙ Effective viscosity (Pa⋅s)  Calculated for maltodextrins by combining Spurlin-

Martin-Tennent’s (SMT) model and the Williams, 
Landel and Ferry free volume model. For 
calculations one is referred to Both et al. (2019a)  
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𝐷଴ Pre-exponential diffusion factor  

(m2 s-1) 

 2·10-11 m2 s-1 was selected for caseins (Salami et al., 
2013) 

 1.48·10-7 m2 s-1 was used for Vrentas-Duda equation 
as determined by Perdana et al. (2014b) 

E Energy to overcome the 

attractive force from 

neighbouring molecule to 

enable molecule diffusion (J 

mol-1) 

 2.34 kJ mol-1 was used for Vrentas-Duda equation 
as determined by Perdana et al. (2014b) 

Ṽ∗ Specific critical free volume 

 (m3 kg-1) 

 For water 9.10·10-4  m3 kg-1 (van der Sman & 
Meinders, 2013) 

 For carbohydrates 5.90·10-4  m3 kg-1 (van der Sman 
& Meinders, 2013) 

 For whey proteins and caseins we obtained a 
combined value by fitting the theory to moisture 
diffusivity measured below 0.15 kg water/kg 

ξ Ratio of solvent and polymer 

jumping units (–) 

 0.79 for carbohydrates (van der Sman & Meinders, 
2013) 

 For whey proteins and caseins we obtained a 
combined value by fitting the theory to moisture 
diffusivity measured below 0.15 kg water/kg 𝐾ଵ  Free volume parameter (m3/kg 

·K) 

 For water 1.945·10-6 m3/kg ·K (van der Sman & 
Meinders, 2013) 

 For carbohydrates 0.336·10-6 m3/kg ·K (van der 
Sman & Meinders, 2013) 

 For whey proteins and caseins we obtained a 
combined value by fitting the theory to moisture 
diffusivity measured below 0.15 kg water/kg 

𝐾ଶ  Free volume parameter (K)  For water -19.73 K (van der Sman & Meinders, 
2013) 

 For carbohydrates 69.21 K (van der Sman & 
Meinders, 2013) 

 For whey proteins and caseins we obtained a 
combined value by fitting the theory to moisture 
diffusivity measured below 0.15 kg water/kg 𝑇௚ Glass transition temperature 

(K) 

 For water 136 K (van der Sman & Meinders, 2013) 
 For carbohydrates 347 K (van der Sman & 

Meinders, 2013) 
 For whey proteins and caseins we obtained a 

combined value by fitting the theory to moisture 
diffusivity measured below 0.15 kg water/kg 

γ Overlap factor for shared free 

volume (-) 

 0.6 for maltodextrin 
 For whey proteins and caseins we obtained a 

combined value by fitting the theory to moisture 
diffusivity measured below 0.15 kg water/kg 
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4.1. Abstract  
Particle morphology development during spray drying is critical to powder properties. The 

aim of this study was to investigate whether the dextrose equivalence (DE) of maltodextrins 

can be used as an indicator for the final particle morphology. Maltodextrins were 

characterized on glass transition temperature (Tg) and viscosity, where low DE-value 

maltodextrins exhibited higher Tg and viscosity than high DE maltodextrins (≥21). A new 

custom-built sessile single droplet dryer was used to analyse morphology development of 

minute maltodextrin droplets (R0 ~100 μm) at 60 °C and 90 °C. Droplets with low DE showed 

early skin formation (2–5 s) and developed smoothly shaped particles with large cavities. 

Rheology on low DE maltodextrin films at dry matter of 82% (w/w) suggested that drying 

droplets acquired elasticity after locking providing resistance against surface compression. 

After locking morphology development is probably halted as the glassy state is approached. 

On the contrary, rheology on high DE maltodextrin (≥21) films at dry matter of 93% (w/w) 

suggested that drying droplets with high DE developed viscous skins, which are susceptible 

to surface deformations, leading to wrinkling, folding or creasing particle morphologies. The 

results demonstrated that DE-value may be used as an indicator for particle morphology 

development when interpreted in view of the process conditions. 
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4.2. Introduction 
Drying of fluids, containing for example polymers and colloids, has gained great interest 

during the last decade (Both, Nuzzo, et al., 2018; Fu, Woo, & Chen, 2012; Giorgiutti-

Dauphiné & Pauchard, 2018; Lintingre, Lequeux, Talini, & Tsapis, 2016; Meng, Doi, & 

Ouyang, 2014; Sadek, Pauchard, et al., 2015). Droplets of these fluids acquire different 

morphologies according to the material properties and conditions applied during formation. 

In turn the morphology affects the dried powder properties, including reconstitution 

behaviour and flowability (Takeiti et al., 2008; Walton & Mumford, 1999). Therefore, a 

sound understanding of morphology development during drying is necessary to control and 

steer final powder properties.  

During spray drying, the solutes accumulate below the droplet’s surface, due to rapid solvent 

evaporation. Eventually, this accumulation leads to the formation of a “skin” that has at least 

some characteristics of a solid (Pauchard & Allain, 2003; Vehring, 2008). The 

physicochemical and mechanical characteristics of this skin significantly affect particle 

structure evolution towards its final morphology. Interactions of these aspects with drying 

conditions will result in morphological characteristics such as surface wrinkling and/or the 

formation of cavities. A closer study of these surface instabilities may be done via drying of 

single droplets under well-controlled and monitored conditions (Fu, Woo, Chen, et al., 2012; 

Sadek, Schuck, et al., 2015; Schutyser et al., 2018). For example, Pauchard and Allain (2003) 

studied buckling instabilities of colloidal particle suspensions and polymer solutions using 

sessile single droplet drying. They concluded that buckling requires a permeable, somewhat 

rigid skin which may still bend under the pressure of solvent evaporation. Sadek et al. (2014) 

and (2015a) studied wrinkling phenomena exploiting single droplet drying of colloidal casein 

suspensions. Droplet surface wrinkling was explained by the capacity of micelles to reduce 

their voluminosity as soft spheres in jamming conditions, resulting in a ductile elastic skin 

layer susceptible to surface distortion. Vacuole formation during drying of whey protein 

droplets was well described by Bouman et al. (2016) and Both et al. (2018a) and requires a 

rigid skin that resists bending, but still allows permeation of the solvent.  

Physical effects responsible for the formation of different morphologies have been mostly 

studied with colloidal suspensions. Many spray-dried powders include carbohydrates, 

varying from simple sugars or disaccharides to polydisperse carbohydrate oligomers and 

polymers (Ubbink et al., 2008). Among the carbohydrates, maltodextrins are particularly 
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used in spray drying as drying aids and can serve as encapsulation agents for bioactive 

ingredients (Adhikari et al., 2004; Renzetti et al., 2012). Typically, maltodextrins are 

obtained from starch polymers by acid hydrolysis, enzymatic hydrolysis, or a combination of 

both and are characterized by their dextrose equivalent (DE), being the fraction of hydrolysed 

glucoside bonds (Loret et al., 2004). Maltodextrins with different DE-values have different 

properties (Takeiti et al., 2008). Dokic et al. (1998), for instance showed a linear relation 

between viscosity and the DE-value of a maltodextrin. Others found a linear correlation 

between the DE-value and glass transition temperature (Avaltroni et al., 2004; Levine & 

Slade, 1986; Roos & Karel, 1991), which is in line with the well-known Fox-Flory equation 

(Fox & Flory, 1950).  

In this specific study we investigate whether the DE of maltodextrins can also be used as an 

indicator for the final powder particle morphology. For this purpose, we investigated five 

different maltodextrins varying in DE. First, characteristics such as the molecular weight 

distributions, viscosities and glass transition temperatures as function of the maltodextrin 

concentration were measured. We hypothesize that especially the rheological characteristics 

at high concentrations can provide deeper insight in morphology development. Therefore, we 

also evaluated the rheological properties of maltodextrins at high concentrations using thin 

film rheology on high dry matter thin films (Both, Tersteeg, et al., 2019).  

Morphology development during drying was analysed using a new sessile single droplet 

drying system, where we make use of a piezoelectric dispenser capable of dispensing small 

droplets (180-220 μm) at relatively high initial dry matter contents (30% (w/w)). We 

developed this system as most previously available sessile single droplet dryers relied on 

droplets larger than those relevant for spray drying. It is known that droplet size influences 

morphology development (Both, Siemons, et al., 2019); therefore, we make use of a new 

system allowing the study of much smaller droplets, closer to the range of those in spray 

drying.    
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4.3. Materials and methods  

4.3.1. Materials 
All maltodextrins originate from corn-starch and were obtained from Roquette Frères 

(Lestrem, France). The following dextrose equivalents (DE) were used: DE5; DE12; DE21; 

DE29 and DE38. Solutions were prepared by adding the maltodextrins powders to 

demineralized water and stirring for at least 30 min until the solution was transparent. The 

final solutions had different dry matter concentrations depending on the experiment 

performed.    

4.3.2. Molecular weight distribution 
Molecular weight distributions of the different maltodextrins were determined by High 

Performance Liquid Chromatography (HPLC) using a Shodex KS-803 8.0 × 300 (mm) 

IDxLength+Guard column. The column is operated at 50 °C and connected to a refractive 

index (RI) detector (Shodex RI-501). Milli-Q water was used as eluent with a flow rate of 1 

mL/min.  

4.3.3. Glass transition temperature  
Differential scanning calorimetry (DSC) experiments were performed to determine the glass 

transition temperature (Tg) of maltodextrins as function of their moisture content. The water 

content in powders was increased by a cold mixing procedure as described by Ruan et al. 

(1999), where a known amount of distilled water was frozen in liquid nitrogen in a mortar 

and the obtained ice crystals were ground into fine ice powder. Liquid nitrogen and 

appropriate amounts of maltodextrin powder were then added to the ice powder in the mortar 

and mixed by using the pestle. The mixture was stored in a fridge at 4 °C for at least 24 h to 

ensure homogeneous distribution of the moisture before the DSC measurements.  

The prepared samples (10-20 mg) were hermetically sealed in a DSC aluminium pan and 

introduced to a Pyris Diamond DSC (Perkin-Elmer, DSC 8000, Norwalk, USA). An empty 

pan was used as a reference. The pans were first equilibrated for 1 min at the lowest 

temperature of the selected DSC run (at least 30 °C below the expected Tg), after which a 

heating ramp followed with either 1 °C/min or 5 °C/min to the highest temperature (at least 

30 °C above the expected Tg) of the DSC run to provide a good resolution of the transition. 

The pans were then equilibrated at the highest temperature of the selected run for 1 min and 

subsequently the sample was cooled at a rate of 10 °C/min to the lowest temperature of the 
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selected run. The heating cycle was then repeated. The settings of the run were estimated 

based on the measured Tg values for different maltodextrins at varying moisture content as 

reported by Avaltroni et al. (2004) and Castro et al. (2016). Obtained DSC thermograms were 

analysed using software interfaced with the DSC, and the Tg was determined from the onset 

point of the change in heat flow observed at the second heating ramp. All measurements were 

done in duplicate for each condition and the Tg values were averaged.   

The experimental data were fitted with a combination of the Couchman-Karasz and Fox-

Flory (Roos & Karel, 1991; van der Sman & Meinders, 2011). The Couchman-Karasz 

relation states: 𝑇௚ = ௬ೢ∆஼೛,ೢ ೒்,ೢା௬ೞ∆஼೛,ೞ ೒்,ೞ௬ೢ∆஼೛,ೢା௬ೞ∆஼೛,ೞ    4.1 

Here 𝑦௜ is the mass fraction (𝑖 = 𝑤, 𝑠 for water and solute), 𝑇௚,௜ is the glass transition 

temperature for the pure component (𝑇௚,௪ =139 K), ∆𝐶௣,௜ is the change in the specific heat at 

the glass transition. For ∆𝐶௣,௪ a value of 1.91 kJ/kg·K was used. The ∆𝐶௣,௦ was considered 

similar for all maltodextrins at 0.426 kJ/ kg·K (Haene & Liederkerke, 1996; van der Sman & 

Meinders, 2011).   

The glass transition of the anhydrous material, 𝑇௚,௦, can be described by the Fox-Flory 

relation: 𝑇௚,௦ = 𝑇௚,௦ஶ − ௔ಷಷெ   4.2 𝑇௚,௦ஶ  (K) is the glass transition temperature for polymers with an infinite polymer chain length,  𝑎ிி (K·g/mol) is a constant and M= 162 ∗ ቀଵଵଵ.ଵଵ஽ா ቁ + 18 is the molecular weight of the 

polymer (Dokic et al., 1998). Combining the Couchman-Karasz and the Fox-Flory relations 

provides the following equation: 

𝑇௚ = 𝑦௪∆𝐶௣,௪𝑇௚,௪ + 𝑦௦∆𝐶௣,௦(𝑇௚,௦ஶ − 𝑎ிி𝑀 ) 𝑦௪∆𝐶௣,௪ + 𝑦௦∆𝐶௣,௦  
4.3 

which simultaneously describes the effects of the water content and the molecular weight of 

the maltodextrin on the glass transition temperature. Equation 4.3 was fitted to the 

experimental data to obtain the 𝑇௚,௦ஶ  and the 𝑎ிி parameters.  
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4.3.4. Rheology measurements 
The rheological properties were investigated with a strain-controlled rheometer (MCR 502, 

Anton Paar). For viscosity measurements, solutions were first prepared at 20% (w/w) dry 

matter and subsequently concentrated using a rotational evaporator at 70 mBar at 50 °C as 

described by Both et al. (2019a). A shear rate sweep was performed using a concentric cup 

geometry (CC17, 16,660 mm x 24,858 mm (width x height), Anton Paar). The shear rate was 

logarithmically increased from 0.1 to 100 s-1, with 15 measuring points with duration 

decreasing logarithmically from 300 to 1 s. Subsequently, the procedure was reversed, i.e. 

from 100 to 0.1 s-1 with 15 measurement points and logarithmically increasing duration of 1 

to 300 s. Samples of varying dry matter content were measured in duplicate; once including 

the reversed procedure, and once without the reversed procedure.  

Amplitude and frequency sweeps were performed on thin films using a parallel-plate 

geometry at 50 °C as was described by Both et al. (2019b). Thin films were prepared with an 

initial dry matter of 30-60% (w/w), followed by an equilibration step in a climate chamber 

(Memmert, Germany) at 50 °C for three days (Table A.4.1). Amplitude sweeps were 

performed to determine the extent of the linear viscoelastic regime. We tested a strain range 

of 0.1% to 100% at an angular frequency of 10 rad·s-1 with the normal force constant at 1 N. 

Frequency sweeps were subsequently performed at a shear strain of 0.05%. Data points (20) 

were collected over an angular frequency range of 0.01-100%. Measurements were done in 

duplicate or more.  

4.3.5. Single droplet drying 
Morphology development of maltodextrin solutions (30% (w/w) dry matter) during drying 

was studied using a novel sessile single droplet drying platform (Fig. 4.1). The droplet was 

dispensed by a PipeJet® NanoDispenser (BioFluidix, Germany) using 200-S PipeJet® Pipes 

(BioFluidix, Germany) on a hydrophobic membrane to retain the spherical shape (contact 

angle of the single droplet >100°) of the droplet (PF3010 Polytetrafluoroethylene membrane, 

pore size 25-35 μm, porosity 55-60%, thickness 1 ± 0.25 mm) (Polyfluor Plastics BV, The 

Netherlands). The dispensing was controlled to obtain a desired droplet volume using 

BioFluidix Control Software V2.9 connected to a stroboscope (BioFluidix, Germany).  

Droplets were dried in heated air (RH = 0%) at 60 °C or 90 °C and a flow velocity of 0.3 m/s 

using an insulated air feed tunnel as was originally designed by Perdana et al. (2011). 

Deposited droplets had an initial radius (R0) of 100 µm ± 15 µm and were followed for a 
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minimum of 20 s drying time w.r.t. their size and shape using a Monochrome USB 3.0 

Camera (Edmund Optics, Germany) with a VZM™ 1000 Zoom Imaging Lens (Edmund 

Optics, Japan) at a frame rate of 35 fps. The obtained sequences were analysed for the initial 

droplet size and locking points via image analysis using Image J software (National Institute 

of Health, USA). The locking point, which represents the onset of morphology development, 

was defined as the first visual observation of shape deviation of the drying sessile droplet 

during video analysis. At this point, the spherical shape of the droplet becomes distorted and 

shows first signs of cavity formation/denting. For all the formulations dried, experiments 

were performed at least in triplicate at both 60 °C and 90 °C. Thus, all image and data 

analyses correspond minimally to triplicates.  

  

Figure 4.1. Sessile single droplet drying setup. Left picture provides a front view of the setup. The right 
picture shows (1) the insulated air tunnel, (2) the stroboscope, (3) the camera, (4) the PipeJet dispenser. 

After drying, particles were studied using scanning electron microscopy (SEM). For SEM 

analysis, samples were fixed on the sample holder using carbon adhesive tabs. SEM images 

were taken at 5 kV, 3.7 pA, using a Phenom G2 Pure SEM (Thermo Fischer Scientific, The 

Netherlands). For all droplets a full image and a topographic image were made by a high 

sensitivity backscatter electron detector (Thermo Fischer Scientific, The Netherlands). 

Again, all analyses were performed in triplicate.  
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4.4. Results and discussion 

4.4.1. Physicochemical properties 
Higher DE-values have lower number average molecular weight (Rong et al., 2009). 

However, low DE-value maltodextrins in particular, represent a blend of saccharides with a 

broad molecular weight distribution (Chronakis, 1998). The molecular weight distribution 

influences for example the viscosity and glass transition temperature, parameters relevant to 

drying behaviour (Avaltroni et al., 2004; Castro et al., 2016). Therefore, we determined the 

molecular weight distribution of the maltodextrins (Fig. 4.2). 

 

Figure 4.2. Molecular weight distribution for maltodextrin DE5 (circles), DE12 (diamonds), DE21 (squares), 
DE29 (triangles) and DE38 (stars). Molecules with higher molecular weight elute first, followed by low 
molecular weight components.       

Maltodextrins DE5, DE12 and DE21 showed a broader distribution of molecular weights, 

with first elution peaks between 6 and 7 min and additional peaks after 8 min (Fig. 4.2). This 

broader distribution was also identified by Castro et al. (2016) for maltodextrins DE6, DE12, 

DE17 and DE19. The first peaks in Fig. 4.2 for DE5, DE12 and DE21 correspond to higher 

molecular weight polymers. Maltodextrins DE5 and DE12 showed higher peaks around 6 to 

7 min than maltodextrin DE21, indicating that they contained a larger fraction of high 

molecular weight polysaccharides. Maltodextrin DE21, however, consisted of a larger 

fraction low molecular weight oligo-saccharides than maltodextrins DE5 and DE12 as can 

be observed from the higher peaks after 8 min. Overall, the molecular weight distribution of 

the analysed maltodextrins turned out to be narrower as DE-value increased, where 

maltodextrins DE29 and DE38 consisted mostly of low molecular weight sugars. 
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In addition to the molecular weight distribution, glass transition temperatures and viscosities 

for the different maltodextrins were measured as function of water content (Fig. 4.3 and 4.4). 

The latter was done as these are critical physicochemical parameters characterizing the 

functionality and the structure of a matrix during the drying process (Avaltroni et al., 2004; 

Palzer, 2010). We first measured and modelled glass transition temperatures as function of 

water content for the different maltodextrins (Fig. 4.3). In agreement with literature, 

increasing glass transition temperatures were obtained for decreasing DE-values at a given 

dry matter content (Dokic et al., 1998). We fitted the measured glass transition temperatures 

by combining Couchman-Karasz and Fox-Flory (Eqn. 4.3), where all measured data points 

were included to estimate 𝑇௚,௦ஶ  and 𝑎ிி. The optimum parameters 𝑇௚,௦ஶ  and the constant 𝑎ிி 

were found to be 460 ± 5 K and 54.8·103 ± 0.41·103 K·g/mol, respectively. The values of 𝑇௚,௦ஶ  

and 𝑎ிி were close to literature values found: 450 K for fructans and 475 K for glucose-based 

polysaccharides (van der Sman, 2013) and 53·103 K·g/mol for various types of maltodextrins 

(Avaltroni et al., 2004). From Fig. 4.3 it can be observed that the fitted equation is in 

agreement with the experimental data. For maltodextrins DE29 and DE38, more deviations 

between theory and experiments can be observed as these contain higher amounts of glucoses 

(van der Sman & Meinders, 2011). This is related to the Fox-Flory equation, which more 

accurately describes glass transition for polymers at intermediate and high molecular weight 

(Novikov & Rössler, 2013; van der Sman & Meinders, 2011). 

 

Figure 4.3. Glass transition temperature (Tg) measured for maltodextrins as function of water content of the 
sample. Dotted lines are the model predictions (green: DE5, cyan: DE12, blue: DE21, red: DE29, magenta: 
DE38).  
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In addition, viscosity was measured as function of concentration (Fig. 4.4A). All the shear 

stress-shear rate flow curves indicated Newtonian behaviour. From Fig. 4.4A it can be 

observed that maltodextrin DE5 had the highest viscosity upon concentration among the 

different DE samples, which was in line with our expectations based on the work of Avaltroni 

et al. (2004). Maltodextrins DE21, DE29 and DE38 showed quite similar viscosities upon 

concentration, which could be due to comparable molecular weight distributions (Fig. 4.2). 

 

Figure 4.4. (A) Viscosity of maltodextrins as function of concentration (% (w/w)). Dotted lines are drawn to 
guide the eye. (B) Viscosity as function of Tg/T (-). Viscosities are measured in duplicate at 20 °C. Tg was 
calculated by Eqn. 4.3 based on the moisture content of the sample.  

 Additionally, we plotted the viscosity of the samples as function of Tg/T as it was 

demonstrated already that viscosity of various carbohydrate solutions is governed by the ratio 

of Tg/T (Dupas-Langlet et al., 2019; van der Sman & Mauer, 2019; van der Sman & 

Meinders, 2013; Williams et al., 1955). Tg values were computed using the Fox-Flory and 

Couchman-Karasz equation (Eqn. 4.3). Fig. 4.4B suggests indeed that the viscosity of 

maltodextrin solutions scales with Tg/T, where a steeper increase in viscosity as function of 

Tg/T was obtained for low DE-value maltodextrins.  

4.4.2. Skin formation 
Single droplets of maltodextrin solutions were dried at 60 °C and 90 °C to study the effect of 

DE-value on particle morphology development. Fig. 4.5 shows two time series of drying 

droplets as examples. An overview of all the time series collected at both drying air 

temperatures are presented in Fig. A.4.1 and Fig. A.4.2. Initially, a period of ideal drying was 

observed where mass transfer is externally limited and the droplet remains more or less 

spherical (Both, Karlina, et al., 2018). In this first drying period, the evaporation rate was 

observed to be similar for all different DE-values (data not shown), which is in agreement 

A B 
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with the findings of Both et al. (2018a). As the evaporation of water progresses, solutes 

accumulate at the droplet surface, resulting in a local increase of the viscosity near the droplet 

surface, which develops into a semi-solid thin layer referred to as a “skin”. It is expected that 

all droplets eventually form a skin layer as the dimensionless Péclet number (ratio of the 

drying rate and the solute diffusivity in the droplet) quickly becomes >1 during our drying 

experiments (Vehring et al., 2007). The critical concentration at which this skin starts to 

influence the drying process is sometimes called “locking point” and can be considered the 

onset of the development of the morphology (Both, Karlina, et al., 2018; Tran, Avila-

Acevedo, & Tsotsas, 2016).  

 

Figure 4.5. Morphology developments in time for (A) maltodextrin DE5 and (B) maltodextrin DE38. The 
droplets were dried at 60 °C and the air flow (0.3 m/s) came from the left side as indicated by the arrow. 

We used the drop evolution images to analyse the relation between the locking points and the 

DE-value of the maltodextrins (Fig. 4.6A). Earlier locking points were obtained at higher 

drying air temperature as in agreement with Tran et al. (2016) and Both et al. (2018a) and 

explained by faster drying. Additionally, faster locking was observed for maltodextrin DE5 

droplets than higher DE-value droplets dried at both drying air temperatures. This finding 

coincided with the observation that maltodextrin DE5 had the highest viscosity upon 

concentration among the different DE matrices (Fig. 4.4A), therefore it is likely that skin 

formation occurred earlier in the drying process. The normalized radius at the locking point 

as function of DE-value for both drying air temperatures is provided in Fig. 4.6B. A larger 

normalized radius was obtained at the locking point for lower DE-values (Fig. 4.6B). Faster 

locking at larger normalized radius for low DE-value droplets is supported by the work of 

Sugiyama et al. (2006), where it was observed that single droplets of high molecular weight 

components deformed earlier in the drying process, while they were still large, as opposed to 

droplets of low molecular weight components that deformed later during drying when they 

A 

B 

air flow 
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were smaller. It should be noted from Fig. 4.6 that the drying air temperature influenced the 

locking point time, however, it did not affect the normalized radius at the start of morphology 

development; the relative size of the droplet at the onset of morphology development is 

temperature independent. This finding is in agreement with the work of Lin and Chen (2004), 

where they demonstrated that the drying air temperature had only little effect on the droplet 

diameter change during drying of 30% (w/w) initial solids droplets.  

  

Figure 4.6. Droplets were dried at 60 °C (squares) and 90 °C (diamonds) (A) Locking point time as function 
of DE-value. Dotted lines are drawn to guide the eye. (B) Normalized radius (Rlock/R0) at the locking point 
of the droplets as function of DE-value. 

4.4.3. Rheological properties of maltodextrins at high concentrations 
From the locking point on, different particle structures develop, which is greatly affected by 

the stability of the skin formed (Both, Tersteeg, et al., 2019; Pauchard & Allain, 2003; Sadek, 

Pauchard, et al., 2015). According to Pauchard and Allain (2003), skin stability is determined 

by both mechanical characteristics and by physicochemical properties of the system and their 

according time and space dependencies. Both et al. (2019b) demonstrated that oscillatory 

frequency sweep tests on equilibrated thin films at high dry matter concentrations can provide 

information on the resistance against deformation of the material studied. This information 

can then be linked to deformation of the droplets during drying. Therefore, we prepared 

partially dried thin films (≥80% (w/w) dry matter) and measured the frequency dependence 

of the loss and storage modulus in the frequency range of 0.01-100 rad/s (Fig. 4.7).  

In Fig. 4.7A we compare the rheological response of thin maltodextrin DE5 and DE12 films 

at dry matter of 82% (w/w). At 82% (w/w) dry matter, maltodextrin DE12 films exhibit 

typical features of viscoelastic behaviour of polymers (Sperling, 2001; Sunthar, 2012). At 

low frequency the response was viscous and followed by a cross-over to a broad plateau 

region. This plateau region, where G’ dominates over G’’, is typically associated with 

A B 
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rubbery material and was already observed by Both et al. (2019b). For maltodextrin DE5 at 

82% (w/w), G’’ dominates of G’ in the entire range of frequencies investigated, which 

implies viscous behaviour for DE5 at this dry matter. However, based on the rheological 

response of DE12, the molecular weight distribution (Fig. 4.2), the higher Tg and accordingly 

higher viscosity values found for maltodextrin DE5 (Fig. 4.3 and 4.4), we hypothesize that 

maltodextrin DE5 at this dry matter is in a transition region towards glassy behaviour. This 

was confirmed when we prepared thin maltodextrin DE5 films at dry matter content 90% 

(w/w). These films showed cracks on the surface, consistent with glass behaviour 

(Gianfrancesco et al., 2012). Beyond the angular frequencies measured here, G’ will again 

dominate G’’ as the maltodextrins are virtually immobile and thus exhibit glassy behaviour.  

For the lower molecular weight maltodextrins DE21, DE29 and DE38, we were able to 

prepare thin films at a dry matter content of 93% (w/w). These films did not exhibit a rubbery 

region as the smaller sugar molecules cannot entangle. Fig. 4.7B shows viscous behaviour 

for the thin films of DE21, 29 and 38 at dry matter of 93% (w/w). These high value DE 

maltodextrins will likely exhibit only glassy behaviour at even higher dry matter contents 

(≥93% (w/w)).  

  

Figure 4.7. Storage and loss moduli (squares and circles, respectively) as a function of the angular frequency 
for (A) maltodextrins DE5 and DE12 (green: DE5, cyan: DE12) measured at 82% (w/w) dry matter, 0.54 mm 
thick; (B) maltodextrins DE21, DE29 and DE38 (blue: DE21, red: DE29, magenta: DE38) at 93% (w/w), 
0.62 mm thick.   

4.4.4. Final particle morphologies 
An overview of the final morphologies as obtained after single droplet drying at both drying 

air temperatures is provided in a morphology diagram (Fig. 4.8). Generally, low DE-values 

resulted in smoothly shaped particles with large cavities, whereas higher DE-values showed 

more surface irregularities during drying and ultimately wrinkled particle morphologies 

A B 
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could be observed. Maltodextrin DE5 at drying air temperatures of 60 °C and 90 °C and 

maltodextrin DE12 at 60 °C formed smooth particles with large internal cavities and little or 

no surface distortions. These hollow particles with smooth surfaces were also observed after 

single droplet drying of unhydrolyzed starch solutions with 30% (w/w) initial dry matter at 

80 °C and 140 °C (Gouaou et al., 2016). Maltodextrin DE12 showed a transition from a 

smooth surface after drying at 60 °C to a more dented structure after drying at 90 °C; hence, 

DE12 was just in between two regimes. A similar dented structure was previously observed 

by Both et al. (2018b) for sessile single droplet drying of maltodextrin DE12 at 90 °C (R0 of 

~550 μm). Dented morphologies were also observed for maltodextrins DE21, DE29 and 

DE38 at both drying air temperatures. Maltodextrins DE21 and DE29 showed very similar 

denting patterns; yet, for DE29 coarser edges were observed using scanning electron 

microscopy (Fig. 4.8 SEM column). Maltodextrin DE38 had a smoother and more furrowed 

pattern, with sometimes a few large indentations.     

 

Figure 4.8. Final particle morphologies for the different maltodextrins when dried at 60 °C and 90 °C with 
a velocity of 0.3 m/s for droplets with R0=100 ± 15 µm. Column named SDD shows the morphologies collected 
by the camera of the single droplet drying setup. Column SEM shows the scanning electron images of dried 
particles, note that these images are not necessarily the same droplets as shown in the SDD column. Scale 
bars are provided for the separate columns.  
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From locking onward, the temperature of the droplet will increase as shown in Fig. 4.9 (Ziaee 

et al., 2019). After locking, the temperature will gradually converge to the drying air 

temperature. We suspect that at this time, the skin stability will dictate the final morphology 

developed. If then the droplet temperature is in close proximity to its surface glass transition 

temperature, molecular motions are largely restricted to short-range rotational motions and 

vibrations, and droplet skins have adequate strength to resist most surface stresses developed 

during drying. Here, we expect that the morphology development is halted. These 

expectations are to some extent in line with the work of Werner et al. (2008), who concluded 

that mechanical stresses developed in droplet skins are related to the proximity of the surface 

to its glass transition. 

 

Figure 4.9. Schematic diagram showing the droplet temperature (Low DE: black solid line and high DE: 
grey solid line) during single droplet drying. Glass transition curves of the skin as function of solute mass 
fraction are drawn (Low DE: black dashed line, high DE: grey dashed line). When the droplet skin 
temperature is in close proximity to its surface glass transition temperature, morphology development is 
halted. Tgw and Tgs are the glass transition temperatures of the water and dry solute, respectively. Wet bulb 
temperature (Low DE: Twb-low and high DE: Twb-high) and temperature of the drying air (Tair) are 
indicated. Droplet temperature profiles differ for low and high DE maltodextrins as assumed based on locking 
point analysis and sorption isotherms (van der Sman & Meinders, 2011).       

Low DE-value maltodextrins 

The maltodextrins DE5 and DE12 dried at both drying air temperatures, developed a skin at 

an earlier stage than droplets with higher DE maltodextrins, which was explained by the 

steeper increase in viscosities upon concentration (Section 4.4.1). After locking, these 

droplets remained fairly spherical and developed large cavities (Fig. A.4.1 and A.4.2). The 

smooth particles obtained after drying, suggest that for these droplets a critical skin stability 

is reached relatively early in the drying process, close to the locking point. These stable skins 
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cannot deform on the timescales of the drying process and thus can withstand the internal 

stresses that are developed during drying. The spherical form of the droplet is therefore 

retained, and buckling instabilities are almost lacking (Giorgiutti-Dauphiné & Pauchard, 

2018).  

We suspect that this smooth and hollow morphology may be explained by the acquired skin 

elasticity soon after locking, resulting in skins that are more stable against surface stressed 

developed. The acquired elasticity can be confirmed by the observation of a broad rubbery 

plateau region for DE12 thin films at 82% (w/w) dry matter (Fig. 4.7A). Maltodextrin DE5 

probably develop elastic skins earlier in the drying process than DE12, which is in agreement 

with Fig. 4.7A. The elasticity likely results from physical entanglement (c > c*) due to the 

large fraction high molecular weight polysaccharides present, but there is also a chance it 

might result from retrogradation at lower temperatures (Sobolewska-Zielińska & Fortuna, 

2010; Sperling, 2001). This elastic skin still allows for water evaporation, which makes the 

maltodextrin DE5 and DE12 droplets amenable to the formation of cavities. As water 

evaporates, the elastic skin is compressed, resulting in an increase in the elastic energy of 

deformation, which is reduced again by the formation of a cavity (Meng et al., 2014). 

Ultimately, the elastic skin approaches the glassy state, which happens earlier for 

maltodextrin DE5 droplets than DE12 droplets (Fig. 4.3).  

It should be noted that maltodextrin DE12 droplets dried at 90 °C resulted in dented particles. 

The latter could be the consequence of a delayed glass transition; a higher drying air 

temperature could have resulted in an increase in the droplet temperature, consequently 

postponing transition to the glassy state. Therefore, it could be that DE12 skins at 90 °C 

exhibit rubbery behaviour for a longer drying time as compared to DE5 at 60 °C and 90 °C, 

and DE12 at 60 °C, possibly resulting in more surface instabilities. Thus, faster transition 

from elastic/rubbery to glassy skins may even further decrease the surface instabilities 

observed after drying. 

High DE-value maltodextrins 

Maltodextrins consisting of short oligomers and small sugars do not develop any form of 

elasticity shortly after locking. These droplets increase slowly in viscosity upon 

concentration, and after locking their skins will not be sufficiently stable to withstand stresses 

exerted on the droplet surface, leading to deformation of the surface. The latter was confirmed 
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by thin film rheology, where at a dry matter content of 93% (w/w), films with maltodextrin 

DE21, DE29 and DE38 still exhibited viscous behaviour (Fig. 4.7B). Most likely, skin 

stability is only obtained when the droplet surface approaches the glassy state (Fig. 4.9).  

The final morphologies obtained here for maltodextrins with higher DE-values are well in 

line with the work of Li et al. (2011), who investigated surface wrinkling patterns on a core-

shell soft sphere. Li et al. (2012) found that the morphological instability of a soft material 

can be divided into three distinct phenotypes: wrinkling, folding and creasing. Initially, 

during early stage of drying the sphere shrinks isotropically. During drying, the shrinkage of 

the soft sphere exceeds a critical value and the sphere will buckle and form a regular pattern 

of pentagons and hexagons to release the circumferential compression within the shell. This 

pattern is comparable to the final morphologies we here observe with maltodextrin DE12 at 

90 °C and maltodextrin DE21 at 60 °C.  

With further shrinking of the droplet, the phenotype changes from a wrinkling pattern to a 

folding pattern as some of the polygons merge with their neighbours, while others form 

troughs; such a pattern may be related to the morphologies obtained with maltodextrin DE21 

at 90 °C and maltodextrin DE29 at 60 and 90 °C. When the troughs that are formed deepen 

and the ridges become sharper, eventually a labyrinthine topography is formed, which 

resembles the final morphologies that we obtained with maltodextrin DE38 at 90 °C. This 

type of morphology could be referred to as “creasing”, which is formed when an initial soft 

and smooth surface forms ridges or sulci. 

4.5. Conclusions 
Particle morphology development during spray drying is critical to the final powder 

properties. Maltodextrins are frequently spray-dried and can develop both a hollow sphere 

morphology and a wrinkled or creased morphology. Here we have investigated whether the 

dextrose equivalence (DE) of maltodextrins can be used as an indicator for the final powder 

particle morphology. To investigate this in detail, we employed a newly designed sessile 

single droplet dryer.  

Low DE maltodextrins (≤12) are only slightly hydrolysed and have a broad molecular weight 

distribution. They exhibit higher glass transition temperatures and viscosities than high DE 

maltodextrins (≥21) consisting mostly of oligosaccharides. We showed that the viscosity of 
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maltodextrins can be described by the ratio of glass transition temperature to the system 

temperature Tg/T.  

Morphology development with solutions of low DE maltodextrins starts relatively early in 

the drying process. We hypothesize that the skins of droplets with low DE maltodextrins 

show significant elasticity after locking. Thus, these are able to withstand surface 

compression, leading to smooth particles having cavities. These low DE-value maltodextrin 

skins approach the glassy state slightly later, halting morphology development. In contrast, 

high DE droplet skins do not develop significant elasticity after locking and these skins 

become mostly viscous, allowing deformation due to surface compression, leading to 

wrinkling, folding or creasing, depending on the viscosity during deformation. 

Our results demonstrate that the DE-value is a critical parameter of the particle morphology, 

when it is interpreted in the context of process conditions. There is a direct link between the 

rheological properties at high concentrations and morphology development of powder 

particles. In the future, it would be worthwhile to further investigate the rheology of 

maltodextrins in the vicinity of the glass transition temperature. This will eventually allow 

better prediction of the morphology, which can then be used to predict powder properties 

such as flowability and rehydration behaviour. Key results of our study are summarized in 

Fig. 4.10.  

 

Figure 4.10. Summary of results relating to the final particle morphologies.  
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4.6. Appendix 
Table A.4.1. Thin films for rheology measurements were prepared by partial drying of the solutions in an 
oven set at 80 °C, followed by an equilibration step in a climate chamber. Sample volumes, oven times and 
relative humidity (RH) of the climate chamber are indicated. NA indicates no partial drying in an oven was 
required before equilibration in the climate chamber. Average dry matter contents and thickness are 
provided. 

 Sample preparation Sample properties 

DE Volume (mL) Oven time 

(min) 

RH  

(%) 

D.M.  

% (w/w) 

Thickness 

(mm) 

5 6 115 82-85 82±0.5 0.62±0.11 

12 6-7 115 85 82±0.3 0.45±0.01 

21 4.5-5 NA 65 93±0.5 0.62±0.05 

29 5 NA 55 94±0.2 0.61±0.04 

38 5 NA 50 93±0.3 0.65±0.04 

 
 
 
 
 
 
 
 
 
 



                                                               Morphology development of maltodextrins 

75 

 

Figure A.4.1. Morphology development in time (s) for maltodextrins dried at 60 °C. The air flow (0.3 m/s) 
came from the left side as indicated by the arrow. R0= 100 ± 15 µm. 

 

Figure A.4.2. Morphology development in time (s) for maltodextrins dried at 90 °C. The air flow (0.3 m/s) 
came from the left side as indicated by the arrow. R0= 100 ± 15 µm.    
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5.1. Abstract 
We have studied the rheological behaviour of concentrated maltodextrins varying in dextrose 

equivalence value (DE) over a range of temperatures (≤70 °C) and concentrations (≥62% 

(w/w) solids) using small amplitude oscillatory experiments. Rheological data could be 

mapped onto master curves for storage and loss modulus as described with a model for 

transient or entangled polymeric networks. Maltodextrins DE5 and DE12 showed a rubber-

to-glass transition, where the rubber-like behaviour is hypothesised to be the consequence of 

physical entanglements at sufficiently high concentrations of polysaccharides. Maltodextrins 

DE21 and DE38 mostly consisting of small sugars and oligomers exhibited viscous 

behaviour over a large range of frequencies and only at high frequencies the onset of a cross-

over was visible which could signify the vicinity of the glass transition. An effective diffusion 

drying model validated with sessile single droplet drying experiments was coupled to 

rheological models to estimate rheological behaviour of the skin formed at the surface of the 

droplet during drying. The predicted rheological properties of the skin could be related to the 

occurrence of mechanical instabilities later during drying, including cavitation for elastic 

skins and wrinkling for viscous skins. Insight in rheological behaviour at high concentrations 

may therefore offer help in predicting the morphology of droplets generated with spray 

drying. 
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5.2. Introduction 
The rheological behaviour of concentrated food systems is of importance for the design and 

optimisation of both processes and product properties. Examples of operations that involve 

materials that are concentrated in carbohydrates and/or proteins are extrusion, coating, 

evaporation and spray drying. In spray drying, the rheological behaviour of the concentrated 

feed solution is critical for the atomization into fine droplets, but also influences the particle 

structure evolution and agglomeration behaviour during drying, concomitantly co-

determining the final powder properties (Both, Siemons, et al., 2019; Finotello, et al., 2017; 

Porfirio et al., 2020; Ubbink & Dupas-Langlet, 2020).  

Various investigations studied the rheological behaviour of concentrated systems to provide 

better mechanistic insight of skin formation and subsequent morphology development during 

spray drying (Both, Siemons, et al., 2019; Le Floch-Fouéré et al., 2019; Sadek, Pauchard, et 

al., 2015; Sugiyama et al., 2006). For this, studies employed single droplet drying under 

controlled conditions to mimic the spray drying environment. For skin forming materials, the 

emergence of the rheological properties of the skin that is forming at the surface of the droplet 

during drying is hypothesised to be critical to the formation of wrinkles and/or cavities, and 

accordingly to the final particle morphology (Du et al., 2020; Wang & Cai, 2015). For 

example, cavity formation during drying of droplets consisting of colloidal dispersions or 

polymer solutions is suggested to be the result of the formation of an elastic skin that still 

allows for moisture evaporation (Bouman et al., 2016). The continued moisture evaporation 

through the skin and the resulting reduction of volume of the droplet, causes the skin to be 

compressed, followed by an increase in the elastic energy of deformation and a resulting 

lower pressure inside the droplet. The elastic compression is then reduced by the formation 

of a cavity to comply with the pressure reduction, rather than further shrinkage (Meng et al., 

2014). Wrinkling phenomena may occur when droplet skins are thin and do not develop 

significant elasticity, allowing deformation due to surface compression (Du et al., 2020; 

Siemons et al., 2020). Wrinkling may in fact be followed by cavitation depending on elastic 

properties of the skin and the skin thickness developed during drying (Du et al., 2020).    

In our previous study, we employed small amplitude oscillatory shear (SAOS) on 

concentrated thin maltodextrin films, which provided valuable rheological data that could be 

related to morphology development of maltodextrins during single droplet drying (Both, 

Tersteeg, et al., 2019; Siemons et al., 2020). However, rheology experiments were only 
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performed for films at one concentration and with a fixed temperature. As moisture content 

and temperature are continuously evolving during drying, it is important to assess the 

rheological behaviour over a wider range of concentrations and temperatures.  

The rheology that needs to be investigated for drying spans a large range of conditions, to 

allow this, superposition principles may be used to connect the influences of time 

(frequency), temperature and concentration. To do this, one can study the frequency-

dependent properties of materials, including storage (G’) and loss (G’’) modulus. The time-

temperature superposition principle (TTSP) then poses, that the effects of time and 

temperature are related and can be combined in a master curve showing rheological 

behaviour covering a broad range of frequencies (Dealy & Plazek, 2009). For constructing a 

master curve, rheological data for one temperature and frequency are translated to the 

equivalent response at a different temperature by multiplying the frequency with a 

temperature-dependent shift factor (Dealy & Plazek, 2009; Kasapis, 2001). Several 

researchers already showed for various concentrated carbohydrate systems that master curves 

using TTSP can be constructed (De Freitas et al., 2015; Kasapis, 2001; Palzer, 2010; Tsoga 

et al., 1999). In more recent work by van der Sman et al. (2021), it was demonstrated for 

concentrated polysaccharides that the superposition principle could be extended to different 

frequencies, temperatures and concentrations, using the glass transition temperature divided 

by the temperature (Tg/T) as scaling parameter. The master curves constructed in the latter 

work partially resembled the universal master curve for entangled polymers (Groot & 

Agterof, 1995; Sperling, 2001), showing three zones: a rubbery plateau zone, a transition 

zone from rubber-like to glass-like behaviour and a glassy zone.  

Here, we study the effects of time (frequency), temperature and concentration on the 

rheological behaviour of concentrated maltodextrins varying in dextrose equivalence value 

using SAOS testing. We constructed master curves, which map the rheological behaviour of 

maltodextrins at various temperatures and concentrations in a single plot. Master curves were 

described with a model for transient or entangled networks (Marin & Graessley, 1977). 

Horizontal shift factors, incorporating both the effect of temperature and concentration were 

collected. Finally, to discuss the added value of the obtained rheological insights, we discuss 

how the rheological behaviour can be connected to morphology development during drying. 

The latter was done on the basis of modelling of the temperature and moisture evolution 
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during droplet drying, using an effective diffusion drying model validated with sessile single 

droplet drying experiments.           

5.3. Materials and methods 

5.3.1. Materials 
Maltodextrins with dextrose equivalence (DE) 5, 12, 21 and 38 were purchased from 

Roquette Frères (Lestrem, France). Solutions were prepared at a dry matter concentration of 

30% (w/w) by adding maltodextrin powder to demineralized water and stirring for at least 30 

min until the solution was transparent.  

5.3.2. Preparation of concentrated samples and thin films 
Concentrated maltodextrin samples were prepared by rotary evaporation or thin film 

preparation (Both, Siemons, et al., 2019; Both, Tersteeg, et al., 2019; Siemons et al., 2020). 

Rotary evaporation was performed to reach intermediate concentrations (~62-85% (w/w) 

solids depending on DE), while thin films were prepared to reach higher concentrations close 

to the glassy state (~80-95% (w/w) solids depending on DE).    

The rotational evaporator (RC900, KNF, Germany) was operated at 30-70 mBar at 50-70 °C 

to concentrate 30% (w/w) maltodextrin solutions. Concentrated solutions were deaerated for 

10 min to remove the entrapped air in an ultrasonic bath (5210E-DTH, Branson, USA). Thin 

maltodextrin films were prepared with an initial dry matter of 30-60% (w/w), followed by an 

equilibration step in a climate chamber (Memmert, Germany) at 50 °C for three days as was 

described by Siemons et al. (2020). The thin films varied in dry matter concentration 

depending on the set relative humidity of the climate chamber (Table A.5.1).   

5.3.3. Small amplitude oscillatory shear testing 
Small amplitude oscillatory shear (SAOS) was used to determine the linear viscoelastic 

(LVE) properties of concentrated maltodextrin systems using a MCR 502 Rheometer (Anton 

Paar, Austria). Thin film rheology measurements were performed using a parallel plate 

geometry with a ribbed probe with a diameter of 25 mm, 1 N force control. Maltodextrins 

concentrated with rotary evaporation were tested with stainless steel cone plate geometry 

with a diameter of 50 mm. A thin layer of paraffin oil was applied on the edge of the sample 

in order to prevent moisture loss during the measurements. Samples were allowed to rest and 

equilibrate for 15 min before testing. Amplitude sweeps were performed to determine the 
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extent of the LVE region with a shear strain range of 0.01-100.00% with constant angular 

frequency set at 1 rad/s for thin films and 10 rad/s for rotary evaporation samples. For 

frequency sweep tests a frequency range of 0.1-100 rad/s was used at fixed strains within the 

LVE region. Tests were carried out with a temperature range below 70 °C. An overview of 

all SAOS data is given in the supplementary data (Fig. S.5.1-S.5.6).  

5.3.4. Constructing master curves 
Master curves for G’ and G’’ were constructed in an iterative manner using a customized 

Python algorithm developed by van der Sman et al. (2021). The algorithm aims to match 

SAOS data at different temperatures and concentrations to the Marin-Graessley (MG) model 

for transient/entangled networks (Marin & Graessley, 1977). In this model the complex 

compliance (𝐽∗ = 1/𝐺∗ and 𝐺∗ = 𝐺ᇱ + 𝒾𝐺ᇱᇱ with 𝒾 = √−1) is given by: 

𝐽∗(𝜔) = 𝐽ஶ ൥1 + 1𝒾𝜔𝜏ெ + 𝑘௣1 + ൫𝒾𝜔𝜏௣൯௣ + 𝑘ఈ1 + (𝒾𝜔𝜏ఈ)ఈ൩ 
5.1 

Where 𝐽ஶ (Pa-1) is the compliance in the glassy regime (𝐽ஶ = ଵீಮ), the first two terms of 

equation 1 represent Maxwell (viscoelastic) relaxation, the third term modifies the response 

in the plateau zone and the last term represents the 𝛼-relaxation (segmental relaxation). The 

latter two terms are expressions following a Cole-Cole type relaxation model. 𝜏ெ (s) is the 

relaxation time of the Maxwell relaxation mode, 𝜏௣ (s) is a characteristic relaxation time and 𝜏ఈ (s) is the relaxation time of the 𝛼-relaxation. 𝑘௣ and 𝑘ఈ (-) are related to the amplitudes in 

the plateau and transition zones, respectively. The scaling exponent 𝛼 determines the shape 

of the curve in the transition zone, exponent 𝑝 influences the shape of the curve in the plateau 

zone.  

For matching SAOS data to the MG model, a method of least squares was used: 

𝐿ଶ = ෍ 𝓌ଵ ቂlog ቀ𝐺௥௘௙,௜ᇱ ൫𝓌௥௘௙൯ቁ − log ቀ𝐺௡௘௪,௜ᇱ (𝜔 ∙ 𝑎்)ቁቃଶ
𝒾 + 𝓌ଶ ቂlog ቀ𝐺௥௘௙,௜ᇱᇱ ൫𝓌௥௘௙൯ቁ − log ቀ𝐺௡௘௪,௜ᇱᇱ (𝜔 ∙ 𝑎்)ቁቃଶ

 

5.2 

𝐺௥௘௙,௜ represents the reference master curve of the MG model, and 𝐺௡௘௪,௜ represents the 

experimental data with frequencies shifted by horizontal shift factor 𝑎் (𝜔 ∙ 𝑎𝑇 = 𝓌𝑟𝑒𝑓). 𝓌ଵ 

and 𝓌ଶ are weight factors, which we have chosen as 𝓌ଵ/𝓌ଶ ≈ 2.  
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Horizontal shift factors 𝑎் used to minimize the distance between the reference master curve 

of the MG model and experimental data were stored as a function of temperature divided by 

glass transition temperature (𝑇௚/𝑇). 𝑇௚ was estimated as function of moisture content using 

the Couchmann-Karasz model (Couchman & Karasz, 1978): 

𝑇௚ = 𝑦௪∆𝐶௣,௪𝑇௚,௪ + 𝑦௦∆𝐶௣,௦𝑇௚,௦𝑦௪∆𝐶௣,௪ + 𝑦௦∆𝐶௣,௦  5.3 

Here 𝑦௜ is the mass fraction (𝑖 = 𝑤, 𝑠 for water and solute), 𝑇௚,௜ is the glass transition 

temperature for the pure component (𝑇௚,௪ = 139 K), ∆𝐶௣,௜  is the change in the specific heat 

at the glass transition (∆𝐶௣,௪ = 1.91 kJ/kg·K, ∆𝐶௣,௦ = 0.42 kJ/kg·K) (van der Sman & 

Meinders, 2011, 2013).  

The glass transition of the anhydrous maltodextrin, 𝑇௚,௦, can be described by the Flory-Fox 

relation (Avaltroni et al., 2004; Fox & Flory, 1950; Roos & Karel, 1991; Sman & Meinders, 

2011): 𝑇௚,௦ = 𝑇௚,௦ஶ − ௔ಷಷெ   5.4 𝑇௚,௦ஶ  (K) is the glass transition temperature for polymers with an infinite polymer chain length 

(𝑇௚,௦ஶ = 475 K), 𝑎ிி = 5 ∙ 10ସ K·g/mol and M= 100 ∗ ቀଵ଼଴஽ா ቁ is the number average 

molecular weight.  

5.3.5. Modelling single droplet drying 
The single droplet drying model was based on heat and mass transfer theories similar to 

previous studies (Adhikari et al., 2007; Mezhericher et al., 2010; Perdana, Fox, Schutyser, et 

al., 2013; van der Sman, 2003). The droplet has a uniform temperature throughout drying 

(Biot number (𝐵𝑖) < 0.4) (Patel & Chen, 2008). 𝐵𝑖 represents the ratio of external and internal 

heat flux, with the external heat transfer coefficient ℎ௘௫௧ (W·m-2·K-1), the droplet radius 𝑟 

(m) and the effective heat conductivity 𝜆௘௙௙  (W·m-1·K-1). In this study, 𝐵𝑖 is around 0.12.  

𝐵𝑖 = ℎ௘௫௧𝑟𝜆௘௙௙  5.5 
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The numerical model is based on the following differential equations for mass and energy 

transport: ∂௧𝑐௪ + ∇ ⋅ 𝑐௪𝑢௦ሬሬሬሬ⃗ = ∇ ⋅ 𝐷௠∇𝑐௪ 5.6 ∂௧ρ௘௙௙𝑐௣,௘௙௙𝑇 + ∇ ⋅ ρ௘௙௙𝑐௣,௘௙௙𝑇𝑢௦ሬሬሬሬ⃗ = ∇ ⋅ λ௘௙௙∇𝑇 5.7 

𝑐௜ is the mass concentration (kg·m-3), 𝑢௜ is the velocity of the moving mass (m·s-1) (𝑖 = 𝑤, 𝑠 

for water and solute), 𝐷௠ is the mutual moisture diffusion (m2·s-1), ρ௘௙௙ is the effective 

density (kg·m-3), 𝑐௣,௘௙௙ is the effective heat capacity (J·kg- 1·K- 1), 𝑇 is the droplet temperature 

(K). Note that the above equations hold in the Eulerian frame. We will solve the equations in 

the co-moving Lagrangian frame of the shrinking droplet. Using the definition of the 

convective derivative 𝐷௧ = ∂௧ + ∇ ⋅ 𝑢௦ሬሬሬሬ⃗ , where 𝐷௧ is the time derivative in the Lagrangian 

reference frame, the equations can be rewritten in a familiar form of Fick’s and Fourier’s law: 𝐷௧𝑐௪ = ∇ ⋅ 𝐷௠∇𝑐௪ 5.8 𝐷௧ρ௘௙௙𝑐௣,௘௙௙𝑇 = ∇ ⋅ λ௘௙௙∇𝑇 5.9 

We will solve the energy and mass balance in spherical coordinates with the cell-centered 

Finite Volume scheme, using central differencing, and simple Euler forward time integration. 

As said, the model is solved in the Lagrangian frame of the solid material, meaning that the 

amount of solids remains constant throughout the computation. Only water will be exchanged 

between control volumes, which will change the volume of spherical shells. At each time 

step new positions, volumes and surface areas of the control volumes are computed, which 

are used to compute the diffusive mass and energy fluxes. For the temperature of the droplet 

we integrate the energy balance over the whole volume of the droplet. 
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The initial and boundary conditions are as follows: 

𝑐௪(𝑟, 𝑡 = 0) = 𝑐௪,଴            𝑇(𝑟, 𝑡 = 0) = 𝑇଴  

∂௥𝑐௪(𝑟 = 0) = 0                ∂௥𝑇(𝑟 = 0) = 0 
 

 −𝐷௠ ∂௥𝑐௪(𝑟 = 𝑅) = 𝐽௘௩௔௣ −λ௘௙௙ ∂௥𝑇(𝑟 = 𝑅) = ℎ௘௫௧(𝑇– 𝑇௔௜௥)– ൣ Δ𝐻௘௩௔௣,଴ + ൫𝑐௣,௩– 𝑐௣,௪൯(𝑇– 𝑇଴) ൧ 𝐽௘௩௔௣ 

5.10 

5.11 

𝜌௘௙௙ λ௘௙௙, 𝐷௠ are moisture dependent material properties, with relations shown in Table 5.1. 𝑟 is the radial coordinate (m), 𝑅 is the droplet radius (m), 𝑐௪,଴ is the initial water concentration 

(kg·m-3), 𝑇଴ is the reference temperature for the enthalpy for evaporation, being 0 °C, 𝑇௔௜௥ is 

the temperature of the bulk air (K), Δ𝐻௘௩௔௣,଴ heat of vaporization of water at 0 °C (J·kg-1), 𝑐௣,௩  and 𝑐௣,௪ (J·kg- 1·K- 1) the specific heat of vapour and water, respectively. 

The evaporative mass flux 𝐽௘௩௔௣ (kg·s-1) equals: 𝐽௘௩௔௣ = 𝑓௖௔௣4π𝑅ଶ𝛽௘௫௧𝑀௪ 𝑝଴𝑅௚௔௦𝑇௔௩௚ ln ൬ 𝑝଴ − 𝑝௔௜௥𝑝଴ − 𝑎௪𝑝௦௔௧(𝑇)൰ 5.12 

𝑓௖௔௣ is a factor correcting for the fact that the droplet is not spherical, but it is sessile. 𝛽௘௫௧ 

(m·s-1) is the external mass transfer coefficient, 𝑀௪ (kg·mol-1) molecular weight of water, 𝑝଴ 

atmospheric pressure, 𝑝௔௜௥ air pressure and 𝑝௦௔௧ (Pa) saturation pressure at drop temperature 𝑇 (K),  𝑇௔௩௚ = (𝑇௔௜௥ + 2𝑇)/3 (K) is the estimated average temperature of the boundary layer, 𝑎௪ is the water activity (-). As we use the cell-centered Finite Volume method we have to 

estimate 𝑐௪ and 𝑇 at the outer surface of the droplet via solving the boundary conditions with 

an implicit solver (bisection method).    
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Table 5.1. Closure equations used in drying model. The values of the parameters are indicated in Table A.5.2 
and for material specific parameters the values can be found in Table S.5.2.    

Equation name Equation Reference 

Diffusion coefficient 
of water 
(Free volume theory) 

𝐷௪ = 𝐷଴ ∙ 𝑒𝑥𝑝 ቆ −𝑑𝐸𝑅௚௔௦𝑇ቇ ∙ 𝑒𝑥𝑝 ቆ𝑦௪ ∙ 𝑉௖,௪ + 𝜉௕ ∙ (1 − 𝑦௪) ∙ 𝑉௖,௦𝐵 ቇ 

with  𝐵 = 𝑦௪ ∙ 𝐾௪,௪ ∙ ൫𝐾௦,௪ − 𝑇௚,௪ + 𝑇൯ + (1 − 𝑦௪)∙ 𝐾௪,௦൫𝐾௦,௦ − 𝑇௚,௦ + 𝑇൯ 

Vrentas & Dudas (1991); 
Siemons et al. (2019); 
van der Sman & Meinders 
(2013) 

Diffusion coefficient 
of solute 
(Generalized Stokes 
Einstein relation) 

𝐷௦,଴ = ௞ಳ∙் ଺గ∙ఎೢ∙௔బ with 𝑎଴ as the hydrodynamic radius (m) 
Einstein (1905); 
Sutherland (1905)           
van der Sman & Meinders 
(2013) 

Effective diffusion 
coefficient 

𝐷௘௙௙ =  𝐷௦,଴ ∙ 𝜂௪𝜂௘௙௙ 

with log ቀఎ೐೑೑ఎబ ቁ = 4𝑞 + 11𝑞ଶ + 10𝑞ଷ and 𝑞 =  ೒்்ି଴.ଷହ 

van der Sman & Mauer 
(2019) 

Mutual diffusion 
coefficient 
Darken relation 

𝐷௠ = 𝑄஽ ∙ ൫𝜑௪𝐷௘௙௙ + (1 − 𝜑௪) ∙ 𝐷௪൯  
with 𝜑௪ = ௏ೢ௏೟೚೟ volume fraction of water (-) 

Darken (1948); 
Siemons et al. (2019); 
Perdana et al. (2014b) 

Water activity 
Flory-Huggins theory 

𝑎௪ = exp ቆ 𝜇௪𝑅௚௔௦ 𝑇ቇ = ex p ൬l n(𝜑௪) + ൬1 − 1𝑁௦൰ ∙ (1 − 𝜑௪) + 𝜒௘௙௙ ∙ (1 − 𝜑௪)ଶ൰ 𝜒௘௙௙ = ൜ 𝜒௪௦                        , 𝜒௪௦ ≤ 𝜒଴𝜒௪௦ − (𝜒௪௦ −  𝜒଴) ∙ (𝜑௪)ଶ, 𝜒௪௦ > 𝜒଴ 

 
with 𝑁௦ the ratio of molar volume of solvent and solute, 𝜒௘௙௙ 
the effective interaction parameter (-), 𝜒௪௦ the interaction parameter of maltodextrin 

Fox & Flory (1950); 
(1953); 
van der Sman & Meinders 
(2011) 

External mass 
transfer coefficient 𝛽௘௫௧ =  𝑓ఈ  𝑆ℎ 𝐷௔௜௥2𝑅   

Sherwood number 
(Ranz Marshall) 𝑆ℎ = 2 + 0.6𝑅𝑒 ଴.ହ𝑆𝑐଴.ଷଷ =  2 + 0.6 ൬𝑈2𝑅𝜈௔௜௥ ൰଴.ହ ൬𝜈௔௜௥𝐷௔௜௥൰଴.ଷଷ

 Ranz & Marshall (1952); 
(2007) 

Alpha correction 
factor 
(Film theory)  

𝑓ఈ = ln ൬1 + 𝑎௪𝑝௦௔௧(𝑇) − 𝑝௔௜௥𝑝଴ −  𝑝௔௜௥ ൰𝑎௪𝑝௦௔௧(𝑇) − 𝑝௔௜௥𝑝଴ − 𝑝௔௜௥
 Bird et al. (1960); 

Adhikari et al. (2007) 

Heat transfer 
coefficients 

ℎ௘௙௙ =  ଵభ೓೔೙೟ା భ೓೐ೣ೟  
with ℎ௘௫௧ =  ே௨ ఒೌ೔ೝଶோ  and ℎ௜௡௧ = ఒ೐೑೑଴.ହ ௥ 

 

Thermal conductivity 𝜆௘௙௙  = 𝜑௪ 𝜆௪  + 𝜑௦ 𝜆௦  

Effective density 𝜌௘௙௙  = 1𝑣𝑠𝑝𝑒𝑐 = 1𝑦௪𝜌௪ + 1 − 𝑦𝑤𝜌௦
  

Nusselt number 
Ranz Marshall 

𝑁𝑢 = 2 + 0.6𝑅𝑒 ଴.ହ𝑃𝑟଴.ଷଷ =  2 + 0.6 ቀ௎ଶோఔೌ೔ೝቁ଴.ହ ቀఔೌ೔ೝఈೌ೔ೝቁ଴.ଷଷ
  

with 𝛼௔௜௥ as thermal diffusivity of air (m2·s-1) 
Adhikari et al. (2007) 
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To correct for the supporting plate and consequently the reduced surface area of the sessile 

single drop (Fig. 5.1), 𝐴ௗ௥௢௣ was calculated based on changing wall angles  𝛿 =  𝜋 − 𝜃 (rad), 

height of the cap ℎ௖௔௣ = 𝑟൫1 −  𝑐𝑜𝑠(𝛿)൯ (m) and height of the drop 𝐻ௗ௥௢௣ = 𝑟൫1 +  𝑐𝑜𝑠(𝛿)൯ 

(m) (Soh et al., 2016):  𝐴ௗ௥௢௣ = 4 𝜋𝑅ଶ −  2 𝜋𝑅ℎ௖௔௣ =  2𝜋𝑅𝐻ௗ௥௢௣ 5.13 

𝑓௖௔௣ = 𝐴ௗ௥௢௣4π𝑅ଶ  5.14 

 

Figure 5.1. Geometry of sessile single drop as a sphere without cap with drop surface area Adrop, drop height 
Hdrop, drop radius R, cap height hcap as well as wall angle of droplet θ and of cap δ. 

Non-uniform air flow and heat transfer were considered as the air flow pattern near the 

droplet is influenced by the supporting flat plate, although it is thin (Fig. 5.2) (Mosaad, 1999; 

Perdana, Fox, Schutyser, et al., 2013). For the thickness of the hydrodynamic boundary layer 𝛿௎ (m) the distance 𝑥௣=2.25 cm from start of the plate until where the droplet was located, 

the bulk air velocity 𝑈௔௜௥ = 0.3 m·s-1 and the calculated kinematic viscosity of air 𝜐௔௜௥ =2.2 ∙ 10ିହ m2·s-1 were used. The air velocity 𝑈 and the air temperature 𝑇 near the droplet 

were calculated using the height 𝑧 = 𝑅.  

𝛿௎ = 5 ඨ𝜐௔௜௥𝑥௣𝑈௔௜௥  5.15 

𝑈𝑈௔௜௥ = 32 ൬ 𝑧𝛿௎൰ − 12 ൬ 𝑧𝛿௎൰ଷ ; 0 ≤ 𝑧 ≤ 𝛿௎ 5.16 

For the thickness of the thermal boundary layer 𝛿௧, the Prandtl 𝑃𝑟 number is necessary. The 

temperature of the plate at distance 𝑥௣ (𝑇௣,௫) was 70 °C (Table S.5.1). 
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𝛿௧ = ቊ𝑃𝑟ିଵଷ,      𝑃𝑟 ≤ 1𝑃𝑟,           𝑃𝑟 > 1  5.17 

𝑇 − 𝑇௔௜௥𝑇௣,௫ − 𝑇௔௜௥ = 1 − 32 ൬ 𝑧𝛿௧൰ + 12 ൬ 𝑧𝛿௧൰ଷ ; 0 ≤ 𝑧 ≤ 𝛿௧ 5.18 

The model was implemented in Python 3.8.3 with the programme Spyder 4.1.5 (Anaconda 

Inc., USA). Model parameters and material parameters are provided (Table A.5.2, Table 

S.5.1, S.5.2). The model was validated with single droplet drying experiments as described 

by Siemons et al. (2020, 2021). The experimental radius decrease and wall angles were 

obtained via image analysis toolbox from Matlab (Mathworks, USA) as described by Both 

et al. (2018a). Videos were analysed from the onset of drying until the mean locking point 

times for each DE as reported in previous work (Siemons et al., 2020). The locking point 

represents an indirect indication for the inception of the skin and from this point onwards the 

morphology starts to develop. Fits were obtained for three videos for the DE-values (Fig. 

S.5.7, S.5.8).  

 

Figure 5.2. Schematic illustration of air flow distribution over flat plate with hydrodynamic boundary layer 
thickness 𝛿௨ with bulk air velocity 𝑈௔௜௥ and thermal boundary layer thickness 𝛿௧ with bulk air temperature 𝑇௔௜௥ as well as distance 𝑥௣, height 𝑧 and temperature of plate 𝑇௣,௫. The droplet is schematically illustrated 
with exemplary three different shells with radius decrease 𝑑𝑟 and outer radius 𝑟 of each shell. The shells are 
calculated as spheres, the surface area and the radius of the whole droplet however are calculated as a 
reduced area and as the radius of a sphere without a cap, accounting for the sessile droplet. This is not shown 
in this figure.  
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5.3.6. Connecting rheological model and single droplet drying model 
The connection of drying and rheological data was based on shear rates 𝛾ሶ  (s-1) obtained from 

modelled radius decrease over time 𝑑𝑟/𝑑𝑡 (m·s-1). Therefore, the derivative of the modelled 

drop radius was obtained using the finite difference method with time step 𝑑𝑡 = 0.001 s (Fig. 

5.2). 

𝛾ሶ = 𝑑𝑟𝑑𝑡  ∙ 1𝑟  5.19 

According to the Cox-Merz rule, a shear rate can be directly translated into angular frequency 𝜔 (rad·s-1) in the linear viscoelastic range for certain materials, mostly linear homopolymers 

such as maltodextrins (Augusto et al., 2013; Cox & Merz, 1958; Dupas-Langlet et al., 2019; 

Ishii & Nakamura, 2020; Sillick & Gregson, 2009; Winter, 2009). Therefore, the calculated 

shear rate was directly translated to an equivalent angular frequency.  

Besides shear rates, droplet temperature, glass transition temperature and accordingly 

horizontal shift factors (𝑎்) were calculated for each shell and drying time. The latter required 

fitting of log 𝑎் values obtained from construction of master curves with a linear function of 

glass transition temperature and drop temperature ൬ ்்೒ − 0.77൰ିଵ
with fitting parameter 𝑎 and 𝑏 (Liu et al., 2006).  

log 𝑎் = 𝑎 ቆ 𝑇𝑇௚ − 0.77ቇିଵ + 𝑏 5.20 

Note, that 𝑎 and 𝑏 are not independent parameters, as their relation is defined by the reference 

temperature for the shift factor. The calculated angular frequencies were multiplied with the 

calculated horizontal shift factors (𝜔 ∙ a୘) and with this G’ and G’’ could be obtained directly 

with the MG model.  
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5.4. Results and discussion 

5.4.1.  Dependence of viscoelastic behaviour of thin films on temperature   
Small amplitude oscillatory shear data were first collected for maltodextrin thin films at a 

particular concentration as function of the temperature. The frequency dependence of the 

storage (G’) and loss (G’’) moduli at different temperatures between 20 to 70 °C of 

maltodextrin thin films varying in dextrose equivalence (DE) are shown in Fig. 5.3. The 

moduli of DE5 and DE12 films span roughly three orders of magnitude (Fig. 5.3A and C); at 

low temperatures elastic behaviour was observed, while at intermediate temperatures the 

films showed a transition from viscous behaviour at low frequencies to elastic behaviour at 

high frequencies. For the highest temperatures, a cross-over from elastic behaviour at low 

frequencies to viscous behaviour at higher frequencies was observed. DE21 and DE38 thin 

films showed viscous behaviour over the frequency and temperature range tested (Fig. 5.3E 

and G). Only at low temperatures did DE21 films exhibit a transition from viscous to elastic 

behaviour.  

Master curves for G’ and G’’ were obtained by shifting the spectra horizontally along the 

frequency axis using the superposition algorithm (Fig. 5.3B, D, F and H). The master curves 

then describe the viscoelastic properties of the maltodextrin thin films over a broad frequency 

range. Especially, the sigmoidal transition found for DE5 (Fig. 5.3B) agrees well with a part 

of the universal master curve for entangled polymers (Groot & Agterof, 1995); indicating 

that the films are in a transition zone between rubber-like and glass-like behaviour. At low 

frequencies the storage modulus is the predominant response, followed by a sharp increase 

in moduli upon cooling the film. At high frequencies elastic behaviour is again dominant. 

Similar transition behaviour could be identified for DE12 (Fig. 5.3D) (G’ ~ G’’), although 

the sigmoidal shape is not as pronounced as for DE5. The rubber-like behaviour is likely the 

consequence of physical entanglements at sufficiently high concentration of long polymeric 

chains (Table A.5.3). According to Levine and Slade (1986) above a critical polymer 

concentration starch hydrolysis products with a DE≤6 should be capable of forming a gel 

network via entanglements, while Castro et al. (2016) state that entanglements may also be 

observed for DE≤12. 
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Figure 5.3. Left graphs are example mechanical spectra showing the frequency dependence of G’ (straight 
lines) and G’’ (dashed lines) of maltodextrin thin films at various temperatures (° C) and right graphs show 
the master curve (G’ red diamonds and G’’ blue circles) of maltodextrin thin films obtained by horizontal 
superposition along the frequency axis (A, B= DE5 at 84.1% (w/w), C, D= DE12 at 83.8% (w/w), E, F= 
DE21 at 85.1% (w/w), G, H= DE38 at 95.0% (w/w)).  

B 

C D 
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G H 

A 
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The master curves of the DE21 and DE38 thin films (Fig. 5.3F and H) showed dominant 

viscous behaviour over a wide frequency window of roughly four decades. Above a DE of 

20, maltodextrins mostly comprise of short oligomers and small sugars (Loret et al., 2004) 

(Table A.5.3). High DE maltodextrins are known to exhibit viscous behaviour even at 

relatively high solids concentrations, which is only changed to elastic behaviour upon 

approaching the glassy state (Siemons et al., 2020; Tsoga et al., 1999). The polysaccharides 

responsible for the entanglements and hence the rubber plateau for low DE maltodextrins are 

in high DE maltodextrins replaced by larger fractions of oligomers and small sugars that are 

more flexible and may reptate sufficiently fast, except in the vicinity of glassy state.  

5.4.2. Dependence of viscoelastic behaviour on temperature and concentration 
As moisture content and temperature are continuously evolving during drying, we further 

examined rheological behaviour of maltodextrins over a range of temperatures (10 °C - 70 

°C) and concentrations (61.8% (w/w) - 95.0% (w/w) solids). From the data we constructed 

G’ and G’’ master curves as described by Marin-Graessley (MG) model (Fig. 5.4). The 

logarithm of the horizontal shift factors log (𝑎்) describes the combined effect of moisture 

concentration and temperature and is scaled with (T/Tg-0.77)-1 (Fig. 5.5). Fitted model 

parameters are provided in Table 5.2. 

For maltodextrin DE5 the master curve covers values from ~103.9 to 108.7 Pa and a frequency 

range of twelve orders of magnitude (Fig. 5.4A and B). The master curves illustrate the 

presence of a rubbery plateau zone at low frequencies, followed by a remarkable rise in 

viscoelasticity, which is recognized as the transition region to glassy behaviour (Ferry et al., 

1953; Groot & Agterof, 1995). The scaling exponent 𝛼 was 0.65, resulting in dominating loss 

modulus in the transition zone. Similar scaling in the transition zone was reported by van der 

Sman (2021) for maltodextrin DE2 (𝛼 = 0.6) (Table 5.2). As the frequency increases beyond 

the capability of the polysaccharides to respond, i.e. polysaccharides cannot attain their 

dynamic equilibrium configuration on the timescale of observation, the material glassifies 

and responds as a hard elastic solid (Ngai, 2011). In the glassy state the storage modulus may 

reach a maximum value of roughly 109 Pa and the loss modulus is expected to decrease 

(Sperling, 2001). This is however not clearly observed from Fig. 5.4, however it is more 

prominent in work reported by for instance Kasapis (2001) and van der Sman et al. (2021). 

The MG model describes the experimental data well, even though the experimental loss 

moduli deviate from the model at higher frequency values. This may be improved by obtain- 
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Figure 5.4. Master curve G’ and G’’ fitted to MG model for DE5 (A, B), DE12 (C, D), DE21 (E, F) and DE38 
(G, H). The solids concentrations (% (w/w)) are indicated in different colours in the legends of A, C, E, G. 
Predicted G’ and G’’ are given in lines, red for G’ and blue for G’’. 

A B 

C D 

E F 

G H 
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ing the modulus in the glassy state, which in this model was based on roughly the highest G’ 

value measured for thin films, even we know that the elastic modulus further increases as 

solids concentration increases or the temperature decreases beyond the range tested. The 

model also predicts the rheological behaviour at lower frequencies beyond the frequency 

range covered by the experimental data, where increased molecular motion as a consequence 

of increased temperature/decreased concentration may cause assemblies of polysaccharide 

chains to move in a coordinated manner and accordingly exhibit viscous flow (Sperling, 

2001).  

A similar viscoelastic pattern was observed for maltodextrin DE12 (Fig. 5.4C and D), with 

the scaling exponent 𝛼 of 0.60 close to 0.65 for DE5 and similar as was found by van der 

Sman et al. (2021). Though the plateau modulus (GN) differed from DE5 as the elastic 

modulus decreased from about 105 to roughly 104 Pa. We attribute this to a decreased 

concentration of long polymeric chains and hence a decreased crosslinking density of the 

polysaccharides (Ferry, 1980) (Fig. A.5.1 and Table A.5.3). Additionally, a higher DE (and 

thus lower average molecular weight) of the maltodextrins may result in decreasing plateau 

modulus as a consequence of decrease in molecular weight (Avaltroni et al., 2004; Marin & 

Graessley, 1977; Rong et al., 2009; Sunthar, 2012). 

Master curves constructed for maltodextrins DE21 (Fig. 5.4E and F) and DE38 (Fig. 5.4G 

and H) show an analogous development in the moduli ranging over roughly eight orders of 

magnitude. For both maltodextrins G’’ dominates G’ over a broad range of frequencies, while 

at high frequencies the onset of a cross-over is visible which could signify the vicinity of the 

glass transition. The scaling exponent 𝛼 approaches 1 and is 0.93 and 0.85 for DE21 and 

DE38, respectively. If the scaling exponent 𝛼 is 1, following Cox-Merz, it suggests the 

system is behaving as a Newtonian fluid in the transition zone. Additionally, high DE 

maltodextrins did not exhibit rubber-like behaviour as may be explained by the absence of 

sufficiently high concentration polysaccharides to form an entangled network (Table A.5.3). 

High DE maltodextrins instead have a large fraction of small sugars present which may act 

as plasticizers, separating the polysaccharides from each other and making disentanglement 

easier. Due to the absence of a plateau region for high DE maltodextrins, the MG model is 

simplified by removing the third term of the model (which is required to broaden and flatten 

the response in the plateau zone) and k஑ and τ ஑ are significantly increased (Marin & 

Graessley, 1977; van der Sman et al., 2021). This then results in such low GN values that the 
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plateau zone is not involved in fitting of the model to the data. Practically, this implies fitting 

the model in absence of a plateau.  

Table 5.2. Fitted model parameters for maltodextrins varying in dextrose equivalence (DE). DE2 data was 
obtained from van der Sman et al. (2021) for comparison. Note that 𝑎 and 𝑏 are defined by the reference 
temperature for the shift factor, reference temperatures differ for the different DEs.  

Marin-Graessley 

parameters 

DE5 DE12 DE21 DE38 DE2 

τ୑ (s) 10ଷ 10ଶ 10ଷ 10ଷ 10ଷ  τ ஑ (s) 0.5 0.5 1 ∙ 10ଵ଴ 1 ∙ 10ଵଶ 0.5 τ ୮ (s) 2 ∙ 10ଷ 6 ∙ 10ଷ - - - k஑ (-) 3.5 ∙ 10ଷ 11 ∙ 10ଷ 8 ∙ 10ଵ଺ 2 ∙ 10ଵ଻ 3 ∙ 10ିଷ k୮ (-) 7 ∙ 10ଶ 10ଷ - - - Gஶ (Pa) 6 ∙ 10଼ 1.5 ∙ 10଼ 4 ∙ 10଻ 4 ∙ 10଼ 1 ∙ 10ଽ α (-) 0.65 0.60 0.93 0.85 0.60 p (-) 0.25 0.35 - - - 

Linear fit shift factors      a (-) 𝑏 (-) 

2.42 −6.64 

2.43 −6.63 

2.89− 5.30 

1.61 −3.76 

 

The horizontal shift factors required for the construction of the master curves that capture 

both the effect of temperature and moisture concentration are shown in Fig. 5.5. Van der 

Sman et al. (2021) demonstrated that the horizontal shift factors for highly concentrated 

maltodextrins and starch are a function of Tg/T. Liu et al. (2006) also investigated the 

applicability of scaling the shift factors using Tg/T obtained by TTSP by comparing a variety 

of amorphous polymers and copolymers in the Arrhenius as well as non-Arrhenius regions 

(Tg/T from 0.5-1). They found a universal linear relation between log 𝑎் and Tg/(T-0.77Tg) 

with a slope of 3 in Arrhenius and non-Arrhenius regions. We indeed find a linear relation 

between log 𝑎் and Tg/(T-0.77Tg) for all the maltodextrins, where slopes vary from 1.6 to 

2.9 depending on the DE. A universal slope of 3 was established for a variety of polymers by 

Liu et al., however as can be seen from the molecular weight distributions maltodextrins are 
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mixtures of polymers, oligomers and sugars which may have caused the slope to diverge 

from the universal value found for polymers (Fig. A.5.1). 

   

   

Figure 5.5. Horizontal shift factors (𝑎்) required to construct master curves as function of (T/Tg-0.77)-1 for 
DE5 (A), DE12 (B), DE21 (C), DE38 (D). Tg is based on the moisture concentration of the sample as 
estimated with Couchman-Karasz and T is the experimental temperature of the mechanical spectra. Dotted 

lines are obtained by fitting with 𝑙𝑜𝑔 𝑎் = 𝑎 ൬ ்்೒ − 0.77൰ିଵ + 𝑏.  

5.4.3. Linking rheological data to skin formation and morphology development 
To illustrate the added value of the rheological data, we here discuss how rheological 

behaviour can be connected to morphology development during drying of solutions of 

maltodextrin DE5 (Fig. 5.6) and DE38 (Fig. 5.7). The drying kinetics could be described well 

with the model until inception of the skin, i.e. locking points (Fig. 5.6A, 5.7A, S.5.7, S.5.8). 

For DE38 the radius decreased a bit faster than the model predicted, which may be due to 

experimental variations in air and plate temperature. Based on the modelled drying kinetics, 

the shifted frequencies (shear rates) acting on the different droplet shells were predicted over 

drying time (Fig. 5.6B and 5.7B). The shifted frequencies evolved differently for the different 

shells of the droplet, accordingly resulting in a distinct evolution of the rheological properties 

for the different shells (Fig. 5.6C and 5.7C).  

A B 

C D 
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Figure 5.6. Radius decrease over time for single droplet drying of DE5 (30% (w/w) initial solids, air 
temperature 90 °C, air velocity 0.3 m/s) (A), SSE = 1.12·10-12 m2. Shifted frequency log 𝜔 ∙ 𝑎் over drying 
time for different shells n (with n=0,1,2 for the inner shells, n=8,9,10 for middle shells and n=17,18,19 for 
outer shells) (B). G’ and G’’ as function of shifted frequency log 𝜔 ∙ 𝑎் (C). G’ and G’’ as function of drying 
time for outer shells n=17,18,19 (D). 

For the DE5 droplet, G’’ is larger than G’ for all inner shells, whereas middle and outer shells 

showed decreasing G’’ for higher frequencies, eventually resulting in elastic behaviour (G’ 

> G’’) (Fig. 5.6C and D). The inner part of the droplet can therefore be characterised as 

viscoelastic liquid for the drying times investigated, while the middle and outer part showed 

a transition from a viscous material to an elastic material during drying. It is interesting to 

note that the elasticity of the skin is not caused by a strong increase of the storage moduli, 

but by a decrease of the loss moduli. For the DE38 droplet, G’’ is always higher than G’ (tan δ = G’’/G’ » 1) for all droplet shells, which suggests that both the interior and the skin remain 

viscous throughout the drying process (Fig. 5.7C and D). Other droplets studied for DE5 and 

DE38, confirmed the observed trends (Fig. S.5.9 and S.5.10). 

A B 

C D 
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Figure 5.7. Radius decrease over time for single droplet drying of DE38 (30% (w/w) initial solids, air 
temperature 90 °C, air velocity 0.3 m/s) (A), SSE = 4.92·10-11 m2. Shifted frequency log 𝜔 ∙ 𝑎் over drying 
time for different shells n (with n=0,1,2 for the inner shells, n=8,9,10 for middle shells and n=17,18,19 for 
outer shells) (B). G’ and G’’ as function of shifted frequency log 𝜔 ∙ 𝑎் (C). G’ and G’’ as function of drying 
time for outer shells n=17,18,19 (D). 

Based on the rheological results as a function of the drying time, we attempted to define a 

skin formation moment. This was done as our hypothesis was that the rheological properties 

of the outer layers of the droplet at the skin formation moment can help explain the evolution 

of the surface during drying. For the skin formation moment, the point of steepest increase 

in log G’ of the outer shell in combination with a characteristic change in tan δ was 

considered (Fig. 5.6D and 5.7D). For this, the derivative of log G’ was determined by finite 

difference method and the maximal value of the derivative was selected as skin formation 

time; tan δ as function of drying time also showed a clear change in slope at this skin 

formation time (Fig. S.5.11). For DE5 this skin formation moment was roughly 0.5 s earlier 

than DE38 (1.6 s and 2.1 s, respectively). This earlier skin formation for low DE 

maltodextrins was previously suggested based on locking point analysis, where the locking 

points serve as an indirect indication for the inception of the skin (Siemons et al., 2020).  
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As previously mentioned, we consider the rheological properties of the outer layers at skin 

formation important in explaining the mechanical instabilities occurring later during drying. 

For maltodextrin DE5 at the defined skin formation point, dominant elastic behaviour is 

predicted for the outer shells of the droplet (Fig. 5.6D). This is likely the consequence of 

entanglements of the polysaccharides present. Elasticity is suggested important for 

explaining cavity formation (Bouman et al., 2016; Du et al., 2020). When an elastic/gelled 

skin is formed at the surface that is still permeable to moisture, ongoing evaporation of 

moisture from the core of the droplet will result in a skin with increased rigidity. At some 

point during drying the rigidification of the skin hampers further shrinkage, resulting in a 

decreasing pressure difference between the inside and outside of the droplet. This results in 

an inward elastic stress at the weakest point of the skin and consequently cavity formation 

(Fig. 5.8A). As soon as a cavity is formed, the pressure difference is eliminated, the 

compression stress on the skin is removed and wrinkling phenomena are repressed, 

eventually resulting in a smooth and hollow particle (Du et al., 2020). During skin formation 

moment for DE38, dominant viscous behaviour of all layers including the outer layers of the 

droplet is predicted. The droplet may therefore be considered a soft, viscous sphere and with 

increasing shrinkage, the pressure difference over the outer layers due to water evaporation 

leads to viscous deformation and wrinkle development (Fig. 5.8B) (Du et al., 2020; Li et al., 

2011). The pressure/compressional energy is dissipated by viscous deformation and thus is 

not available to restore/retain the spherical shape as it is the case for the elastic skin of DE5 

(Brinson & Brinson, 2015; Sperling, 2001). 

 

Figure 5.8. Particle morphology development (R0 100 ± 40 µm) during single droplet dying at 90 °C of 
maltodextrin DE5 30% (w/w) (A), maltodextrin DE38 30% (w/w) (B). Air flow (0.3 m/s) came from the left 
as indicated in the figure by the arrow. Scale bars of 100 μm are provided. 
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5.5. Conclusions  
Small amplitude oscillatory shear data of maltodextrins with different DE values as function 

of temperature and concentration could be mapped onto master curves for G’ and G’’ as 

described with a model for transient/entangled polymeric networks.  

Low DE maltodextrins, containing a sufficiently large fraction of polysaccharides, showed a 

rubber-to-glass transition, whereas high DE maltodextrins mostly consisting of small sugars 

and oligomers exhibited viscous behaviour over a large range of frequencies. The presence 

of a rubber plateau zone for low DE maltodextrins is likely the consequence of physical 

entanglements at sufficiently high concentrations of polysaccharides. The logarithm of the 

horizontal shift factors for constructing the master curves could be linearly scaled with Tg/(T-

0.77Tg), therefore incorporating both the effect of moisture and temperature. We thus show 

a Time-Temperature-Concentration superposition principle for these systems.  

Finally, we demonstrate that the rheological behaviour can be linked to droplet drying via a 

numerical model validated with single droplet drying experiments. The rheological properties 

of the skin formed at the surface of the droplet could indeed be related to the occurrence of 

mechanical instabilities i.e. cavitation or wrinkling.  

Therefore, the morphology of the droplets for instance generated with spray drying can be 

predicted using the rheological properties of the materials. This will be a great help in guiding 

spray drying processes towards desired morphologies and powder properties.     
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5.6. Appendix 
Table A.5.1. Thin films for rheology measurements were prepared by partial drying of the solutions in an 
oven set at 80 °C, followed by an equilibration step in a climate chamber. Sample volumes, oven times and 
relative humidity (RH) of the climate chamber are indicated. NA indicates no partial drying in an oven was 
required prior to the climate chamber. Range of dry matter contents are provided.  

 

 

 

 

 

 

Table A.5.2. Parameter definitions, values and respective model symbols, sources of values are as indicated 
in the text.  

Parameter Definition Value 𝑎ிி Flox-Flory fitting parameter (J·mol- 1·K- 1) 5.00·104 𝑐௣,௦ Heat capacity of solute (J·kg- 1·K- 1) 1000 𝑐௣,௪ Heat capacity of vapour (J·kg- 1·K- 1) 1996 𝑐௣,௪ Heat capacity of water (J·kg- 1·K- 1) 4200 𝐷଴ Diffusivity constant (m2·s-1) 1.39·10-7 𝐷௔௜௥ Diffusion coefficient of air (m2·s-1) 2.42·10-7 ∆𝑐௣,௦ Change in specific heat of solute (J·mol- 1·K- 1) 420 ∆𝑐௣,௪ Change in specific heat of water (J·mol- 1·K- 1) 1910 𝑑𝐸 Activation energy to overcome neighbouring attraction (kJ·s- 

1) 
1980 𝑑𝐻௘௩௔௣,଴ Heat of vaporisation of water at 0 °C (J·kg- 1) 2.50·106 𝑑𝑡 Iteration time step (s) 0.001 𝑘஻ Boltzmann constant (J·K-1) 1.38·1023 𝐾௦,௦ Free volume parameter for solute (K) 69.21 𝐾௦,௪ Free volume parameter for water (K) -19.73 𝐾௪,௦ Free volume parameter for solute (m3·kg-1·K-1) 3.36·10-4 𝐾௪,௪ Free volume parameter for water (m3·kg-1·K-1) 1.95·10-3 𝑁 Total number of shells (-) 20 𝑝଴ Atmospheric pressure (Pa) 1.00·105 𝑄஽ Thermodynamic factor of Darken relation (-) 1.00 𝑅௚௔௦ Ideal gas constant (J·K-1·mol-1) 8.31 

DE Volume 

(mL) 

Oven time 

(min) 

RH 

(%) 

D.M.% 

(w/w) 

5 6-7 115 82-90 81-84 

12 6-7 115 80-85 83-84 

21 6-7 NA 65-71 84-86 

38 5-6 NA 50-55 92-95 
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𝑇௚,௦ஶ  Glass transition of solute in infinity (K) 475 𝑇௚,௪ Glass transition temperature of water (K) 136 𝑉௖,௦ Specific critical free volume of solute (m3·kg-1) 0.59 𝑉௖,௪ Specific critical free volume of water (m3·kg-1) 0.91 𝑥௣ Distance from droplet place on plate (m) 0.02 𝜂଴ Zero viscosity of solute solution (Pas) 2.20·10-4 𝜂୵ Viscosity of water (Pas) 1.00·10-3 𝜆௦ Thermal conductivity of solute (W·m-1·K-1) 0.33 𝜉௕ Ratio of solvent and jumping units (-) 0.79 𝜒଴ Interaction parameter of water (-) 0.50 

Molecular weight distributions 

Molecular weight distributions of the different maltodextrins were determined by High 

Performance Liquid Chromatography (HPLC) using a Shodex KS-802 (7 μm) 8.0 × 300 

(mm) + Guard column. The column is operated at 50 °C and connected to a refractive index 

(RI) detector (Shodex RI-501). Milli-Q water was used as eluent with a flow rate of 1 

mL/min. The retention time of maltotridecaose, i.e. maltopolymer with degree of 

polymerization (DP) of 13, (Elicityl, France) was used to determine the fraction of sugars 

with a DP above and below 13.  

 

Figure A.5.1. Molecular weight distribution for maltodextrin DE5 (red), DE12 (green), DE21 (blue), DE38 
(magenta). Molecules with higher molecular weight elute first, followed by low molecular weight components.  
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Table A.5.3. Relative sugar fractions (%) with degree of polymerization (DP) above and below 13 determined 
by relative peak areas.  

DE >DP13 <DP13 

5 77.53  22.47  

12 62.77 37.23 

21 40.96  59.04  

38 18.97  81.03  

 

5.7. Supplementary data 
Supplementary data will be made available online after publication. If needed it can be made 

available upon request by email to isabel.siemons@wur.nl/isabelsiemons006@gmail.com or 

ruud.vandersman@wur.nl.  
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6.1. Abstract 
Spray drying can be used to manufacture powder ingredients with lactic acid bacteria. Carrier 

matrices are used to increase survival of bacteria during drying; however, it is not exactly 

known why some matrices provide better protection than others. Depending on the carrier 

matrix and the drying conditions, different powder particle morphologies are obtained. Here, 

we employed single droplet drying to investigate the relation between particle morphology 

and survival of Lactobacillus plantarum WCFS1. Different carrier matrices with varying 

physicochemical properties were selected and dried at 90 °C (R0 ~100 µm), yielding smooth, 

hollow or dented morphologies. A clear correlation was observed between the observed 

particle morphologies and the viabilities after drying. Highest survival (78-90%) was 

obtained for dense and smooth particles; low survival (2-8%) was obtained for dented 

particles. The relation between the morphology and survival is likely to be rooted in a 

complex interplay between matrix properties and dynamics, where a skin that hinders 

evaporation most resulted in the highest inactivation. The identified correlation between 

morphology development and bacterial survival will be important to identify the mechanisms 

of inactivation of bacteria during drying. 
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6.2. Introduction 
Lactic acid bacteria are widely used in food production as starter cultures or probiotics. These 

bacterial food ingredients are often dried and stored in powder form to increase their shelf 

life (Broeckx et al., 2016; Huang et al., 2017; Peighambardoust et al., 2011). Freeze and spray 

drying are the main drying techniques that are used to industrially dry probiotics and starter 

cultures. Although during freeze drying the heat sensitive microorganisms are less exposed 

to heat as is the case during spray drying, spray drying is an interesting alternative since the 

drying time is shorter and the energy consumption is much smaller compared to freeze drying 

(Huang et al., 2017; Santivarangkna et al., 2007).  

During spray drying, considerable inactivation of bacteria occurs due to thermal and 

dehydration stresses (Liu et al., 2018; Perdana, Bereschenko, et al., 2013). Therefore, bacteria 

are commonly dried in a protective matrix, consisting of for example carbohydrates, proteins 

or reconstituted skim milk to enhance their viability after drying (Broeckx et al., 2017; 

Perdana, Fox, Siwei, et al., 2014). The protective effect of these drying matrices, especially 

for sugars, is often explained by their ability to form a glassy matrix in which the cells are 

embedded and/or they may depress a phase change of the cellular membrane from liquid 

crystalline to gel phase (Broeckx et al., 2016; Leslie et al., 1995; Perdana, Fox, Siwei, et al., 

2013). Additionally, the viability is also influenced by drying kinetics of the matrices, leading 

to a specific temperature-moisture content history of the droplets during drying (Ghandi et 

al., 2012b; Khem et al., 2015). In general, survival decreases considerably when the product 

is exposed to higher temperatures at higher moisture contents for a longer time (Liu et al., 

2018; Perdana, Bereschenko, et al., 2013). The fact that some strategies lead to higher 

viability after spray drying shows that it is possible to increase the survival, though there is 

still a lack of insight in the reasons why some drying matrices result in better protection 

during spray drying compared to others.  

Spray drying can yield entirely distinct particle morphologies depending on the carrier matrix 

and the applied drying conditions (e.g. smooth, hollow, dented) (Both, Karlina, et al., 2018; 

Siemons et al., 2020). Hitherto, particle morphology development during spray drying has 

been mainly studied with respect to physical powder properties such as bulk density and 

particle size (Both, Karlina, et al., 2018; Sadek et al., 2014; Schutyser et al., 2018). Some 

studies suggested that the development of the skin and the overall particle morphology during 

spray drying may also affect bacterial survival (Ghandi et al., 2012a; Khem et al., 2015, 2016; 
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Wang et al., 2016). However, it is not known whether the particle morphology and bacterial 

survival can be linked. We here therefore hypothesize that the particle morphology as 

influenced by the properties of the carrier materials and drying conditions also has a specific 

effect on the survival of bacteria during spray drying.  

In this study we focused on drying of sessile single droplets to evaluate this hypothesis. 

Sessile single droplet drying allows for drying of small droplets which can provide insight 

into spray drying processes when dried under well-controlled conditions (Schutyser et al., 

2018). This method allows us to visually monitor the particle morphology development and 

analyse bacterial survival for each droplet after drying. Different drying matrices were 

selected (trehalose, xylose, whey proteins, maltodextrins) that lead to distinct particle 

morphologies and have different physicochemical properties (e.g. different glass transition 

temperatures). Lactobacillus plantarum WCFS1 was used as a model probiotic bacterium. A 

systematic set of experiments was conducted to distinguish between the direct effect of the 

matrix on the survival of bacteria, and the effect of morphology, indirectly influenced via the 

rheological properties of the matrix (Siemons et al., 2020). The results may contribute to the 

development of spray drying processes leading to higher bacterial survival. 

6.3. Materials and methods 

6.3.1. Carrier materials 
Five types of drying matrices were investigated for their protective effects during drying of 

L. plantarum WCFS1 cells, i.e. whey protein, trehalose, maltodextrin dextrose equivalence 

(DE) 19, maltodextrin DE5, and xylose. Whey proteins, purity 97.0-98.4% (BiPro®, Davisco, 

Switzerland), trehalose (Sigma Aldrich, USA), and xylose (Sigma Aldrich, USA) drying 

matrices were prepared at a dry matter concentration of 20% (w/w). The maltodextrin 

matrices (Roquette, France) had a dry matter concentration of 20% (w/w), 30% (w/w) or 40% 

(w/w) before drying. The protein matrices were stirred overnight at 4 °C to ensure complete 

hydration, while the carbohydrate matrices were stirred for a minimum of 30 min. All 

components were dissolved in demineralized water.   

6.3.2. Microorganisms and pre-culture 
Lactobacillus plantarum WCFS1 was obtained from the in-house strain collection. Pre-

culture of this strain was performed according to the method described by Vaessen et al. 

(2018). L. plantarum WCFS1 was plated from a frozen stock on De Man, Rogosa and Sharpe 
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(MRS) agar. The plates were incubated micro-aerobically at 30 °C for 60-70 h. After 

incubation, the plates were stored at 4 °C until further use. From these plates a single colony 

was transferred into 10 ml MRS broth and grown for 24 ± 2 h at 30 °C. This culture was 

subsequently diluted 1:100 into fresh MRS broth and incubated overnight for 17 ± 1 h at 30 

°C. This overnight culture was centrifuged at 13,500 × g for 10 min. The pH of the 

supernatant was measured to check the growth of the culture and was always 3.9 ± 0.1. The 

remaining pellet was washed once with a washing buffer (for composition see (Vaessen et 

al., 2018)) and centrifuged again using the same settings. After centrifugation the supernatant 

was discarded and the pellet was suspended in the carrier matrix. This culture in drying 

medium consisted of 3-4 · 109 CFU/ml.   

6.3.3. Single droplet drying 
The drying experiments were done using the single droplet drying equipment described 

earlier (Siemons et al., 2020). The droplets were dispensed by a PipeJet® NanoDispenser 

(BioFluidix, Germany) using 200-S PipeJet® Pipes (Biofluidix, Germany) on a flat 

hydrophobic membrane (Tetratex® ePTFE 3104 Polytetrafluoroethylene membrane, 

thickness 0.27 mm) (Donaldson Nederland B.V., The Netherlands). Droplets were dried for 

20 s in a heated air flow from an insulated air feed tunnel (RH=0%) at 90 °C, at a flow 

velocity of 0.3 m/s. Deposited droplets had an initial radius (R0) of 100 ± 20 µm, which is 

roughly in the upper part of the droplet size range in industrial spray dryers (Filková et al., 

2014). The size and shape were recorded with a camera. A complete overview (including 

pictures) of the setup can be found in Siemons et al. (2020).  The obtained sequences were 

analysed for the initial droplet size and locking point via image analysis using Image J 

software (National Institute of Health, USA). The locking point, which represents the onset 

of solidity and the morphology development, was defined as the first visual observation of 

shape deviation of the drying droplet during video analysis. The experiments were carried 

out in duplicate at least. 

After drying, the particles were studied using scanning electron microscopy (SEM). For SEM 

analysis, samples were fixed on a sample holder using carbon adhesive tabs. SEM images 

were taken at 5 kV, 3.74 pA, using a Phenom G2 Pure SEM (Thermo Fischer Scientific, The 

Netherlands). For all droplets, a full image and a topographic image were made using a high 

sensitivity backscatter electron detector (Thermo Fischer Scientific, The Netherlands). The 

SEM analyses were performed at least in duplicate.   
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For each experiment with bacteria, first a droplet was dispensed and subsequently the 

membrane with the droplet was immediately transferred into a vial containing 1 ml phosphate 

buffered saline (PBS) for dissolution of the droplet. This was done at least in duplicate and 

these droplets served as the control, without drying. Additionally for each experiment two to 

six droplets were dried for 20 s at 90 °C. After drying, these droplets were kept on the 

membrane at room temperature for maximum 2 h until subsequent survival analysis. For each 

dispensed droplet the exact droplet volume was determined by stroboscopic images analysed 

by the Biofluidix Control Software V2.9 (BioFluidix, Germany) and used for the calculation 

of the survival.  

6.3.4. Survival analysis 
The dried droplets were rehydrated by transferring the membrane with the dried droplet into 

vials containing 1 ml PBS. After at least 10 min of rehydration, this culture was decimally 

diluted by pipetting 50 µl of this rehydrated culture into 450 µl PBS. The control droplets, 

which were dispensed but not dried, were also decimally diluted in the same way. 

Subsequently, the diluted cultures were plated in duplicate on MRS agar plates and incubated 

for 48-96 h at 30 °C under microaerobic conditions. After incubation, the plates were counted 

and subsequently these counts were used to calculate the survival. Firstly, for each droplet 

the average CFU of the duplicate plates was used to calculate the CFU/nl of the initial droplet 

by taking into account the dilutions and the exact volume of the dispensed droplet. Secondly, 

the survival was calculated by dividing the average CFU/nl of the dried droplet by the average 

CFU/nl of the control droplets. 

6.3.5. Experimental setup  
All drying experiments with bacteria were carried out at least in duplicate, with each replicate 

being a fully independent experiment performed with another pre-culture and on another day. 

Additionally, for each experiment, multiple non-dried control and dried droplets were taken 

into account, to minimize the experimental errors. The morphology development during 

single droplet drying was also evaluated for at least three droplets. 
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6.4. Results and discussion  

6.4.1. Particle morphologies after single droplet drying  
Trehalose, whey protein and maltodextrin DE19 solutions were dried at 90 °C using the 

sessile single droplet drying platform. In the initial phase of the drying process, the droplets 

decreased in size with similar rates, and remained spherical. After this initial drying phase, 

skin formation occurs due to an increased viscosity near the droplet surface. From the onset 

of the skin formation, often referred to as the locking point, the particle morphology starts to 

develop (Both, Karlina, et al., 2018; Siemons et al., 2020). In droplets with 20% (w/w) whey 

proteins we observed that an air vacuole started to develop shortly after the locking point 

(Fig. 6.1A). The final whey protein particle contained a large vacuole and had a smooth 

surface. The same morphology for whey protein particles was also observed in previous 

single droplet drying studies with droplets of a larger initial radius of ~500 µm at varying 

drying temperatures and whey protein concentrations (Both, Karlina, et al., 2018; Bouman et 

al., 2016; Sadek et al., 2013). Also Khem et al. (2016) observed this morphology after spray 

drying of Lactobacillus plantarum in the presence of whey proteins. The droplets with 20% 

(w/w) trehalose shrank continuously until a small, dense and spherical particle was obtained 

(Fig. 6.1B). For trehalose no clear onset of skin formation could be observed. Droplets with 

20% (w/w) maltodextrin DE19 formed a dented morphology (Fig. 6.1C), which resembled 

the morphology of dried maltodextrin DE21 as was described before by Siemons et al. 

(2020). In a spray drying study, Paramita et al. (2010) also found dented particles with high 

maltodextrin concentrations and smoother particles with high trehalose concentrations for 

mixtures of gum arabic and these components. Overall, the different final particle 

morphology types that we observed were a smooth dense particle, a smooth particle with a 

large vacuole and a dented particle.  

To link the microbial survival after single droplet drying to the particle morphology, we 

selected components with different properties but leading to similar morphologies. For this 

purpose, xylose, 20% (w/w) maltodextrin DE5 and 30% (w/w) maltodextrin DE5 were 

selected. Xylose is a monosaccharide that results in dense and smooth particles that are 

similar as those obtained with trehalose (Fig. 6.2). Drying of 20% (w/w) maltodextrin DE5 

results in mostly dented particles, similar to maltodextrin DE19. However, maltodextrin 

DE19 had coarser edges and more smaller indentations, whereas maltodextrin DE5 had larger 

indentations with smoother edges (Fig. 6.2). Interestingly, when 30% (w/w) maltodextrin 
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DE5 was dried, a particle with a large vacuole was formed, similar to the morphology of 

whey protein. For almost all of the drying matrices, we observed consistent development of 

similar morphology for each dried particle; only in few cases for 20% (w/w) maltodextrin 

DE5 a vacuole was observed similar to our observations for drying of 30% (w/w) 

maltodextrin DE5 (Fig. 6.2). Therefore, both types of morphologies are displayed in Fig. 6.2. 

Additional time series for all components can be found in the Appendix (Fig. A.6.1).       

 

Figure 6.1. Particle morphology development during single droplet dying at 90 °C of whey proteins (A), 
trehalose (B) and maltodextrin DE19 (C) at 20% (w/w) initial solids concentration, R0 100 ± 20 μm (mu 
indicates μm). Air flow came from the left as indicated in the figure by the arrow. 

 

Figure 6.2. Final particle morphologies after single droplet drying at 90 °C of various drying matrices. 
WP=whey proteins, Tre= trehalose, MD DE19= maltodextrin DE19, Xyl= xylose, MD DE5= maltodextrin 
DE5. The initial solids concentrations are indicated in percentages and scale bars are indicated. 
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6.4.2. Survival of L. plantarum WCFS1 
Survival of Lactobacillus plantarum WCFS1 after single droplet drying was evaluated for all 

drying matrices described in the previous section (Fig. 6.2). The survival was comparable for 

drying matrices that yielded similar particle morphologies (Fig. 6.3). The highest survival 

was observed with the matrices that yield dense smooth particles, namely xylose (90%) and 

trehalose (78%). The drying matrices that led to a smooth and hollow morphology resulted 

in moderate survival of 51% for whey proteins and 35% for 30% (w/w) maltodextrin DE5. 

Survival was lowest in drying matrices that resulted in dented particles, namely 2% for 

maltodextrin DE19 and 8% for 20% (w/w) maltodextrin DE5.  

 

Figure 6.3. Survival of L. plantarum WCFS1 after single droplet drying at 90 °C in various drying matrices. 
The drying matrices were (from left to right): 20% (w/w) trehalose (dark blue), 20% (w/w)  xylose (light 
blue), 20% (w/w) whey proteins (yellow), 30% (w/w) maltodextrin DE5 (orange), 20% (w/w) maltodextrin 
DE19 (purple) and 20% (w/w) maltodextrin DE5 (green). Error bars represent standard deviations of 
independent replicates (n≥2). 

This lower survival for maltodextrin is in agreement with the study of Broeckx et al. (2017), 

who evaluated the survival of L. rhamnosus GG after spray drying, and found a higher 

survival with trehalose and lactose compared to maltodextrin DE6. Other studies reported a 

similar effect when comparing survival of L. plantarum WCFS1 in trehalose and 

maltodextrin (DE19, DE16 and 6) after spray drying (Perdana, Fox, Siwei, et al., 2014; 

Vaessen et al., 2020). On the other hand, Vaessen et al. (2020) found a similar survival of L. 

plantarum WCFS1 in whey protein and trehalose after spray drying and Khem et al. (2015) 

found a higher survival of Lactobacillus plantarum A17 after single droplet drying in whey 

proteins compared to trehalose as drying matrix. This latter study ascribes this to the high 
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temperature increase rates observed for trehalose droplets, while the temperature increase for 

whey protein droplets was more gradual. This is not in line with our observations. We 

speculate that the difference in drying conditions and drying time, e.g. 240 s in their study vs 

20 s in our study, is relevant here.   

The observed trends regarding survival of L. plantarum WCFS1 in the various drying 

matrices suggest that there is a relation between particle morphology development and 

survival of bacteria in this drying matrix. Though, before drawing further conclusions based 

on these observations, several aspects require further investigation. First of all, maltodextrin 

DE5 was used with two different concentrations; with a solids content of 20% (w/w) mainly 

a dented particle was formed, and with a solids content of 30% (w/w) a smooth particle with 

a large vacuole was formed. In line with the correlation that we found, the survival with 20% 

DE5 was low, while the survival with 30% was moderate. This means that the same type of 

drying matrix with different morphology gives different survival.   

6.4.3. Effect of solids content and duration of constant rate period 
We evaluated the survival of L. plantarum WCFS1 in maltodextrin DE19 and maltodextrin 

DE5 as drying matrices at various solids contents. Survival in maltodextrin DE5 increased 

from 8% to 35% with increasing solids content from 20% (w/w) to 30% (w/w) and changing 

morphology from predominantly dented to hollow (Fig. 6.2). For maltodextrin DE19 the 

increase in survival from 2% to 5% was not significant with the same increase in solids 

content (Fig. 6.4A). Further increasing the solids content to 40% (w/w) resulted in a slightly 

higher survival of 13%. For all of these matrices we found dented particle morphologies (Fig. 

6.4B), where only the edges and indentations of the particles became less coarse upon 

increasing the initial solids content. Unfortunately, it was not possible to dry maltodextrin 

DE5 at 40% (w/w) as the viscosity was already too high for dispensing.  

In literature, different effects of solids content have been reported for survival of bacteria 

after drying. For example, Perdana et al. (2014a) found that 2% (w/w) trehalose was 

sufficient to protect L. plantarum WCFS1 during drying, and found no further increase in 

survival by increasing the trehalose content further. Another study reported that increasing 

the content of gelatin, gum arabic or soluble starch from 10 to 20 and 30% (w/w) resulted in 

a lower survival of Bifidobacteria compared to 10% (w/w) (Lian et al., 2002). On the other 

hand, Ghandi et al. (2012a) reported an increase in survival of Lacotococcus lactis when this 
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strain was dried at higher solids contents. For example, the survival increased from 9 to 22% 

when increasing the solids content of a lactose-sodium caseinate carrier from 10 to 35% 

(w/w). Würth et al. (2018) described a decrease in survival of L. paracasei when increasing 

the solids content of a skim milk concentrate from 12.5% (w/w) to 35% (w/w). Important to 

note is that all the previous authors kept the amount of bacteria in the feed solution constant, 

whereas Würth et al. (2018) kept the biomass to solids ratio constant. Additionally, they 

found a strong correlation between the particle size of the spray-dried particle and bacterial 

survival; a smaller particle resulted in better survival. They relate this to the solids content, 

with lower solids contents leading to a smaller final particle and a prolonged constant rate 

period (Würth et al., 2018). To evaluate whether the duration of this constant rate drying 

period can be linked to survival, we used the locking point as measure for the duration of the 

constant rate drying period (Fig. 6.5).  

 
 

Figure 6.4. Effect of solids content on survival of L. plantarum WCFS1 (A) and particle morphology (B). (A) 
Survival of L. plantarum WCFS1 in maltodextrin DE19 (purple diamonds) and maltodextrin DE5 (green 
circles). Error bars indicate standard deviations of independent replicates (B) Final particle morphologies 
after single droplet drying at 90 °C of maltodextrin DE19 at various solids content, i.e. 20,30 and 40% (w/w). 

The determination of the locking point was based on the visual analysis of droplet drying 

videos. At the locking point, the spherical shape of the droplet becomes distorted and shows 

first signs of cavity formation or denting (Siemons et al., 2020). The droplets with trehalose 

and xylose did not exhibit a clear locking point. These droplets have a longer constant rate 

period (Fig. A.6.2), and did not show any distortions from spherical shape, eventually 

resulting in small spherical particles. This was expected as for these small sugars the solute 
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diffusivity is faster or comparable to the drying rate (Vehring, 2008; Vehring et al., 2007). 

Therefore, the saturation at the droplet surface is reached late in the drying process with 

relatively homogeneous distribution of these sugars in the droplet. Overall, we did not 

observe a consistent relation between the locking point time, i.e. the duration of the constant 

rate period and the survival of L. plantarum WCFS1 after drying (Fig. 6.5).  

 

 

 

 

 

 

 

Figure 6.5. Survival of L. plantarum WCFS1 after single droplet drying in several drying matrices as a 
function of the locking time. The drying matrices are whey proteins (yellow triangles), maltodextrin DE5 
(green circles) and maltodextrin DE19 (purple diamonds). Horizontal error bars represent the standard error 
of the locking point analysis and vertical error bars represent the standard deviation of bacterial survival. 
The matrices with trehalose and xylose did not exhibit a clear locking point.   

Several single droplet drying studies described that the inactivation during the constant rate 

period is limited, probably due to the low droplet temperature (wet bulb temperature)  during 

this period. These studies show that most inactivation took place during the second, falling 

rate period of drying (Khem et al., 2015; Zheng et al., 2015). In this period, diffusion 

limitation is dominant and the droplet temperature increases gradually towards the air 

temperature. If this happens when the droplet is still high in water internally, this will result 

in strong thermal inactivation. Therefore, it is expected that the microbial survival rate is 

more strongly coupled to the processes in the falling rate period, than it is to processes in the 

constant rate period.   
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6.4.4. Effect of physicochemical matrix properties 
The physical state of the matrix during drying, i.e. glassy or non-glassy, is considered 

important to the survival of probiotics during and after drying (Santivarangkna et al., 2011). 

As the evaporation of water progresses during drying, the viscosity of the droplet surface will 

increase until the surface reaches a critical temperature and moisture content, at which the 

matrix will behave as a glass. The extremely high viscosity of amorphous glassy matrices 

(≥1012 Pa⋅s) effectively halts diffusion-controlled deterioration reactions, improving the 

chemical and physical stability of the embedded bacterial cells (Aschenbrenner et al., 2012;  

Schutyser et al., 2012).  

Carrier materials with a high glass transition temperature (Tg) are expected to provide a glassy 

matrix earlier during droplet drying or soon after drying upon cooling (Perdana et al., 2012;  

Perdana, Fox, Siwei, et al., 2014). We estimated the Tg as function of moisture content for 

every component studied in this work using the Couchman-Karasz theory (Fig. 6.6A). This 

theory is further explained in the Appendix.  

Maltodextrin DE5 has the highest Tg for moisture contents below 0.3 kg water/kg, followed 

by maltodextrin DE19 and trehalose, whey proteins and xylose (Fig. 6.6A). In Fig. 6.6B the 

survival is given as function of the Tg of the anhydrous matrix. Fig. 6.6B indicates that a 

higher Tg of a matrix is not directly correlated to higher retention of viability after drying. In 

particular, the survival percentages found for L. plantarum WCFS1 after drying in 

maltodextrin and xylose matrices contradict the hypothesis that matrices with high Tg offer 

higher degree of survival after drying. 

While entering the glassy state at an early stage during drying in principle should offer better 

survival, it also halts the drying process itself by reducing the water diffusivity (Ribeiro et 

al., 2002; Zobrist et al., 2011). For maltodextrin matrices, it is expected that the skin that is 

formed upon concentration will quickly move towards the glass transition, where the 

viscosity increases dramatically, and water diffusivity is strongly reduced. The decreased 

water diffusivity causes the droplet temperature to increase, while the viscosity of the skin 

remains high due to ongoing evaporation. The relatively fast skin formation followed by a 

quick approach of the glassy state may result in a short constant rate period, and a quickly 

rising droplet temperature, while the droplet interior may still have relatively high water 

content. Especially the combination of elevated temperature and high moisture content may 

lead to extensive microbial inactivation.   
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Figure 6.6. (A) Glass transition temperatures as function of moisture content (yw) as calculated with 
Couchman-Karasz. The drying air temperature of 90 °C is indicated with a dotted line. (B) Survival of L. 
plantarum WCFS1 after single droplet drying as function of anhydrous glass transition temperature and (C) 
as a function of the molecular weight. The components are trehalose (blue triangles), xylose (light blue 
squares), whey proteins (yellow triangles), maltodextrin DE5 20 and 30% (w/w) (green circles) and 
maltodextrin DE19 20, 30 and 40% (w/w) (purple diamonds).  

Whey proteins undergo a colloidal glass transition already above a solids concentration of 

50% (w/w) (Both, Siemons, et al., 2019; Both, Tersteeg, et al., 2019). This transition is based 

on jamming, leading to elasticity, and not just an increase in viscosity. Therefore, as soon as 

the skin is formed, it will withstand the surface stresses and retains its shape, while at the 

same time lower internal pressures develop due to the ongoing evaporation (Both, Karlina, 

et al., 2018; Bouman et al., 2016). At some point, a weak point in the skin will yield, and a 

cavity is formed. In this case, the glassy colloidal skin does not directly result in quickly 

rising droplet temperatures, since the cavity serves as an evaporation vent (Bouman et al., 
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2016). Hence, bacteria may be better protected against heat and high moisture content due to 

prolonged constant drying via the cavity. It may even be that the vacuole formation causes a 

longer constant rate period than what was predicted based on locking point analysis. The 

latter might also explain higher survival for maltodextrin DE5 at 30% (w/w).        

Trehalose is a disaccharide, while xylose is a monosaccharide. These molecules have relative 

high diffusivities compared to oligo- or polysaccharides (van der Sman & Meinders, 2013). 

Therefore, these components will accumulate more slowly below the surface, and the droplet 

will lose more of its moisture in the constant rate regime, where the temperature is low and 

microbial inactivation is therefore limited. Indeed, we observed via image analysis that the 

constant rate regime continued for a longer time with these matrices (Fig. A.6.2). These 

droplets only come into the falling rate period at a later stage, when the concentration of 

water has reduced strongly. The latter implies that the period of microbial inactivation has 

shortened, and the lower water content at the start of the falling rate period may additionally 

slow down the inactivation.  

On the cellular level, the protective effect of low molecular weight carbohydrates such as 

trehalose and xylose is often explained by their ability to depress the phase transition of the 

bacterial cell membrane due to interactions with the phospholipids (Bryant et al., 2001; 

Huang et al., 2017). Indeed, the low molecular weight components in our experiments 

provided the best protection during survival (Fig. 6.6C). However, at higher molecular 

weights no relationship is observed between molecular weight and bacterial survival in this 

matrix. This differs from Perdana et al. (2014a), who observed a decreasing residual viability 

with increasing molecular weight if the molecular weight was higher than 2·103 g/mol. A 

complication in this comparison of survival and molecular weight is that maltodextrins are 

mixtures of smaller and larger carbohydrates, especially maltodextrin DE19 contains a 

considerable amount of low molecular weight components (Avaltroni et al., 2004). In 

addition to the importance of low molecular weight, the combination of low molecular weight 

and glass transition is also often described as an important aspect for the stabilization of 

bacterial cell membranes. Glass transition close to the membrane phospholipids might reduce 

the compressive stresses that force the membrane lipids from a fluid phase into a gel phase 

causing loss of membrane integrity (Bryant et al., 2001). For this effect components should 

be small enough to enter the spacing between membranes and have a high Tg. Actually, this 

is not in agreement with the high survival of xylose, which has a very low glass transition 
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temperature (Fig. 6.6A and B). Despite the possible capability of xylose to enter the 

intermembrane spacing due to its low molecular weight, it is still likely that xylose does not 

vitrify during drying as the Tg values are far below the drying air temperature. This might 

also affect survival during storage after drying, which is of great importance for dried 

bacterial ingredients and requires further investigation since it has not been considered in our 

study. 

We demonstrate that the clear relation that we found between the morphology and the 

microbial survival, is likely rooted in a complex interplay between matrix properties (glass 

transition) and drying dynamics (diffusion rates). However, they are both the consequence of 

the same process; hence the strong correlation between these two resultants. This implies that 

the investigation of the morphologies may well offer a route towards better microbial survival 

during spray drying. 

6.5. Conclusions and outlook 
Drying of droplets having different matrices resulted in smooth, hollow or dented particles. 

Dented or folded particles were developed for maltodextrin DE19 and 20% (w/w)  

maltodextrin DE5; hollow particles were observed for whey protein and 30% (w/w) 

maltodextrin DE5, while smooth spherical and dense particles were obtained for trehalose 

and xylose. The survival of Lactobacillus plantarum WCFS1 that was embedded in these 

matrices showed clear correlation with these morphologies, with the smooth particles giving 

high survival, dented particles low survival, and hollow particles in between.  

This strong correlation can be explained by a combination of drying dynamics and the glass 

transition, with high-molecular weight components like maltodextrins giving fast formation 

of a viscous shell, which folds into a dented geometry, allowing significant inactivation due 

to the long falling rate period at elevated temperatures. Small components such as xylose and 

trehalose exhibit a much longer constant rate period, and significant protection against 

inactivation during the shorter falling rate period. The hollow particles are the result of an 

elastic shell that resists folding, but offer a prolonged constant evaporation due to cavity 

formation allowing fast evaporation and therefore a longer low temperature period than the 

high-molecular weight maltodextrins.  
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Our results suggest that the morphology development is strongly correlated to the microbial 

survival, because it is fundamentally related to the same underlying mechanisms. Therefore, 

it is an excellent phenomenon to use for optimizing microbial survival during spray drying.  

Other bacterial strains and different drying matrices, including mixes of carbohydrates and 

proteins, should be tested to further support our findings. Single sessile droplet drying 

experiments offer the opportunity to probe many bacterial drying formulations and drying 

conditions to find promising particle morphologies leading to higher bacterial survival.  
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6.6. Appendix 

Glass transition temperatures and molecular weights  

In our study, the glass transition temperature Tg of the different components was estimated 

as a function of moisture content. The relation was described using the theory of Couchman 

and Karasz (1978): 𝑇௚ = ௬ೢ∆஼ು,ೢ ೒்,ೢା௬ೞ∆஼೛,ೞ ೒்,ೞ௬ೢ∆஼೛,ೢା௬ೞ∆஼೛,ೞ    A.6.1 

Here 𝑦௜ is the mass fraction (𝑖 = 𝑤, 𝑠 for water and solute), 𝑇௚,௜ is the glass transition 

temperature for the pure component (𝑇௚,௪=139 K), ∆𝐶௣,௜  is the change in the specific heat at 

the glass transition. For ∆𝐶௣,௪ a value of 1.91 kJ/kg·K was used. Glass transition temperatures 

of maltodextrins were determined as described by Siemons et al. (2020). The anhydrous glass 

transition temperature and the heat capacities of the solutes and the molecular weights of the 

components are provided in Table A.6.1.  

Table A.6.1. Overview of materials and their anhydrous glass transition temperature, specific heat capacity 
and molecular weight.  

Pure components Tg (°C) ∆Cp (J·g-1K-1) Mw (g·mol-1) Reference 

Trehalose 113 0.65 342 (Kawai et al., 2005) 

Xylose  13 0.95 150 (Kalichevsky et al., 1993) 

Whey proteins 76 0.58 18200 (Nicolai et al., 2011; Yang 
et al., 2010) 

Maltodextrin DE19 130 0.43 4978 (Castro et al., 2016; van der 
Sman & Meinders, 2011) 

Maltodextrin DE5 171 0.43 25847 (Castro et al., 2016; van der 
Sman & Meinders, 2011) 
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Figure A.6.1. Particle morphology development (R0 100 ± 20 µm, mu indicates µm) during single droplet 
dying at 90 °C of maltodextrin DE5 30% (w/w) (A), xylose 20% (w/w) (B), maltodextrin DE5 20% (w/w) (C), 
maltodextrin DE5 20% (w/w) (D), maltodextrin DE19 40% (w/w) (E). Air flow came from the left as indicated 
in the figure by the arrow. 

 

Figure A.6.2. Normalized squared radius as function of drying time for xylose (light blue squares) and 
trehalose (blue triangles). A linear decrease indicates a constant drying rate as described by Bouman et al. 
(2016). The data were obtained from videos via image analysis. 
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7.1. Introduction 
The particle morphologies resulting from drying droplets containing food components 

represent fascinating study objects. Predicting the morphological evolution of primary 

particles during drying is considered important for steering the final characteristics of spray-

dried powders. Tailoring the morphology evolution may for instance be desired for achieving 

superior bulk properties of the final powder, but it may also be crucial for the protection and 

controlled release of active ingredients. The morphology development of drying droplets is 

intrinsically complex as it involves amongst others diffusion, flow, gelling, glass transition, 

and the interplay between these processes will determine the final structure of the dried 

particle. Effective control of this process therefore asks for a mechanistic interpretation of 

this interplay.  

The overall objective of this thesis was to relate the fundamental properties of the drying 

materials to the dynamics and skin properties of drying single droplets. For this, we aimed to 

predict the skin properties during drying and the final particle morphology, from the 

rheological properties of the constituents depending on concentration and change in 

temperature. This chapter discusses the main findings of the previous chapters. To put the 

main findings into a broader perspective, we will further investigate the rheology of 

concentrated whey proteins as an important model system and test the applicability of 

superposition principles for explaining the morphology evolution during drying. We will 

discuss and combine the results for whey proteins and maltodextrins and accordingly, we 

attempt to arrive at a more generic description of the mechanisms governing the morphology 

development. Finally, we examine if this generalized description may also be used to 

interpret the particle morphology developed at a larger scale. For this, we perform pilot-scale 

drying experiments for maltodextrins. We conclude this chapter with an outlook towards 

future research.  
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7.2. Main findings 
The rheological properties of drying materials are expected to be important for understanding 

morphology development during drying. In Chapter 2, we therefore investigated the role of 

viscosity in morphology development. We analysed the viscosity of maltodextrins, whey 

proteins and their mixtures at increasing concentrations. The measured viscosities were 

modelled as a function of concentration using well-known viscosity models for polymer 

solutions and colloidal dispersions. We demonstrated that the viscosity of whey proteins 

progressively increases with increasing concentrations and that jamming of these proteins 

may be expected at around 50% (w/w) solids. With increasing the fraction of maltodextrins 

in a mixture of whey proteins and maltodextrins, the jamming of whey proteins becomes 

hindered. Maltodextrin rich solutions in contrast gradually increase in viscosity upon 

concentration. By relating the viscosity to the morphology development, we hypothesised 

that whey protein droplets form a rigid and elastic skin as a consequence of the jamming of 

whey proteins, eventually resulting in a smooth and hollow morphology. For drying of 

maltodextrin rich solutions, however, the more gradual increase in viscosity will result in a 

weaker, deformable skin, susceptible to wrinkling. The viscosity of concentrated solutions in 

combination with viewing the drying conditions applied is important in evaluating the 

properties of the skin developed.  

For understanding and accurate modelling of droplet drying processes, moisture diffusion 

data as a function of the water content and temperature are critical. However, limited data on 

moisture diffusivity over a wide range of water contents and temperatures are available for 

food systems. In Chapter 3, we therefore systematically investigated the moisture diffusivity 

in concentrated protein and carbohydrate systems which were of potential interest for later 

single droplet drying experiments. Thin film drying experiments were carried out for these 

systems to extract moisture diffusion data at elevated temperatures. Moisture diffusion of 

protein/carbohydrate-water systems showed universal behaviour at low moisture 

concentrations, which may be attributed to random coil behaviour leading to similar water-

solute interactions. The Darken relation described the moisture diffusion reasonably well, 

however, measured mutual moisture diffusion may be lower due to fast skin formation as a 

consequence of jamming. In complex mixed systems of carbohydrates and proteins, the 

moisture diffusivity was strongly affected by the presence of caseins as a consequence of 

their high voluminosity. In addition, for these complex mixed systems, a sharper decrease in 
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moisture diffusivity was found in the dry regime when compared to binary systems. We 

hypothesised that this phenomenon may be ascribed to a denser, random molecular packing 

in the dry/glassy regime or that it may be caused by water trapping due to skin formation. 

In Chapter 4, we studied the morphology development during drying of maltodextrins 

varying in dextrose equivalence (DE) value. To be more precise, for these systems we aimed 

to obtain experimental data on the skin formation and mechanical instabilities induced by the 

drying. For this, a new sessile single droplet drying system was developed for drying small 

droplets (~200 μm) at relatively high initial solids concentrations (30% (w/w)). Molecular 

weight distributions, glass transition temperatures and rheological properties at various solids 

concentrations were determined for all maltodextrins to support explaining the observations 

during single droplet drying. Low DE maltodextrins had a broad molecular weight 

distribution and exhibited higher glass transition temperatures and viscosities than higher DE 

maltodextrins. We demonstrated that the DE value of maltodextrins can be used as an 

indicator for particle morphology development when viewed in the context of the applied 

drying conditions. For low DE maltodextrins, the onset of morphology development started 

relatively early during drying. We hypothesised based on rheological measurements at high 

solids concentrations that the skin formed can withstand the compression stresses developed 

due to dominant elastic behaviour, resulting in a hollow sphere morphology. High DE 

maltodextrins, in contrast, were expected to develop elastic behaviour later during drying in 

the vicinity of the glass transition. Rheological measurements suggested that the droplet skins 

developed for these systems become mostly viscous, yielding wrinkled, folded or creased 

morphologies.  

The rheological properties at high concentrations were relevant for understanding the 

morphology development of particles (Chapter 4). In Chapter 4, valuable insights were 

obtained by performing thin film rheology experiments at one concentration and with a fixed 

temperature. During drying, however, the moisture content and temperature are continuously 

evolving. For better evaluating the rheological properties of the particle and in particular the 

skin formed, we hypothesised that it would be important to characterise the rheological 

properties over a wider range of concentrations and temperatures. Therefore, in Chapter 5, 
we continued with investigating the rheological behaviour of maltodextrins varying in DE as 

a function of frequency, temperature and concentration. Rheological data obtained at 

different concentrations and temperatures in the linear viscoelastic regime could be mapped 
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onto master curves for storage and loss moduli using a superposition algorithm. Low DE 

maltodextrins exhibited rubber-to-glass-like behaviour, where the rubber behaviour was 

suggested to be the consequence of entanglements at sufficiently high concentrations of 

longer-chain polysaccharides. High DE maltodextrins showed predominantly viscous 

behaviour at high concentrations, which changed to elastic behaviour upon approaching the 

glass transition. The absence of rubber-like behaviour was explained by the larger fractions 

of oligomers and small sugars that may inhibit the formation of a network based on 

entanglements. Rheological behaviour was also connected to the morphology development 

during drying by modelling the temperature and moisture evolution profiles during single 

droplet drying and connecting the local and momentary concentrations and temperatures to 

the local rheology. For modelling droplet drying, we also employed theories from Chapter 
3. Eventually, the rheological properties during droplet skin formation could be estimated 

and accordingly the occurrence of mechanical instabilities could be described. The elastic 

behaviour of the low DE maltodextrin skin could be related to cavitation and the viscous 

behaviour of high DE maltodextrin skin to wrinkling.  

The morphology development may be important for protecting components during drying, 

like heat-sensitive probiotics. In Chapter 6, we therefore examined the drying of different 

food matrices incorporating lactic acid bacteria and studied the bacterial survival after drying. 

More specifically, we investigated if the particle morphology observed during single droplet 

drying could be related to the survival of Lactobacillus plantarum WCFS1 after drying. By 

systematically varying the drying matrices, we could distinguish between a direct effect of 

the matrix on the survival of the bacteria and the effect of morphology. The survival of L. 

plantarum WCFS1 showed a strong correlation with the final particle morphology generated: 

survival in smooth, spherical and dense particles was highest, followed by hollow and smooth 

particles and the survival was lowest in dented particles. The relation between survival and 

particle morphology was explained by a combination of matrix properties and drying 

dynamics of the drying droplets. 
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7.3. Translation to whey proteins 

In this thesis, we established that the rheological properties of concentrated food systems are 

important for the prediction of the skin properties and accordingly the occurrence of 

deformations during droplet drying (Chapter 2, 4 and 5). By following the constructed master 

curves for concentrated maltodextrins and predicting the evolution of viscoelasticity during 

droplet drying, we were able to understand cavitation or wrinkling phenomena taking place 

after skin formation (Chapter 5). The study in Chapter 5 raises the question of whether a 

similar approach of investigating the rheology over a wide range of concentrations and 

temperatures followed by construction of master curves may also be used for interpreting the 

morphology development of other solutes. It would be expected plausible that other 

polymers/random coil-like components, including carbohydrates such as starch, exhibit 

viscoelastic behaviour comparable to maltodextrins, rendering similar explanations for the 

deformations occurring during droplet drying. In practice, however, many food formulations 

that are dried consist of a large fraction of proteins or a mixture of proteins and carbohydrates. 

For some elastomeric proteins, including elastin, gluten and resilin superposition principles 

like proposed in Chapter 5 may be possible (Gosline & French, 1979; Khandaker et al., 2017; 

Tatham & Shewry, 2000; Tsiami et al., 1997), likely due to their polymer-like structure. 

Some proteins have a more compact globular structure in their native state, including whey 

proteins (Haque, 2015). It would be of interest to investigate if the approach of Chapter 5 

may also work for these globular protein systems. In the next sections, we will therefore focus 

on investigating the rheological properties of concentrated globular whey proteins. We have 

selected whey proteins as an important model system as they are used extensively as 

functional and nutritional ingredients in pharmaceutical and food products, including infant 

formula, health foods and drinks, and high gel product applications (Dissanayake et al., 2012; 

Morr & Ha, 1993). Besides, these proteins are often used as ingredients in powder form, 

obtained by spray drying (Abdul-Fattah et al., 2007; Chávez & Ledeboer, 2007). 

In the next section, a brief review of the morphology development of whey proteins is 

provided. Next, we will investigate if a similar approach as reported in Chapter 5 can be used 

to investigate the rheology of concentrated whey proteins and accordingly support the 

explanation of the morphology development. For this, we will study the effects of frequency, 

temperature and concentration on the rheological behaviour of concentrated whey proteins 

using a similar method as employed in Chapter 5. We again investigate whether single master 
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curves for storage (G’) and loss (G’’) moduli can be constructed. Finally, we compare the 

rheological properties of highly concentrated maltodextrins and whey proteins and attempt 

to establish a more general explanation for the occurrence of mechanical instabilities during 

the drying of food droplets.    

7.3.1. Morphology development of whey proteins 
In many applications involving whey proteins, control of the characteristic features of whey 

protein powders is desired, including the size and the morphology of the particles. These can 

for instance affect the foaming and gel-forming ability and rehydration dynamics of the 

powder (Anandharamakrishnan et al., 2008; Dissanayake et al., 2012; Walton, 2000). Hence, 

the monitoring and analysis of the evolution of the morphology during droplet drying has 

received considerable attention (Both, Karlina, et al., 2018; Bouman et al., 2016; Lanotte et 

al., 2018; Malafronte et al., 2019; Sadek et al., 2014; Yu et al., 2021).   

Similar to other droplets, whey protein droplets first undergo homogeneous shrinkage in the 

initial drying phase (Fig. 7.1) (Both, Karlina, et al., 2018; Bouman et al., 2016; Sadek et al., 

2014). At the initial stage, the protein distribution in the droplet is still homogeneous. As the 

droplet shrinks during evaporation, whey proteins accumulate at the interface. At a critical 

protein concentration, these proteins form an elastic but moisture-permeable skin that does 

not bend under pressure (Bouman et al., 2016; Sadek et al., 2014; Yu et al., 2021). After a 

certain period of drying, the elastic skin solidifies further; the characteristic relaxation times 

become longer than the drying time and further shrinkage of the droplet is inhibited. Further 

moisture evaporation will then result in a pressure difference between the inside and outside 

of the droplet, leading to the formation of a cavity or vacuole. This cavitation during drying 

of WPI droplets was also observed in Chapter 6.   

 

Figure 7.1. Schematic illustration of drying of whey protein droplet.  

Malafronte et al. (2019) further extended the explanation for the morphology development 

of whey protein droplets during drying based on the drying of colloidal particles. They 
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investigated the morphology development of native and aggregated whey protein dispersions 

during single droplet drying and accordingly used structure-mechanical parameters to predict 

the final morphology. Important structure-mechanical parameters used to explain the 

morphology development, include the Péclet number, the critical buckling pressure and 

Darcy’s pressure. The Péclet number was for all whey protein droplets larger than 1, which 

indicates that whey protein particles accumulate at the surface of the droplet leading to skin 

formation. Under the Darcy pressure, whey protein molecules are forced onto each other and 

may undergo a sol-gel transition, leading to an elastic skin. The skin formed will buckle if 

the pressure in the skin exceeds a critical value, which is referred to as critical buckling 

pressure. The critical buckling pressure depends on the thickness of the skin, if the skin forms 

instantaneously, the thickness may be large enough to prevent buckling and a hollow sphere 

is obtained. When the pressure exerted on the skin exceeds the critical buckling pressure, 

buckling is expected. The degree of buckling depends on the presence or absence of an inner 

gel layer, in absence the wavelength selected by buckling is the largest possible. All the 

aforementioned research supposes a sol-gel transition during drying of whey protein droplets, 

leading to the formation of an elastic skin. In the next sections, we will investigate how the 

rheological properties of whey proteins as measured using SAOS experiments corroborate 

the previous descriptions given for the morphology development.  

7.3.2. The influence of concentration and temperature on the rheology of whey 
proteins 
The rheological properties of proteins are governed by their composition, molecular mass, 

size, shape, flexibility, degree of hydration and intermolecular interactions (De Wit & Van 

Kessel, 1996). These factors may in turn be influenced by concentration, temperature, pH, 

ionic strength and processing history (Tung, 1978). The influence of these conditions on the 

rheological properties of whey protein dispersions has been investigated before at lower 

concentrations (Dissanayake et al., 2013; Ikeda et al., 2000; Loveday et al., 2007; Lupi et al., 

2020; Saĝlam et al., 2013; Tung, 1978; Vardhanabhuti & Foegeding, 1999). However, in the 

more concentrated states relevant to the drying process, the rheological picture is still rather 

incomplete.     

Whey proteins are compact globular proteins in their native state. Hence there are analogies 

between the rheological behaviour of hard-sphere colloidal suspensions and concentrated 

globular protein solutions (Brownsey et al., 2003; Loveday et al., 2007; Parker et al., 2005). 
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Hard-sphere colloids are considered rigid spherical particles with no interparticle forces other 

than infinite repulsion at contact (Genovese, 2012). The viscosity of a suspension of such 

particles increases progressively with the concentration, i.e. with increasing volume fraction 

of particles (Genovese, 2012; Parker et al., 2005). This increase in viscosity is commonly 

described with the Krieger-Dougherty relation (Krieger & Dougherty, 1959). Although whey 

proteins are not perfectly hard spherical particles and are mixtures of differently sized, shaped 

and charged molecules, the viscosity of their solutions is well approximated by the Krieger-

Dougherty relation (Brownsey et al., 2003; Parker et al., 2005). In Chapter 2 of this thesis, 

we demonstrated this for whey protein isolate (WPI) solutions below 50% (w/w) solids. For 

investigating the drying of WPI droplets it would be of interest to further characterise the 

rheological properties of WPI at higher concentrations and different temperatures. Therefore, 

we extend our investigation of WPI systems with small amplitude oscillatory tests using a 

similar approach as described in Chapter 5. We hypothesise that considering rheological data 

over a wide range of concentrations and temperatures and interpreting the results by analogy 

with the behaviour of colloidal systems, we will likely obtain a more complete view on the 

behaviour of whey proteins during drying. 

At concentrations below 50% (w/w) solids, WPI solutions behave as predominantly viscous 

liquids at the temperature range investigated (Fig. 7.2A). Increasing the temperature resulted 

in decreased moduli, which may be caused by the added thermal energy which increases 

molecular mobility (Quevedo et al., 2021). The solutions showed Newtonian behaviour at 20 

°C, which is in agreement with the viscosity data as obtained in Chapter 2 (Fig. 7.2B). At this 

concentration range (~20-50% (w/w)), whey protein solutions are likely in the dilute or semi-

dilute regime going towards the concentrated regime. In the dilute regime, whey protein 

molecules are practically isolated from each other and are free to move independently and 

their interaction is predominantly with the solvent and not with other whey protein molecules 

(Maron et al., 1959). As the concentration of whey proteins increases, the space available for 

each whey protein decreases and the molecules begin to also interact with other protein 

molecules. The viscosity of the matrix will then rise very quickly on increasing the 

concentration (Krieger & Dougherty, 1959) (Fig. 7.2C). 
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Figure 7.2. Exemplary mechanical spectra as measured with small amplitude oscillatory shear tests showing 
the frequency dependence of G’ (straight lines) and G’’ (dashed lines) of a WPI solution at 48.8% (w/w) 
solids at various temperatures (A). The method for obtaining the spectra is explained in Chapter 5. Viscosity 
data as obtained from shear ramps (squares) as collected in Chapter 2 of this thesis and oscillatory tests 
(diamonds) for different solids concentrations % (w/w) at 20 °C (B). The oscillatory frequency range is 
converted into an equivalent shear rate range based on assuming Cox-Merz holds for concentrations below 
50% (w/w) for the frequencies tested. Viscosity data as described by the Krieger-Dougherty relation with 
fitting parameters from Chapter 2 (C).   

Increasing the concentration beyond 50% (w/w) solids resulted in gel-like or hard-solid 

structures, with a clear change in the rheological behaviour, from mainly viscous to mainly 

elastic (Fig. 7.3). The moduli decreased with increasing temperatures to 40 °C, which was 

also observed by Quevedo et al. for concentrated β-lactoglobulin and WPI systems (2019, 

2021). The viscosity changed from Newtonian to shear thinning (data not shown). At these 

high concentrations, there is no longer sufficient fluid to lubricate the relative motion of the 

proteins and hence there is a slowing of the particle dynamics (Mason & Weitz, 1995). 

Protein particles become confined within an increasingly crowded network, and essentially 

become trapped in cages formed by their nearest neighbours (Mason & Weitz, 1995; Pusey 

A     B 

C         
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& Megen, 1986). The result is a jammed structure that can become stress bearing such that 

for small applied stresses the material will exhibit predominantly elastic behaviour 

(Brownsey et al., 2003; Parker et al., 2005). Deformation can now only come from 

deformation of the cages, or of the molecules themselves. Larger deformation will cause the 

cages to break down and restructure, resulting in a drop of the elasticity.  

  

Figure 7.3. Example mechanical spectra as measured with small amplitude oscillatory shear tests (plate-
plate) showing the frequency dependence of G’ (straight lines) and G’’ (dashed lines) of a WPI solution at 
58.0% (w/w) (A) and 67.2% (w/w) (B) solids at various temperatures. Samples are prepared using the thin 
film approach as described in Chapters 4 and 5.  

Parker and others (2005) already demonstrated this change from viscous to elastic behaviour 

upon increasing the concentration of β-lactoglobulin dispersions. With increasing volume 

fraction of β-lactoglobulin, the viscosity increased and resulted in a slowing of structural 

rearrangement. For the concentrations, 45% and 52% (w/w) β-lactoglobulin dispersions at 

pH 5.1, G’’ dominated G’ over a frequency range of 0.02-30 Hz. The viscous liquid-like 

response was changed however to dominant elastic behaviour at 54% (w/w) solids. Brownsey 

et al. (2003) studied bovine serum albumin (BSA) solutions in the concentration range 40-

52% (w/w) by oscillatory rheometry and demonstrated dominant viscous behaviour for 

concentrations below 50% (w/w) for a frequency range of 0.01-10 Hz. When increasing the 

concentration to 50% (w/w), a crossover to elastic behaviour was observed. The crossover to 

solid-like behaviour is in both cases compared to a colloidal glass transition, where particle 

motions become inhibited in their cages (Mason & Weitz, 1995). The dominant elasticity is 

attributed to the resistance to distortion of the average particle configurations (Parker et al., 

2005; Prasad et al., 2003).   

A     B 
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In order to further understand at which concentrations these crowding effects may start to 

take place for WPI systems, the effect of the WPI concentration on the complex viscosity can 

be investigated as proposed by Quevedo et al. (2021). They investigated WPI solutions over 

a range of concentrations from 17 to 70% (w/w) and analysed the complex viscosity at 30 

°C. By analysing the complex viscosity and representing the viscosity by two straight lines, 

Quevedo et al. (2021) found a critical concentration at around ~40% (w/w) solids. Using this 

approach of investigating the complex viscosity, a better approximation can be made at which 

concentration the system changes from the dilute region to the semi-dilute overlap region and 

the concentrated region. Our data are in close agreement with Quevedo et al. (2021) (Fig. 

7.4A) and following a similar approach resulting in a critical concentration of ~42% (w/w) 

based on our measurements (Fig. 7.4B). Below this critical concentration, the whey proteins 

are free to move independently. Around the critical concentration, the proximity of the 

protein molecules increases, resulting in a steep increase in viscosity. Upon further increasing 

the concentration, proteins become confined in a crowded network in the concentrated region, 

where the rheological behaviour of the system changes from mainly viscous to mainly elastic 

(Maron et al., 1959; Quevedo et al., 2019).  

  

Figure 7.4. Viscosity as a function of whey protein isolate concentration. Complex viscosity data in blue is 
obtained from (Quevedo et al., 2021), measured viscosity data in red is obtained with shear ramps and 
oscillatory rheology as selected at 5.46 rad/s at 20-25 °C (A). Viscosity curves are represented by two straight 
lines showing the critical concentration around ~42% (w/w) as indicated by the vertical line (B).      

  

A                    B 
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7.3.3. Application of superposition principles for whey protein systems 
We demonstrated in Chapter 5 that master curves for G’ and G’’ moduli for various 

maltodextrins could be constructed based on superposing oscillatory data measured at 

different temperatures and concentrations. While the use of superposition principles in 

polymeric systems is widespread, there has been much less use of such superposition 

principles in colloidal systems, including for globular proteins. The time-temperature 

superposition (TTS) principle has been used to investigate the viscoelastic behaviour of BSA 

and whey protein concentrate suspensions (Ikeda & Nishinari, 2000; Meza et al., 2010). TTS 

was successfully applied in whey protein concentrate suspensions with a protein content of 

5% (w/v) in the range of 30 to 50 °C (Meza et al., 2010). For BSA solutions at 10% (w/w), 

TTS master curves could also be generated for frequency curves measured at 10 to 40 °C 

(Ikeda & Nishinari, 2000). Apparently, for these conditions, no morphological changes 

occurred in the material and hence the moduli displayed similar temperature dependence, 

resulting in the successful application of TTS (Ferry, 1980). Superposition may however fail 

upon increasing protein concentrations, treatment or temperatures as this may lead to 

profound morphological changes of the system. Meza et al. (2010) for example showed a 

failure of the TTS for heat-treated suspensions with 9% (w/v), which was attributed to the 

formation of aggregates that are susceptible to morphological changes during rheological 

measurements at different temperatures. 

We tested if the superposition principle as reported in Chapter 5 could be applied to construct 

master curves for concentrated WPI systems. It should be noted that differential scanning 

calorimetry (DSC) experiments were performed before rheological tests (Table A.7.1). This 

was done on the one hand to determine whether the proteins were still native after sample 

preparation (i.e. after rotary evaporation or climate chamber), and on the other to determine 

the denaturation temperature of the proteins. Protein denaturation temperatures of WPI 

significantly increased for high concentrations (~70% (w/w)), which may be explained by 

lower water activities, increased conformational stability of proteins at higher concentrations 

due to higher viscosities, increased excluded volume and hydration effects (Mittal et al., 

2015; Quevedo et al., 2021). All rheological tests were performed at temperatures below the 

measured protein denaturation temperatures. This was done as during spray drying the loss 

of whey proteins due to denaturation should be limited. Additionally, testing below 
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denaturation temperatures limits the morphological changes due to measurement 

temperatures (Meza et al., 2010).  

Time-temperature superposition (TTS) was successfully applied to construct master curves 

at different concentrations from the rheological spectra as measured at 10 to 40 °C for 

frequencies from 0.1 to 100 rad/s using the superposition algorithm of Chapter 5 (Fig. 7.5). 

WPI solutions below 50% (w/w) showed dominant viscous behaviour over a frequency 

window of four decades (Fig. 7.5A, B and C). The slopes of the master curves were close to 

1, implying that the rheological behaviour of WPI solutions below 50% (w/w) is Newtonian, 

agreeing with the viscosity data (Fig. 7.2B). When increasing the concentration further, WPI 

exhibited elastic behaviour, which is suggested to be caused by caging as aforementioned. 

For these higher concentrations superposition could be applied, albeit for WPI at 58.0% 

(w/w) a small vertical shift could have improved the superposition as checked with the van 

Gurp-Palmen plot (data not shown). The separate master curves imply that a cross-over from 

viscous to elastic behaviour should occur above the critical concentration of ~42% (w/w) in 

the concentrated region, between 48.8% (w/w) and 58.0% (w/w) solids. This is in agreement 

with the cross-overs found for β-lactoglobulin and BSA, 54% (w/w) and 50% (w/w), 

respectively (Brownsey et al., 2003; Parker et al., 2005). The cross-over indicates a dynamic 

transition which can be compared to the colloidal glass transition (Mason & Weitz, 1995). 

At a concentration of 67.2% (w/w), G’ and G’’ did not increase significantly anymore over 

a frequency range of roughly five decades and the system behaves as a hard elastic solid with 

moduli around 1-10 MPa (Fig. 7.5G, H and I). Similar rheological behaviour of WPI was 

found by Both et al. (2019b) around 70% (w/w). The limited change in rheological properties 

of the WPI systems at these concentrations signifies glass-like behaviour. Brownsey et al. 

(2003) also demonstrated that at higher concentrations (62-86% (w/w)) BSA showed solid-

like characteristics (tensile moduli ~10 MPa to 1.0 GPa) with relaxation times in the order of 

100 s, indicative of glass-like behaviour.  
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Figure 7.5. Example mechanical spectra of G’ and G’’ with master curves constructed (A, B, C = 48.8% 
(w/w), D, E, F =58.0% (w/w), G, H, I = 67.2% (w/w) solids). Fitting parameters are provided in Table A.7.2.   

The applicability of time-temperature-concentration superposition (TTCS) was also tested 

for WPI systems to investigate if a single master curve could be composed. Even though TTS 

could be applied for the samples at different solids concentrations (Fig. 7.5), the TTCS failed 

over the complete concentration range, implying no transient network is formed. Failure may 

be due to the limited data in the range of 48.0% to 58% (w/w) solids, which was 

experimentally a difficult regime to reach with the used methods as described in Chapter 5. 

However, TTCS could also not be applied for rheological data in the concentration range 

from 58% to 67.2% (w/w), as was checked with the van Gurp-Palmen plots. Failure of TTCS 

A         B               C 

D                      E                F 

G        H               I 
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may be explained by various aspects that are not directly evident from only our rheological 

experiments. The superposition may fail due to concentration-induced transitions in 

morphology/structure of the system, causing sudden changes in molecular mobility, and/or 

the presence of very different relaxation processes which follow other temperature or 

concentration dependencies (Dealy & Plazek, 2009; Simon & Ploehn, 1999; van Gurp & 

Palmen, 1998). To our knowledge, literature lacks studies investigating TTCS for hard-

sphere colloidal systems, even though time-concentration superposition (TCS) showed that 

the experimental modulus values for colloidal glasses at different volume fractions can be 

collapsed onto a master curve (Cicuta et al., 2003; Mattsson et al., 2009; Wen et al., 2015). 

Peng et al. (2018) later demonstrated that the TCS principle fails for concentrated soft-sphere 

and near hard-sphere colloidal dispersions near the glass transition region, because of the 

emergence of a strong β-relaxation process which overlaps with the α-relaxation. The α- and 

β-relaxation mechanisms show different volume fraction dependences, which results in the 

breakdown of TCS. Sundaravadivelu Devarajan et al. (2020) showed by using molecular 

dynamics simulations for nano-colloidal systems that TCS fails at high volume fractions 

(>0.40) near the glass transition.  

A single G’ and G’’ master curve for WPI could not be constructed over the entire 

concentration range studied and thus the approach for predicting the rheology of the skin at 

the start of morphology development as proposed in Chapter 5 cannot be directly translated 

to globular whey proteins. The globular configuration of whey proteins, combined with its 

complex dynamics, i.e. caging and consequent sol-gel transition, at increasing concentrations 

asks for a different rheological modelling approach, possibly describing the moduli as 

function of particle volume fraction (Genovese, 2012). Even though we could not model the 

time-temperature-concentration rheology evolution of WPI, the rheological data and the 

separate TTS master curves are useful in supporting the description of the morphology 

development during drying (section 7.3.1). The master curves imply that a sol-gel transition 

takes place upon concentration: at low concentrations, whey proteins are still free to move in 

the system and the system is purely viscous and as the concentration increases beyond a 

critical concentration, the whey proteins eventually become confined in a network, leading 

to an elastic system. Hence, the data confirm the previous description of the morphology 

development, stating that as whey proteins concentrate at the droplets’ surface during drying, 

caging of the particles and a sol-gel transition will result in an elastic skin. As the evaporation 
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progresses, the skin rigidifies and becomes more elastic, the droplet shrinkage is halted and 

the compression/pressure stresses developed are relieved by the formation of a cavity. 

7.3.4. Learnings for other food systems 
When comparing the discussions in this chapter with those in Chapter 5, it is evident that the 

rheology of concentrated whey proteins differs substantially from concentrated 

maltodextrins. Whey proteins, when in a globular state, can be viewed as colloidal particles. 

Within the examined range of concentrations, whey protein samples varied from fluids to 

gels and eventually glasses. Upon increasing the concentration of proteins beyond a critical 

concentration, whey proteins undergo crowding effects, eventually leading to jammed 

structures that will result in a change of viscous behaviour to dominant elastic behaviour. 

Maltodextrins are glucose polymers and their rheological behaviour depends on the 

distribution of chain lengths (i.e. DE). Maltodextrins with a considerable fraction of high 

chain length polymers show rubber to glass-like behaviour at high concentrations, while 

maltodextrins consisting mostly of small chain glucose polymers exhibit viscous behaviour 

up to the glass transition. Although differences in rheological behaviour are observed 

between maltodextrins and whey proteins, both systems eventually show signs of glassy 

states. Around or below the glass transition, structural relaxation is slowing down strongly 

and the system behaves as a hard elastic solid. 

In this thesis, we demonstrated that superposition principles can be powerful methods of data 

treatment. For maltodextrins, simple horizontal shifting of the rheological data as measured 

at different temperatures and concentrations permits the construction of master curves, 

mapping the data beyond the range obtainable by single experiments. Hence, all contributing 

relaxation mechanisms of the maltodextrin systems have the same temperature and 

concentration dependence and all stress magnitudes at all frequencies have the same 

temperature and concentration dependence (Dealy & Plazek, 2009). The reason for the 

successful application of the TTCS principle for maltodextrins may be explained based on 

the free volume of the polymer (Krauklis et al., 2019). The free volume is the space that 

allows movement of the polymer chains and a change in free volume directly affects the 

viscoelastic properties of the polymer. Temperature and plasticization have a similar effect 

on the free volume of the polymer, increasing temperature or the concentration of plasticizer 

(in this case water) will result in increased free volume, and therefore the TTCS principle can 

be established. The glass transition temperature (Tg), being a threshold in chain mobility, is 
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also related to the free volume. Therefore, we found that the Tg is an important parameter 

describing the master curves and hence its importance for the rheology of maltodextrins 

(Chapter 5). The TTCS principle can probably also be applied for other systems that have a 

random coil-like configuration. Globular proteins do not have a random-coil like 

configuration, but TTS could be applied for shifting the spectra uniformly along the 

frequency axis (Fig. 7.5). The partial successful application of TTS for whey protein, 

suggests that no morphological changes occur in the material upon changing temperature and 

moduli thus display similar temperature dependence at the specific concentration measured 

(Ferry, 1980). However, the superposition failed when shifting data with changing 

temperature and concentration, i.e. TTCS over the complete concentration range failed. The 

underlying reason for the failure of this principle is not obvious. Peng et al. (2018) suggested 

that this may be caused by the different volume fraction dependencies of the relaxation 

mechanisms. Interpreting dynamic rheology data with molecular dynamic simulations may 

contribute to further development of the understanding, as was demonstrated by 

Sundaravadivelu Devarajan et al. (2020). 

Despite the observed differences in the evolution of the rheological properties between 

maltodextrins and whey proteins, we do recognize that similar mechanisms govern cavity 

formation during drying in both systems. Cavitation requires dominant elastic behaviour of 

the droplets’ skin. The close connection between the elastic behaviour of the droplet skin and 

cavitation can be further confirmed with other systems, for instance drying of starch. During 

single droplet drying of starch solutions at 30% (w/w) cavitation takes place, resulting in 

smooth, hollow and spherical particles (Gouaou et al., 2016) due to the elastic behaviour of 

the skin as is likely generated by entanglements of the polysaccharides (Gouaou et al., 2016; 

Kasapis et al., 2000; van der Sman et al., 2021). The elastic behaviour of the skin may well 

have different origins, where maltodextrins and starch acquire elastic behaviour via physical 

entanglements, whereas whey proteins in their native state acquire this via caging and 

jamming. Alternatively, the elastic behaviour for whey proteins during drying may also result 

from non-covalent or covalent bonds, due to conformational changes and even unfolding of 

their initial globular structure, especially at the interface of the droplets (deWit & Klarenbeek, 

1984; Dickinson, 2001; Haque, 2015; Mulvihill & Donovan, 1987; Quevedo et al., 2019).  

Even though elastic behaviour of the skin may be critical for cavitation to occur, it is not 

necessarily a guarantee that smooth and hollow particles develop. To illustrate, caseins, 
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which are more random coil-like colloids, show a clear sol-gel transition due to close packing, 

where at low concentrations the system behaves as a viscoelastic liquid, while at a critical 

concentration of ~20% (w/w) the system exhibits elastic behaviour (Bouchoux et al., 2009; 

Guo & Wang, 2016). During drying, these caseins quickly absorb on the droplets’ interface 

due to their flexible structure, high surface activity and limited self-diffusivity and once they 

reach the critical concentration they form an elastic skin (Dickinson, 2001; Sadek, Pauchard, 

et al., 2015; Yu et al., 2021). However, different than for globular whey proteins, caseins are 

still able to deform and deswell at high concentrations, resulting in an elastic skin that is still 

flexible enough to deform in response to drying stresses (Both, Nuzzo, et al., 2018; Dahbi et 

al., 2010; Sadek, Pauchard, et al., 2015; Yu et al., 2021). This elastic and flexible skin yields 

twisted and wrinkled particles after single droplet drying, sometimes including a vacuole. 

Similarly, for drying of skim milk droplets containing ~30% casein, caseins concentrate at 

the surface causing eventually elastic behaviour of the skin (Alexander et al., 2002; Both, 

Nuzzo, et al., 2018; Chew et al., 2014; Karlsson et al., 2005). However, also for single droplet 

drying of skim milk diverse morphologies have been found, including wrinkled particles 

comparable with casein particles or hollow and spherical particles depending on the drying 

conditions applied (Both, Nuzzo, et al., 2018; Rogers et al., 2012). Another example where 

elastic behaviour of the skin is expected, yet no hollow and smooth particles are obtained, is 

for single droplet drying of maltodextrin DE12 30% (w/w) droplets at 90 °C (Chapter 4 and 

5). In this case, the formation of wrinkles ahead of the formation of a large cavity was 

observed.    

To better discriminate between the pathways leading to hollow and spherical particles 

without wrinkles and those resulting in wrinkled and hollow or only wrinkled particles from 

elastic skins, one needs to include the skin thickness and the droplet weight loss. Du et al. 

(2020) investigated how the morphology of a drying soft matter droplet can evolve with time 

based on a pseudo-dynamic analysis. For cavitation to result in a hollow and smooth particle, 

the ratio of the elastic length (inversely related to the elastic modulus) over the shell thickness 

should be sufficiently low, i.e. the skin should have a relatively high elastic modulus and 

should be thick. Once cavitation takes place, the pressure difference between the outside and 

the droplet will decrease, the stress is relieved and therefore no wrinkling will be observed 

after cavity formation. For particles to be amenable to wrinkling, a large elastic length is 

required with a limited shell thickness, which requires a low elastic modulus and a thin skin. 
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If after wrinkling the weight loss exceeds a critical value, cavitation may still be observed. 

The authors explain that the decreasing pressure difference between the outside and inside, 

with the increase of the weight loss upon cavitation, could flatten the wrinkles. However, in 

practice, the wrinkles formed may become more rigid by e.g. turning glassy. Wrinkling in 

the absence of cavitation may also be observed for viscous skins, which was demonstrated 

for high DE maltodextrins in this thesis (Chapter 4 and 5). The viscous skin gradually form 

wrinkles on the experimental time scale, relieving the compression/pressure stresses. The 

occurrence of different wrinkling patterns is strongly related to the shrinkage evolution of the 

droplet, combined with the ratio between the shear moduli of the skin and the core (Li et al., 

2011). First, the skin buckles into periodic wrinkles to release the compression in the skin 

when the shrinkage reaches a critical shrinkage factor. The wrinkle pattern will evolve into a 

pattern consisting of regular pentagons and hexagons with increasing shrinkage. With further 

increasing the shrinkage, a wrinkle-to-fold transition may take place and at sufficiently large 

shrinkage this transforms into a labyrinthine pattern, yielding creased particles (Chapter 4). 

Folds increase in thickness when the modulus ratio between the skin and the core increases 

(Li et al., 2012). 

In short, our results in conjunction with literature show that the rheological properties of the 

skin formed at the surface of the droplet are critical for explaining the instabilities during 

drying, and accordingly the final particle morphology. Characterisation of the rheological 

behaviour over a range of temperatures and concentrations, possible through constructed 

master curves, help to estimate the rheological behaviour of the skin. If during drying a skin 

develops exhibiting viscous behaviour, wrinkling phenomena will likely occur and 

depending on the shrinkage as caused by the mass loss of the droplet due to evaporation 

different wrinkling patterns may be observed (Fig. 7.6) (Li et al., 2011). In the case the skin 

exhibits elastic behaviour, yet the skin has a low elastic modulus and limited thickness, 

wrinkling morphologies may also develop with cavitation as soon as the weight loss exceeds 

a critical value. Note that in the latter case also different wrinkling patterns may develop 

depending on the shrinkage induced. Skins that exhibit elastic behaviour and have high elastic 

modulus and sufficient thickness will be amenable to cavitation, where the formation of the 

cavity reduces the pressure difference during drying, impeding the occurrence of wrinkling.  
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Figure 7.6. Schematic overview of the particle morphology evolution from skin formation onwards. The 
morphology evolution depends on the weight loss of the droplet and the evolution of the rheological behaviour 
and thickness of the skin (Du et al., 2020; Li et al., 2011).  

7.4. Pilot-scale spray drying of maltodextrins 
Single droplet drying in combination with investigating the rheological properties of drying 

materials at different concentrations and temperatures has helped to capture the essential 

mechanisms underlying the morphology evolution of a drying food droplet. The question 

remains if these mechanisms derived from single droplet drying studies are also useful in 

interpreting the particle morphology developed for large scale dryers. Translating the 

knowledge as obtained at a single droplet scale to large scale spray dryers may for instance 

be more intricate due to the wide droplet size distribution combined with the different particle 

trajectories entailing droplet-droplet interactions, droplet-wet particle interactions and 

droplet-drying chamber wall collisions. Additionally, for large scale dryers, the drying rate 

is relatively faster and the drying time is relatively shorter by several magnitudes when 

compared to single droplet dryers, which may further complicate the interpretation of the 

morphology evolution (Fu, Woo, Chen, et al., 2012). These differences are mostly ascribed 

to the smaller initial droplet sizes obtained during spray drying when compared to single 

droplet drying, resulting in a reduced timescale of the drying process (t~d2). Despite these 

difficulties, several researchers already compared the morphologies obtained at different 

scales (Both et al., 2020; Gouaou et al., 2019; Nuzzo et al., 2015, 2017; Ullum et al., 2010). 

For example, Both et al. (2020) demonstrated by comparing pilot-scale to single droplet 

drying experiments that overall the particle morphologies observed after pilot-scale drying 

for mixtures of maltodextrins and whey proteins could be deduced from single droplet drying 

experiments. Nuzzo et al. (2015) showed that the morphology of polymer-lactose particles 

prepared by spray drying was well reproduced with single droplet drying. A later study by 
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Nuzzo et al. (2017) concluded that the morphology of whole milk particles dried at single 

droplet, laboratory and spray drying scale is quite similar despite differences in physical scale 

and time scale. Similarly, Ullum et al. (2010) found that the particle morphology from single 

levitated droplet drying experiments agreed well with the morphology of spray-dried 

particles if processed under conditions similar to the outlet conditions of the spray drying 

process. These studies suggest that regardless of differences in drying scale, similar 

mechanisms govern the morphology development.  

Hence it is of interest to investigate the translation of our proposed mechanisms for 

morphology development to powder morphologies as obtained at larger drying scales. For 

this, pilot-scale spray drying experiments were performed at different process conditions for 

30% (w/w) maltodextrin DE6 and maltodextrin DE21 using a single-stage pilot-scale spray 

dryer (DW350 Spray dry work, Netherlands). To assess the effect of drying rate on the 

developed morphology, we varied the inlet drying air temperatures (160, 180 and 200 °C), 

while the outlet air temperature was kept constant at 80 °C by adjusting the feed flow rate. 

The inlet air temperature was selected as a parameter of interest for morphology development 

as this is a key parameter during the initial drying, where most evaporation takes place and 

skin formation is initiated (Both et al., 2020). The outlet air temperature is more important at 

the final stage of drying, where most water has already evaporated and the morphology has 

already been developed. The produced powder morphologies were analysed with scanning 

electron microscopy (SEM) and microscopic imaging using a Malvern Morphologi 4 system 

as explained by Both et al. (2020). The Morphologi 4 particle characterization was used for 

morphology characterization of more than 10,000 individual particles per powder sample 

from 2D images. The filters applied to classify the particles are described in Table A.7.3.  

When viewing the quantitative morphology results as obtained with the Morphologi 4 using 

the applied filters, it can be noted that the majority of the larger particles produced (between 

20 and 100 μm) were classified as wrinkled for all drying conditions applied and for both DE 

values. Increasing the inlet temperature resulted in less wrinkled particles and more spherical 

and hollowed particles (Fig. 7.7), similar as observed by Both et al. (2020) and Gouaou et al. 

(2019). Alamilla-Beltrán et al. (2005) state that at lower drying temperatures, the mechanisms 

allowing for droplet shrinkage and deformations are more pronounced. Higher drying air 

temperature is associated with higher drying rates resulting in faster stable skin formation 

which decreases the residence time for particle deformation and therefore leading to an 
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increase in particles with spherical and hollow morphologies (El-Sayed et al., 1990; Gouaou 

et al., 2019; Hassan & Mumford, 1993; Walton, 2000). Small size droplets also have a higher 

rate of evaporation, therefore this also could explain an increase in the fraction of particles 

classified as spherical and hollow for smaller particles (between 5 and 20 μm) compared to 

larger particles at the same processing conditions. In contrast to the larger particles, the 

smaller particles generally had a dominant spherical and hollow morphology.   

 

 

Figure 7.7. Morphologi 4 results with % spherical and hollow (blue), % wrinkled (orange) and % other 
(green) for maltodextrin DE6 (A) and maltodextrin DE21 (B) as dried at different inlet air temperatures with 
an outlet air temperature of 80 °C. Results are divided into two size groups: small particles (between 5 and 
20 μm) and large particles (between 20 and 100 μm). Morphology categorization can be found in the 
Appendix. Other morphologies indicate particles that were fragmented or agglomerated without a distinctive 
morphology. The error bars represent the absolute error.   

The quantitative morphological results, especially when viewing the larger particles, 

suggested that both maltodextrins yield quite similar particle morphologies regardless of the 

DE value. However, 3D visualization using SEM revealed more morphological details which 

were not detected using the Morphologi 4 analysis. SEM imaging did show morphological 

differences between maltodextrin DE6 and DE21 powders (Fig. 7.8 and A.7.1). The majority 

of DE21 particles showed wrinkled morphologies with coarser edges than maltodextrin DE6 

particles. Maltodextrin DE6 particles were more spherical and featured smooth surface dents. 

The fact that the Morphologi 4 analysis could not detect these differences can be explained 

as even small surface distortions for spherical particles can cause protuberances leading to 

reduced HS circularity in 2D analysis. Therefore, the DE6 particles that are more spherical 

on SEM images are still characterized as wrinkled by the Morphologi 4 analysis using the 

applied filters.  

A        B   
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Figure 7.8. SEM images of maltodextrin particles after pilot-scale spray drying: (A) 200/80 °C DE6, (B) 
200/80 °C DE21, (C) 180/80 °C DE6, (D) 180/80 °C DE21, (E) 160/80 °C DE6, (F) 160/80 °C DE21. SEM 
images of maltodextrin particles after single droplet drying from Chapter 4: (G) 60 °C DE5, (G) 90 °C DE5, 
(I) 60 °C DE21, (J) 90 °C DE21, 0.3 m/s, 30% (w/w). 

Particle morphologies that we observed with DE6 powders were also found for spray drying 

of hydroxypropylated pea starch (15-30 wt%), where spherical particles with undulated 

particle surfaces were observed for different drying conditions. For maltodextrin DE21, 

wrinkled morphologies after spray drying were confirmed by Turchiuli et al. (2011). 

Alamilla-Beltrán et al. (2005) and Ullum et al. (2010) reported comparable wrinkled 

morphologies for drying of maltodextrin DE20 and DE18, respectively. Additionally, from 

the SEM images, it can be observed that the wrinkled morphologies obtained for DE21 after 

pilot-scale drying resemble the morphologies obtained after single droplet drying. When 

comparing single droplet dried particles of maltodextrin DE5 with pilot-spray-dried particles 

of maltodextrin DE6, single particles have fewer surface deformations when compared to the 

pilot-scale dried particles. Besides, for drying of maltodextrin DE5, cavitation was observed 

during single droplet drying, rendering spherical and hollow particles. It may be speculated 

that especially the more spherical particles produced with DE6 are also hollow, but this is 

hard to conclude from our results only. However, analysis of cross-cut structures for spray-
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dried powders with different DE values revealed that in particular low DE maltodextrins 

typically have large vacuoles (Ghani et al., 2017; Gharsallaoui et al., 2012).  

Despite the different time and length scales for single droplet drying and pilot-scale spray 

drying, the majority of maltodextrin DE21 droplets developed a wrinkled particle 

morphology. This can be explained by the viscous behaviour of the skin as expected based 

on rheological measurements (Chapter 5). The compressive stress elicited by the shrinkage 

of the droplet during drying triggers the formation of wrinkling patterns as was previously 

explained (section 7.3.4). The DE21 pilot-scale powder particles showed both wrinkled 

structures with periodic surface undulations and wrinkle-to-fold patterns with polygons 

narrowing into deeper surface valleys (Li et al., 2012). Although the majority of the larger 

DE21 particles showed wrinkled surfaces, we also found small spherical and smooth 

particles, especially at the higher inlet air temperatures tested (Fig. 7.7, 7.8 and A.7.1). 

Similar smooth and spherical morphologies were found alongside wrinkled morphologies by 

Alfons et al. (2021) for pilot-scale spray drying of maltodextrin DE21 at 30% (w/w) at an 

inlet air temperature of 220 °C and an outlet temperature of 100 °C. Small droplets at high 

drying temperatures experience high drying rates, resulting in fast evaporation and in turn 

fast concentration of the outer layers of the droplet leading to rapid skin formation. If in this 

case, the viscous skin formed also quickly reaches a high glass transition temperature to drop 

temperature ratio (Tg/Tdrop), the moduli of the skin may significantly increase (Chapter 5). 

When the moduli of the skin increase sufficiently fast during drying and reach for example 

the vicinity of glass transition (~108 Pa), further shrinkage of the particle may be hampered 

such that the critical shrinkage factor for inducing surface wrinkling is not exceeded. The 

lower drying rates that larger DE21 droplets experience result in viscous skins which 

approach high Tg/Tdrop and consequently high moduli later during drying, allowing more time 

for structures to shrink and consequently wrinkling patterns may be observed.      

Maltodextrin DE6 yielded predominantly spherical particles with smooth surface dents. 

Some pilot-scale dried particles resembled the morphologies observed after single droplet 

drying of 30% (w/w) maltodextrins DE5, however, most of the powder particles showed 

more surface dents than obtained after single droplet drying. For low DE maltodextrins 

during drying, elastic behaviour of the skin is expected based on rheological measurements 

(Chapter 5). The disparity in morphology between single droplet scale and pilot-scale 
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morphologies may be ascribed to the skin thickness of the particles. The skins developed for 

DE5 during drying of larger single droplets exhibit elastic behaviour and likely have 

sufficient thickness to result in smooth and hollow particles (section 7.3.4). The higher drying 

rates in smaller droplets or with higher drying air temperatures during pilot-scale spray drying 

may result in earlier skin formation with a skin of limited thickness when compared to single 

droplet drying scale. This effect of the development of a thin skin upon fast skin formation 

was already suggested by Gouaou et al. (2019), who demonstrated that the skin thickness 

was reduced at higher air temperature due to increased evaporation rates, leading to an early 

locking point, and a thin skin. A similar picture is sketched by Archer et al. (2020) for drying 

aerosol droplets containing nanosilica particles, where increasing drying rate (i.e. higher 

Péclet number) results in earlier locking and a thin skin. Although the skins developed for 

DE6 during pilot drying may exhibit elastic behaviour at an early stage of drying, the skin 

may have been too thin to prevent denting before cavitation (section 7.3.4). If, however, the 

skin moves very quickly to high Tg/Tdrop, again the skin may be less susceptible to 

deformations, yielding more spherical and smooth particles. For testing if the skin thickness 

varies between the drying scales, it would already be relevant to compare the morphologies 

developed for similar sized droplets after single droplet drying at moderate temperature (e.g. 

60/90 °C, as we have used) with the morphologies after single droplet drying with an air 

temperature-time profile resembling that of pilot-scale drying (e.g. from 200 °C going to 80 

°C in a very short time). The latter may allow for rapid initial drying and faster skin formation, 

rendering an elastic skin with a limited thickness which may make them more susceptible to 

denting than the skins formed for single droplets dried at moderate temperatures.   

Overall, these findings demonstrate that pilot-scale drying yields a distribution in particle 

morphologies for both maltodextrins likely owing to the diversity in skin properties 

developed throughout drying. Our previously proposed mechanisms for the morphology 

development of single droplets helped to interpret the final morphologies developed after 

pilot-scale spray drying. Hence, this corroborates that single droplet drying is a valuable 

method to arrive at a deeper understanding of the mechanisms governing morphology 

development. The proposed mechanisms may be further tested with single droplet drying 

techniques that can simulate the temperature profile of (industrial) large scale dryers, 

allowing for higher drying rates. Pilot-scale spray drying experiments also suggest the 

importance of viewing the rheological properties of the skin together with the skin thickness. 
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7.5. Conclusions and future directions 
This thesis reports on the morphology development of drying food droplets aiming at 

unravelling the mechanisms governing the morphology development. Although the particle 

morphology is the result of a complex interplay of matrix properties and drying dynamics, a 

more mechanistic understanding of this interplay was obtained by investigating sessile drying 

droplets, moisture diffusion, rheological properties of materials, molecular weight 

distributions and glass transition temperatures of model food components. We addressed the 

importance of the rheological behaviour of the droplet skin for explaining the mechanical 

instabilities triggered during drying and accordingly the final morphology. The rheological 

properties of the skin were interpreted or predicted from the time-temperature-concentration 

evolution of the rheological properties of the drying material. For maltodextrins we could 

describe this rheological evolution with a model that we coupled with a single droplet drying 

model to predict the rheological behaviour of the skin at the onset of morphology 

development.  

For obtaining the rheological properties, we measured small deformation shear moduli of the 

drying systems; important for describing cavitation in soft matter spheres (Hong et al., 2009; 

Wang & Cai, 2015) and useful in explaining wrinkling and cavitation during single droplet 

drying (Both, Tersteeg, et al., 2019). Other techniques offer great potential to assess the 

rheological properties of the skin developed, including indentation techniques on 

concentrated thin films at room temperature (Sadek, Pauchard, et al., 2015) and drop 

tensiometry at room temperature for relatively low concentrations (Andersson et al., 2018; 

Yu et al., 2021). All these techniques offer insights into the rheological properties of the skin 

but only provide offline measurements. Ideally, though, the development of inline techniques 

allowing for time-resolved measurements of the rheological properties of drying materials 

experiencing evaporation at realistic drying temperatures is highly desired. These techniques 

should also be capable of dealing with the development of spatial gradients.    

Besides methods to better assess the rheological properties of the skin, it would also be 

relevant to study the evolution of the skin thickness during drying as both codetermine the 

morphological evolution followed. The skin thickness is usually based on predictions as it is 

difficult to experimentally assess the thickness of the droplet skin in situ during drying. Only 

after drying, data on the skin thickness may be obtained by analysis of cross-cut structures. 

It would be desirable if non-destructive microscopy techniques with high spatial and temporal 
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resolution could be used in combination with single droplet drying techniques to monitor the 

skin thickness development, possibly confocal Raman microscopy or other laser illumination 

techniques could be applied for serving this purpose (Both, Nuzzo, et al., 2018; Nuzzo et al., 

2015; Nuzzo et al., 2017; Schutyser et al., 2018).  

A next step to advance our understanding of morphology development would be to further 

develop numerical models for predicting morphology development. In this work, we could 

predict the rheological properties of the skin and accordingly the morphology developed for 

maltodextrins by integrating rheology and drying kinetics. This modelling approach relied 

on using TTCS. This TTCS approach is expected to work for solutes with random coil-like 

configuration, however, its application is limited for whey proteins. It would therefore be 

relevant to develop alternative models which can be tuned with rheological data to describe 

the rheology as a function of concentration, temperature and relevant time. Ideally, 

morphological models are developed that integrate the mechanical stress and strain functions 

and drying kinetics, and accordingly predict the conditions under which cavitation/wrinkling 

phenomena occur. For practical use, the results may be captured in morphology maps, as was 

for instance already proposed by Du et al. (2020). These models could first be optimized for 

important model food systems, like whey proteins, caseins and maltodextrins and mixtures 

thereof and then be generalised to more complex food formulations, including milk. 

Preferably however, a database is developed containing important material parameters of 

different systems to tune the morphological model for drying of various food systems. Since 

the mechanisms proposed for the morphology evolution of a single droplet were also valuable 

for explaining pilot-scale particle morphologies, it may be expected that the model developed 

may eventually be useful for establishing guidelines for steering spray drying processes 

towards desired morphologies.  
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7.6. Appendix 
Table A.7.1. Denaturation onset temperatures and denaturation peak temperatures of WPI samples at 
different concentrations heated from 20 to 100 °C. Samples were measured at least in duplicate and standard 
deviations are shown in superscript.  

Sample Tonset (°C) Td (°C) 

WPI rotary evaporation (~50% (w/w)) 61.9±1.49 68.0±0.47 

WPI climate chamber (~60% (w/w)) 63.2±0.54 67.9±0.10 

WPI climate chamber (~70% (w/w)) 75.7±0.50 88.2±1.25 

 

Table A.7.2. Fitted model parameters for WPI systems at different concentration (% (w/w)).   

Marin-Graessley 

parameters 

48.2 58.0 67.2 

τ୑ (s) 10ଷ 10ଷ 10ଷ τ ஑ (s) 10ଵ଴ 0.5 0.5 

τ ୮ (s) - 1 ∙ 10ଷ 10ଷ k஑ (-) 8 ∙ 10ଵ଺ 7 ∙ 10ଷ 3 ∙ 10ଷ 

k୮ (-) - 8 ∙ 10ଷ 6 ∙ 10ଷ Gஶ (Pa) 4 ∙ 10଻ 10଻ 10଻ 

α (-) 0.93 0.26 0.26 p (-) - 0.32 0.25 
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Table A.7.3. Filter settings used in the Morphologi 4 analyzer software to discriminate spherical and hollow, 
wrinkled and other particles. 

 HS Circularity** 
<0.85 0.85≤  x <0.98 ≥0.98 

In
te

ns
ity

 m
ea

n*
 <50 

Other 

Wrinkled Spherical & hollow 

≥50 Spherical & hollow Spherical & hollow 

* Intensity mean: the average of the pixel greyscale levels in the object ranging from 0 (black) to 255 (white) 

** HS Circularity: ସ∗గ∗஺௥௘௔௉௘௥௜௠௘௧௘௥మ 
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Figure A.7.1. SEM montage images of maltodextrin particles after pilot-scale spray drying: (A) 200/80 °C 
DE6, (B) 200/80 °C DE21, (C) 180/80 °C DE6, (D) 180/80 °C DE21, (E) 160/80 °C DE6, (F) 160/80 °C 
DE21. Scale bars are provided. 
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Spray drying is a widely used process providing powders with long shelf lives which can 

easily be transported and readily reconstituted. During spray drying, droplets generated by 

atomization of the feed are converted into particles with a particular size, surface 

composition, and morphology depending on both the material properties and the process 

parameters. The morphology of primary particles greatly determines the characteristics of a 

powder formed from these particles or from agglomerates of primary particles. Therefore, 

tailoring the primary particle morphology is desired for producing powders with superior 

bulk properties. Morphology development may also be critical for the protection and 

controlled release of active ingredients or retention of volatile substances. Despite the 

widespread use of spray dryers, it is still a difficult task to adapt the primary particle 

morphology during spray drying towards desired applications as there is limited 

understanding of the key factors responsible for the morphology development. Lack of 

understanding and accordingly inefficient control of the morphology evolution of particles 

may result in material losses when the product fails to meet the required quality standards.  

A more thorough understanding of morphology development is required to advance particle 

engineering during spray drying. In the present work, we improved our understanding of 

morphology development by relating the fundamental properties of the drying materials to 

the dynamics and skin properties of drying single food droplets. To do this, we aimed to 

predict the skin properties during drying and the final particle morphology, from the 

rheological properties of the constituents depending on concentration and temperature. The 

insights obtained in this work may offer a route towards multi-scale understanding and better 

control of spray drying processes. 

In Chapter 2 we investigated the role of viscosity in morphology development for 

maltodextrins, whey proteins, and their mixtures. Viscosity data as function of concentration 

were modelled with viscosity models for polymer solutions and colloidal dispersions. Whey 

proteins showed a steep increase in viscosity due to jamming of the proteins around 50% 

(w/w) solids, while the viscosity of maltodextrins only increased gradually. The jamming of 

the proteins was hindered in the mixtures when increasing the fraction of maltodextrins. 

Droplet drying experiments revealed that morphology development of the whey protein-

maltodextrin solutions could be well related to the rheological behaviour of the mixtures. 

However, the final morphology appeared also dependent on drying conditions, such as initial 

droplet size and initial dry matter content.   
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For understanding and modelling drying processes, an accurate and full description of 

moisture diffusivity as a function of water content and temperature is important. In Chapter 
3, we focussed on measuring and describing moisture diffusivity in concentrated protein and 

carbohydrate systems for a wide range of moisture contents at elevated temperatures. 

Diffusion data were extracted from controlled thin film drying experiments. At low water 

contents, the diffusion of water showed universal behaviour for different binary systems, 

which was attributed to random coil behaviour. Moisture diffusion in mixed systems of 

carbohydrates and proteins was strongly influenced by the presence of caseins. Additionally, 

these complex systems showed a sharper decrease in moisture diffusivity in the dry regime 

when compared to binary systems, which may be due to a denser, random molecular packing. 

Alternatively, this sharper decrease may be caused by water trapping or promoted protein-

carbohydrate interactions. 

In Chapter 4, we studied the morphology development during drying of maltodextrins 

varying in dextrose equivalence (DE) value. Single droplet drying experiments with a new 

custom-built sessile single droplet dryer demonstrated that the DE value of maltodextrins can 

be used as an indicator for particle morphology development. Low DE maltodextrins 

developed a skin at an earlier stage during drying than droplets with higher DE and remained 

fairly spherical while developing a large cavity. The smooth morphology observed combined 

with the rheological properties at high solids concentrations, suggested that low DE droplets 

reach a critical skin stability relatively early during drying. High DE maltodextrins showed 

dominant viscous behaviour and after drying various surface wrinkling patterns were found. 

Visual observations were successfully related to data from rheological experiments on thin 

films at several high concentrations and a fixed temperature. However, because moisture 

content and temperature are continuously evolving during drying, it was considered 

worthwhile to study the rheological properties of materials over a much wider range of 

concentrations and temperatures. Therefore, in Chapter 5, we studied the rheological 

behaviour of maltodextrins varying in DE as a function of frequency, temperature and 

concentration. Storage and loss moduli at different temperatures and concentrations obtained 

within linear viscoelastic regime were mapped onto master curves using superposition 

principles. Low DE maltodextrins exhibited rubber-to-glass-like behaviour, where the rubber 

behaviour was proposed to be the consequence of polysaccharide entanglements. High DE 

maltodextrins demonstrated predominantly viscous behaviour even at high concentrations. 
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Rheological data were linked to droplet drying based on modelling of temperature and 

moisture evolution using an effective diffusion model validated with single droplet drying 

experiments. This modelling approach allowed for estimating the rheological properties of 

the skin developed. The elastic behaviour of the low DE maltodextrin skin was related to 

cavitation and the viscous behaviour of high DE maltodextrin skin to wrinkling. 

In Chapter 6 we evaluated the impact of the droplet morphology development on the 

protection of probiotic components. More specifically, we investigated if the particle 

morphology could be related to the survival of probiotic Lactobacillus plantarum WCFS1 

after drying. The survival of L. plantarum WCFS1 showed a strong correlation with the final 

particle morphology generated: survival in smooth, spherical and dense particles was highest, 

followed by hollow and smooth particles and the survival was lowest in dented particles. The 

relation between survival and particle morphology was explained by a combination of matrix 

properties, including glass transition, and drying dynamics, including diffusion, of the drying 

droplets. 

Finally, in Chapter 7 we placed our findings into a broader context to arrive at a more generic 

description of the mechanisms governing the morphology development. For this, we first 

examined the rheological behaviour of concentrated whey proteins at different concentrations 

and temperatures and compared these to the earlier results of maltodextrins (Chapter 5). 

Different from maltodextrins, which are glucose polymers, whey proteins showed analogy 

with hard-sphere colloids. At low concentrations (<50% (w/w) solids), whey proteins 

exhibited dominant viscous behaviour. When the concentration was increased >50% (w/w), 

dominant elastic behaviour was observed which was explained by the formation of an 

increasingly crowded network leading to stress bearing jammed structures. For whey proteins 

the modelling approach established in Chapter 5 could not directly be applied for estimating 

the rheological properties of the skin developed, yet rheological data appeared highly 

informative for the morphology development during drying. Pilot-scale drying experiments 

demonstrated that the mechanisms proposed for the morphology development of drying 

single droplets were also valuable for explaining pilot-scale particle morphologies. Insights 

obtained in this work may offer a route towards building models for predicting morphology 

development and accordingly constructing morphological maps offering better practical 

understanding and control of the final powder quality.   
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