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Abstract

Many food powders are multicomponent systems, composed of substances with different
physico-chemical properties. Concentration gradients, which develop in a drop of spray
dried multicomponent food material due to water evaporation and differences in molecu-
lar weight or hydrophilic properties of the components, can lead to a preferential accumu-
lation of one of the components on powder surface. This issue is highly relevant to spray
drying of any multicomponent material, as properties of powders, such as flowability,
reconstitution behaviour or particle adhesion, depend on the properties of the surface of a
powder. These properties are related to the chemical composition of the surface of parti-
cles. Accumulation of specific components on the powder surface was observed during
spray drying of many multicomponent food materials.

This work focuses on components migration during formation of a multicomponent parti-
cle from a drop in spray drying process. The main concern is the influence of drying tem-
perature and of the initial composition of a drop on the surface composition of the result-
ing particle. Another concern is the impact of the chemical composition of powder sur-
face on powder properties. The methodology of this research combines a theoretical ap-
proach of modelling of a particle formation in spray drying with experimental analysis of
properties of powders produced by spray drying.

The formulated drying model of a single drop describes a system containing a solvent
and two solutes. Differences in mass flow rates between the two solutes, which are
caused by differences in their diffusion coefficients, result in an enrichment of the surface
in one of the components. The model was applied to simulate drying of an aqueous drop
containing lactose, as a main solute, and PB-lactoglobulin, as the additive component.
Drops with the initial size of 100 um were modelled. Drying temperatures were chosen
between 65°C and 80°C, which correspond to the air exit temperature in a spray dryer.
The experimental study investigated the effect of the whey protein isolate and drying
temperature on wetting and flowability of lactose powders. The powders were obtained
by spray drying of lactose solutions with and without addition of whey protein isolate,
WPI, at gas inlet temperatures between 180°C and 200°C. The total solid content of the
feed was 30 wt. %.

Enrichment of the surface in the slowly diffusing component by 10 % to 150 % was pre-
dicted for systems with different initial total solid fractions, solid based mass fraction of
the slowly diffusing component and different drying temperatures.

Simulation results showed that the initial total amount of solute in a feed solution has a
dominating effect on the surface enrichment, compared with the influence of the solute
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ABSTRACT

ratio in the feed or the drying temperature. For a spray drying process this signifies that it
Is important to act on the evaporation degree of the feed material before spray drying.
The experimental results confirmed these result qualitatively. An analysis of the surface
composition of the powders, which contain 1 wt. % and 10 wt. % WPI in the bulk, by x-
ray photon electron microscopy revealed, that the coverage of powder surface by protein
is almost the same in both powders. Addition of the whey protein isolate extended pow-
der wetting times by more than three-fold in comparison with the wetting time of lactose
powders dried at the lower temperature. Wettability and flowability of the lactose pow-
ders dried at different temperatures were strongly affected by the drying temperature.
However, the effects were minor in all powders with addition of the protein. Changes in
wettability and flowability of the powder are attributed not only to the increased surface
coverage with the protein, but also to the change in the morphology of the powders and
their supramolecular structure. Despite different bulk compositions, these powders have
similar wetting times. However, the experimental results underline that also powder mor-
phology, especially the surface topology as well as the degree of crystallinity and powder
moisture, have an impact on powder surface properties.

2
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1 Introduction

Spray drying is a drying technique used in a vast variety of industries [(Masters, 1985),
(Mujumdar, 1995)] in which in one process step a particulate, dried material is obtained
from a liquid feed. Rapid solvent evaporation assures that the thermal stress in the parti-
cles is low in comparison with other drying methods, like drum or belt drying. Therefore,
despite a poor energetic efficiency in comparison to other drying methods, spray drying
finds often application in the food industry in production of dairy products, coffee as well
as fruit and vegetable juices.

The obtained powder can either be applied as a final product or be further processed. In
some specific applications, as in case of skim milk in confectionery products, such dried
food powders are applied directly in a powdered form. However, often products are used
in a liquid state by mixing a powder with water.

Among important properties of powdered products are flowability, reconstitution behav-
iour, dust formation and powder bulk density. Powder flowability is important for precise
powder dosage in packaging and in beverage systems. Good reconstitution behaviour is a
prerequisite for easy application in a liquid form as well as digestion of powder. Due to
dust explosion hazard, minimizing dust formation of powders assures safe powder han-
dling. Higher powder bulk density minimizes a volume of a silo and a constant powder
bulk density is necessary, if a volumetric dosage system is applied.

The above mentioned properties of powders depend on the properties of particles, such as
moisture, particle size distribution and particle morphology. These properties of particles,
which in the literature are also called primary properties of a powder (Kim et al., 2009b),
are determined by properties of the liquid feed and by spray drying conditions. Alterna-
tively, properties of a given powder can be optimized by such processes like agglomera-
tion or granulation.

Many food products, which are dried by spray drying, are mixtures of multiple compo-
nents. Spatial distribution of these components within a particle can also determine prod-
uct properties, as in case of oxygen sensitive components or additives with unpleasant
odour, which should be located in the centre of a particle. Location of specific compo-
nents on particle surface can enhance or inhibit wetting of powders as well as have a neg-
ative effect on powder flowability.

In order to tailor properties of multicomponent powders to product requirements, it is
important to understand the underlying processes, which lead to distribution of compo-
nents within a particle. A relevant question is, if a surface composition can be controlled
by drying conditions or feed composition. Another important question is, in what extend
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the surface composition influences the properties of a spray dried particulate product. In
answering these questions the link between the process and the properties of resulting
powder remains in focus.

In this work a theoretical model is formulated, which describes drying and component
transport within a drying drop. The model is applied to simulate profiles of two solutes,
which differ in their molecular size, in a drop during drying and to predict the composi-
tion on the surface of a formed particle. The considered material is a dairy model-system,
which contains two solutes — lactose and whey protein isolate, WPI — dissolved in water.
Further insights on the relationship between the mass fraction of the solutes in the total
solids and the drying rate are delivered by experimental investigation of the surface com-
position, powder wetting and flowability of powders produced by spray drying of the
model-system.

After presentation of the fundamentals of the process and powder science, which are be-
lieved to be relevant for the scope of this work, a drying model of a single drop with two
solutes is introduced. It is followed by presentation of used materials and experimental
methods applied in characterization of powders. The next chapter reports the results of
simulations and the following one presents the experimentally observed effects of the
investigated parameters on the properties of the powders. The last chapter covers a syn-
thetic discussion of the obtained results and conclusions with practical recommendations
for a spray drying process.

1.1 General description of a spray drying process

Spray drying is a process in which pumpable feed, like solutions, suspensions and pastes
are atomized into drops and dried into particulate form. A schematic of a typical spray
dryer is shown in Figure 1.1. The feed is pumped into a drying chamber and at the inlet
atomized by a nozzle or a rotary atomizer into minute drops, which contact the hot drying
medium. The typical drop size in spray drying is between 10 and 250 um (Mujumdar,
1995). A large contact surface between a feed material and a drying gas enables rapid
solvent removal. At the outlet of the dryer a particulate product is obtained. During dry-
ing due to moisture evaporation the temperature of the drying medium decreases and its
moisture content increases. In order to obtain desired properties of the product, minimize
material losses, improve process efficiency and fulfil safety standards various designs of
drying chambers and atomizing equipment were developed. The details of different spray
dryer layouts are given, for example, by Masters (1985). Spray drying is applied in chem-
ical, pharmaceutical and food industry. In the food industry it is used to production of
diary powders, coffee and vegetable and fruit powders.

4
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Figure 1.1 Schematic of a typical spray dryer.

1.1.1 Solid formation in spray drying

The knowledge of the physical fundamentals of solids formation in spray drying origi-
nates from observations of drying of single drops on hanging wire [(Furuta et al., 2007),
(Chen and Lin, 2005), (Fu et al., 2011)], in magnetic field (Griffith et al., 2008) and
acoustic levitator [(Schiffter and Lee, 2007), (Groenewold et al., 2002)], in towers
(Vehring et al., 2007) and by taking powder samples along a spray drying tower (Zbicin-
ski et al., 2002). The mechanism of solid formation depends on the nature of the material
as well as the drying conditions. In the following as first the most basic scenario of parti-
cle formation is presented, afterwards few alternative scenarios, which lead to modified
particle morphology, are named.

A drop produced by one of the atomization methods contacts drying medium in the spray
drying tower. It is characteristic for spray drying feeds that the solvent content is high. In
laboratory experiments initial water contents are between 70 and 90 wt. % [(Millgvist-
Fureby et al., 1999), (Wang, 2010)], in industrial processes it reaches 50 wt. %.

Due to high amount of solvent in a drop and high temperature of the drying medium the
partial pressure of the solvent on the surface of the drop is higher than the partial pressure
of the solvent in the drying gas. The difference in the partial pressures of the solvent in
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both phases is a driving force for solvent removal from the surface of a drop. As long as
there is sufficient solvent on the surface the evaporation rate is constant, which corre-
sponds to a linear decrease in moisture shown in Figure. 1.2a. During this period a drop
remains in a liquid state, or respectively as a suspension. The drop radius shrinks and so-
lute or solid concentration, in case of suspensions, in the drop increases. At this stage,
due to the heat removed by evaporation, a temperature of the drop reaches the adiabatic
cooling temperature, Ty, (Figure 1.2b). This period of uninhibited solvent removal from
a surface of a drop is called the first stage of drying.

- r 3
1stdrying
Xwo stage
T
xw.q:nt Twm -----
xw.eq TO
Drying time Drying time

Figure 1.2 Typical change in a) drop or particle moisture content and b) temperature during drying.

As the solvent is removed, the solute accumulates in the vicinity of the surface. The con-
centration gradient between the surface and the core of a drop is levelled out by advective
flux of solutes away from the surface towards the centre of a drop. If the mass transport is
fast, the concentration of the solute or solids particles remains uniformly distributed in a
volume of the drop. As drying progress, the increasing solute concentration results in a
lower mobility of water molecules in the drop. This leads to a decreased solvent transport
towards the surface and to a lower solvent evaporation rate. Particle moisture content
from which the evaporation rate starts to decrease is described as the critical moisture
content, Xy crit- The decreasing solvent evaporation rate (Figure 1.2a) decreases the rate of
heat removal from the drop. Therefore, in the second stage of drying the temperature of a
drop increases (Figure 1.2b), approaching the drying gas temperature. Once the majority
of the solvent is removed, a solid particle appears. The morphological changes, which
correspond to this drying history, are pictured in Figure 1.3.

If solvent removal from the surface is faster than the mass transport of the solute away
from the surface, the solute accumulates on the surface forming a porous shell or skin.
This solid layer results in mass transport resistance to solvent transport, which leads to
decreased drying rate and transition to second drying period at higher total water contents

6
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in a drop. Once a solid layer, skin or shell, forms on the surface, a particle cannot uni-
formly shrink further (Tsotsas, 2012). As the process is very rapid, even crystalizing ma-
terials form amorphous particles (Vehring, 2008).

Heat\ Vapo? Shell or skin

Xw,0 — —

. Shell/skin
shrinkage .
formation
Liquid core
Initial droplet Shrunken droplet Material specific stage Solid particle

Figure 1.3 Development of particle morphology during particle formation.

The amount of moisture in the material at the end of drying results from an equilibrium
between the partial pressure of water in the two phases, i.e. between the relative humidity
of the drying gas and the water activity of dried material. The dependence between the
equilibrium moisture content (Xy¢q) and the water activity of a given material during dry-
ing is described by moisture desorption isotherm. An example of a moisture desorption
isotherm of skimmed milk powder at 25°C, which was determined and fitted by Vua-
taz et al. (2002) to Brunauer-Emmett-Teller model is shown in Figure 1.4.

25
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Figure 1.4 Desorption isotherm of skimmed milk powder at 25°C determined by Vuataz et al. (2002) and fitted
to Brunauer-Emmett-Teller model.
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Figure 1.5 Moisture desorption isotherm of skimmed milk powder measured by Lin et al. (2005).

For many materials the equilibrium moisture content decreases with the increasing tem-
perature (Tsotsas et al., 2000). Lin et al. (2005), however, have observed that the desorp-
tion isotherms of skimmed milk powder at temperatures above 50°C are characterized by
an inversion point, so that at relative humidity above 20 % the equilibrium moisture in
the material increases with the temperature. The desorption isotherms of skimmed milk
powder measured by Lin et al. (2005) are shown in Figure 1.5.

1.1.2 Development of particle morphology

Depending on material properties and drying history the solidification of the outer layer
of a drop can lead to formation of hollow, shuttered or wrinkled particles (Hand-
scomb et al., 2009b). In a spray dryer there is some distribution in drying histories due to
temperature, velocity and residence time distributions [(Mezhericher et al., 2012),
(Schmitz-Schug et al., 2016)]. This can result in some distribution in morphology of
spray dried particles.

1.2 The meaning of powder properties

Good quality of any powder product is determined by adjustment of the powder proper-
ties to the application. During powder production (Bhandari et al., 1997), conveying,
packaging and mixing good product flowability is desired (Fitzpatrick et al., 2004). How-
ever, during powder tableting or pelleting a certain level of adhesion of particles to each
other under a load is expected (Palzer, 2011). In powder agglomeration the adhesive be-
haviour of a powder is imposed by, for example, addition of a plasticizer, which locally
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decreases the glass transition temperature of a particle (Palzer, 2009). For powders,
which are used by dissolving in a solvent, like milk powder or coffee, good reconstitution
properties are important. In case of some particles a controlled dissolution upon exposure
to specific conditions is required. Mechanical properties of particles play a role in a re-
lease of certain flavour components (Gouin, 2004).

Among these, powder flowability, and caking as the opposite, as well as wetting are in-
fluenced by the properties of the surface as explained below. However, other characteris-
tics like particle size and shape or submolecular structure of the material also impact
flowability and wetting.

1.2.1 Wetting and instant properties of powders

Wetting is one of the steps of powder reconstitution and often the rate limiting
step (Hogekamp and Schubert, 2003). The capillary forces play a dominating role during
wetting. The Washburn equation (Eg. 1.1) can be used to describe the rate of capillary
rise in a powder pore network (Forny et al., 2011). In Eq. 1.1 7 is the mean pore diameter
of the pores in the bulk material, | is the solvent penetration distance, y the surface ten-
sion of the liquid, # its dynamic viscosity, ¢, the form factor and 0 the Young’s contact
angle. Therefore, the rate of wetting of a powder bulk is favoured for large capillaries,
which correspond to large particles, and materials on which the contact angles are small.

Ezy-c-l’-cosﬁ (L.1)
t 27

Contact angle delivers information about the strength of the interaction between a solid
and the solvent. On an ideal, rigid, homogeneous surface a contact angle of a solvent is
given by Young’s equation (Eq. 1.2), which describes the interfacial energy balance
[(Good, 1992), (Decker et al., 1999)]. For a given solvent the contact angle depends on
the chemical composition of the solid. In Figure 1.6 a shape and a contact angle of a wa-
ter drop on a hydrophobic and hydrophilic surface is shown. On a hydrophilic surface the
contact angle of water drop is smaller, because the interaction with the liquid is stronger
than on a hydrophobic surface.

Real surfaces are characterized by some roughness, which amplify the effects (Palzer,
2001). An apparent contact angle between such a surface and a contour of a sessile drop
placed on the surface is not equal to the Young’s contact angle (Lazghab et al., 2005).
Nevertheless, it is used as an assessment of the strength of interaction between the sol-
vent and the solids [(Puri et al., 2010), (Ji et al., 2016), (Susana et al., 2012), (Lerk et al.,
1976)].
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Figure 1.6 Young’s contact angle of a test hydrophilic solvent drop on a) hydrophobic and b) hydrophilic sur-
face, where ysp. is the surface tension between the solid and liquid, ysv is the surface tension between the solid
and vapour, yrv is the surface tension between the liquid and vapour.

Further powder properties which influence the rate of solvent penetration are: powder
dissolution and particle swelling, which can lead to an increase in liquid viscosity or af-
fect the pore size. The further steps of powder reconstitution are sinking, dispersion and
dissolution (Hogekamp and Schubert, 2003). Sinkability is driven by a difference be-
tween the apparent density of the powder and solvent density. The sunken powder should
disperse in order to provide large contact surface to accelerate dissolution. Analogically
to the powder wetting, powder dispersion is influenced by the type of the solid-solvent
interaction.

1.2.2 Flow properties of powders

Powder flow is a plastic deformation of the powder bulk due to movement of the individ-
ual particles against each other (Schulze, 2008). The degree of movement of the particles
in a bulk depends on the strength of adhesive forces and friction between particles
(Schulze, 2008).

e hw 5
Lifshitz: Fyaw = m *a (13)
H 2
Hamaker, for hy<150 nm Foaw = 24—h§ -a (1.4)

The dominating adhesive force especially for the small and dry particles is the van der
Waals force due to plastic and visco-elastic deformations of particles, which for two par-
ticles separated by a distance hs can be described by Eqg. 1.3 or Eq. 1.4 (Dopfer et al.,
2013), in which a is the diameter of the circular contact area between the particles and 4w
is the Lifshitz-van der Waals constant and H the Hamaker constant. The magnitude of the
van der Waals force depends on the size of the contact area and on the chemical composi-
tion of the surface, since the constants are related to the surface energy of the material of
which the particles consist (Lifshitz, 1956, Hamaker, 1937).
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Further adhesion mechanism relevant to powder flowability is formation of sinter bridges
between particles (Hartmann and Palzer, 2011). Formation of the sinter bridges can be
described with Frenkel’s equation (Eq. 1.5) or equation given by Rumpf (Eq. 1.6.),
(Hartmann and Palzer, 2011).

hy 1yt
(_) _ .Y (1.5)
d 6 d 7
h\* /4 2-F \ t
(_) =<_.X+—t>._‘3 (1.6)
d 5d 5-m-d?/ 7

In both equations h is the diameter of a sinter bridge, d is the particle diameter, t. the con-
tact time between the particles and F; in Eq. 1.6 is the force with which the particles are
contacted with each other. It can be seen that the size of a sinter bridge increases with
time, the contact force and surface tension of the material as well as with decreasing ma-
terial viscosity.

The change in viscosity of the surface or the whole particle concerns especially the
amorphous materials. On contrary to crystalline structures, in which the molecules are
arranged in a thermodynamically stable lattice, amorphous materials are formed by rapid
removal of a solvent from the matrix and cooling, which results in unordered supramo-
lecular structure called glass [(White and Cakebread, 1966), (Alexander and Judson
King, 1985), (Vehring, 2008)]. In many particulate food materials the amorphous or
semi-amorphous structure is advantageous (Palzer et al., 2012). Due to viscosity of about
10" - 10" Pa's (Schmelzer and Gutzow, 2011) of such materials the mechanical proper-
ties are like those of solids. However, due to moisture sorption properties the structure
enables fast dissolution of the materials (Palzer et al., 2012).

. (=X Tys + kX Tow
& (1-X)+k-X

(1.7)

The viscosity of amorphous materials depends strongly on the temperature and the sol-
vent content, which affects molecular mobility (Roos and Karel, 1990). The relationship
between the temperature, at which the viscosity of the materials suddenly drops by three
orders of magnitude, i.e. the glass transition temperature T4, and moisture content X of
the materials is described by the Gordon-Taylor-equation (Gordon and Taylor, 1952)
(Eq. 1.7), where Tys and Tq\ are the glass transition temperatures of the substance and
water respectively and k is a constant characteristic for the pair substance-water.
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Figure 1.7 Typical dependency of glass transition temperature on powder moisture.

A typical glass transition curve can be seen in Figure 1.7. Above the glass transition tem-
perature the material is in a liquid form and below it is solid. A transition from a solid to
a liquid form can take place due to either exposure to increased temperature (path 1) or
sorption of moisture (path 2). During spray drying the material follows path 2 in the first
stage of drying. In the second stage of drying, if the temperature of the material increases,
the material can liquefy and become sticky (path 1). When a powder is exposed to mois-
ture, for example in the air, it can absorb the moisture and change from solid to a viscous
rubber (path 2). Exposure to temperatures above the glass transition temperature at a giv-
en powder moisture results in a decreased viscosity of the surface, which can lead to for-
mation of viscous bridges between particles [(Roos and Karel, 1991), (Lloyd et al.,
1996), (Bhandari et al., 1997), (Downton, 1982)].

O\ —17.44 (T —Ty)

log <e_g> T 516+ (T—Ty) (18)

The empirical Williams-Landel-Ferry (WLF) (Williams et al., 1955) equation describes
the temperature dependency of mechanical relaxation time of amorphous polymers. Roos
and Karel (Roos and Karel, 1990) showed that above the glass transition temperature the
time to crystallization 6., follows the WLF equation (Eq. 1.8), in which 6 is time to crys-
tallization at glass transition temperature.
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1.2.3 Conclusion

As can be seen from equations 1.3 — 1.8, the surface energy and supramolecular structure
of a particle influence wetting and flowability of powders. The surface energy of particles
depends on its chemical composition. Therefore, in multicomponent powders accumula-
tion of specific components on the surface of particles can lead to modified powder prop-
erties.

1.3 Overview of previous research

The literature on spray drying covers a wide range of topics. Their aim can widely be
described as improvement of process efficiency and control of properties of a product.
The reported research covers studies of drying gas flow in a tower, atomization, interac-
tion between gas and liquid phases, methods of measurement and modelling of drying
Kinetics as well as morphology and physico-chemical properties of the dried product. Due
to this wide range of the topics, this literature overview focuses on these researches,
which concerned drying of multicomponent materials and modelling of single drop dry-
ing. Special attention is given to multicomponent systems.

1.3.1 Component reorganization during spray drying

Many types of food, like dairy products or coffee are mixtures of components, which
contain next to carbohydrates, fats and proteins, smaller molecules like vitamins and ions.
For specific applications, like encapsulation of aromas or active ingredients in particles,
wall material is added to a solution and spray dried. During spray drying of such multi-
component solutions, migration of solute components and selective accumulation of spe-
cific solutes on the particle surface might take place (Kim et al., 2003).

Distribution of components in spray dried particles was investigated by application of
such analytical methods as confocal laser scanning microscopy with dying of the lipid
fraction (Kim et al., 2002), free fat extraction [(Kim et al., 2005b), (Kim et al., 2005a),
(Murrieta-Pazos et al., 2012)], x-ray photon electron microscopy (Féldt et al., 1993) and
fluorescence method (Landstrom et al., 1999).

Migration of the components in such a multicomponent system determines the quality of
encapsulation. However, the accumulation of specific component on the surface has also
an effect on physico-chemical powder properties. Although the properties of the powder
can be modified by further processing steps, the surface composition is determined dur-
ing drying (Kim et al., 2009a).

The composition of the surface is related to powder properties. Presence of fat on the sur-
face of dairy powder particle increases powder cohesion [(Kim et al., 2005a), (Nijdam
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and Langrish, 2006)] and decreases wetting of diary powders [(Gaiani et al., 2010), (Kim
et al., 2002)]. Accumulation of protein reduced stickiness of carbohydrate powders in the
spray dryer chamber [(Wang, 2010), (Adhikari et al., 2009a)]. However, addition of sur-
factant can result in replacement of the protein from the surface (Adhikari et al., 2009b)
and recurring decrease in powder recovery. Increase in amount of lactose on the surface
of diary powder improves powder wettability [(Gaiani et al., 2006), (Gaiani et al., 2010)].
Accumulation of a component on the particle surface can be deteriorating to product
quality, like in case of accumulation of trypsin, an enzyme, on a surface of spray dried
powder results in a loss of enzyme’s activity (Millqvist-Fureby et al., 1999). Tailored
accumulation of sodium caseinate and lecithin on powder surface can assure a controlled
drug release and taste masking (Hoang Thi et al., 2013).
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Figure 1.8 Driving forces of component redistribution during drying of a drop.

Different phenomena can be named in relation to component reorganization in a drying
drop as schematically shown in Figure 1.8, whereas it is also possible that different ef-
fects occur simultaneously. As the potential driving forces for component reorganization
authors named the surface activity of protein (Faldt and Bergenstahl, 1994), differences
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in component diffusivities (Meerdink and van't Riet, 2004) and solubilities (Chen et al.,
2011).

When at least one of the components is amphiphilic, like surfactants or proteins, the ac-
cumulation of this component on the drop-gas interface can be driven by its surface activ-
ity. If solutes are characterized by large difference in the molecular size, the slow diffu-
sion of the larger component can lead to its accumulation in the vicinity on the drop sur-
face. This difference in diffusion coefficients can also be important when a drying drop is
an emulsion or a suspension, which contains drops of immiscible phase, like fat, or parti-
cles, respectively. Some authors (Jayasundera et al., 2011) named the differences in com-
ponent solubility as another reason of component separation in a drying drop. When the
concentration of one of them reaches the solubility limit, the component precipitates
forming primary particles. These might again diffuse slower than the dissolved compo-
nent.

Another process which can be named in relation to component reorganization is based on
the model developed by Biick et al. (2012), who considered agglomeration process be-
tween primary nano-particles during drying of a single drop. If a suspension contains two
different types of primary particles, the different agglomeration rates between the parti-
cles of the same and between the particles of different types could influence the distribu-
tion of components in a final particle.

1.3.2 Modelling of single drop drying

The objective of modelling of spray drying process on different scales is to mathematical-
ly describe a relationship between drying conditions and the properties of the obtained
products. In order to predict the effect of a change in process conditions or equipment
geometry on the final product a drying process is analysed with the help of computational
fluid dynamic tools (CFD). The analysis of the air (Wawrzyniak et al., 2012) and solids
flow (Mezhericher et al., 2010a) in a spray dryer allows understanding of the drop trajec-
tories and drying behaviour of the dispersed phase, in order to localize the deposition and
agglomeration zones. For more elaborated applications, the knowledge of the properties
of materials is necessary to predict the result of particle collisions and the resulting final
particle size distribution [(Pawar et al., 2014), (Blei, 2006)]. By coupling the particle dry-
ing kinetics with a CFD model of the equipment the sticky zones can be identified in or-
der to localize position where fine particles should be recirculated to the system in order
to agglomerate those (Gianfrancesco et al., 2010).

Models, which describe a single drop drying and particle formation, can be applied to
study the effect of the drying conditions on the drying kinetics. Three types of modelling
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approaches are in use: the drying curve and the reaction engineering approach (REA),
which are lumped parameter models, as well as deterministic models.

In the drying curve approach a solvent evaporation is divided into two phases. In the first
drying period solvent evaporation takes place at its maximal rate, which is determined by
the drying air conditions. Transition to the falling rate drying period, i.e. second drying
period, takes place when solute content reaches critical moisture content, at which the
drying rate decreases due to mass transfer resistance in a material. This approach has
been applied by Langrish and Kockel (2001) in a simulation of drying of a single drop of
milk, which was applied into a CFD simulation of a spray dryer.

In reaction engineering approach, solvent evaporation is modelled as energy activated
reaction, in which every material is characterized by activation energy, which changes
with solvent content. The advantage of these types of models is that they do not require
solution of partial differential equations and much computational powder. Therefore, they
can be coupled with a CFD simulation (Langrish and Kockel, 2001).

The deterministic models include description of heat and mass transport and can include
in different extent the physical and chemical processes taking place in drying materials
and the development of the mechanical properties of forming particles. Sano and Keey
(1982) developed a drying model of a milk drop, which includes formation of a hollow
particle, if the pressure within a particle is sufficiently high. The effect of the drying con-
dition on the porosity of a particle, which forms during drying of a suspension of crystal-
line primary particles, was modelled by coupling a population balance of the primary par-
ticles with drying of a suspension drop (Seydel, 2006). The model of Handscomb et al.
[(Handscomb et al., 2009a), (Handscomb et al., 2009b)] considers the growth of primary
crystal particles due to crystallization and the effect of the material properties on the final
morphology of a particle. Buick et al. (Biick et al., 2012) considered the effect of the in-
teraction between the primary particles on the resulting particle morphology. A wide
overview of the current state of development in this field is presented by Mezhericher et
al. (Mezhericher et al., 2010Db).

Few authors investigated component segregation in a drying drop. A moisture-fraction
distribution at different times of drying is reported by Sano and Keey (Sano and Keey,
1982). Handscomb [(Handscomb et al., 2009a), (Handscomb et al., 2009b)] presents sol-
ids mass fraction and particle porosity along the radius of a forming particle. Seydel
(Seydel, 2006) analysed the particle number density along the drop radius and Biick et al.
(Biick et al., 2012) the normalized number concentration along the drop radius.

Among systems containing more than one solute Hecht and King (Hecht and King, 2000)
calculated the radial concentration of moisture and a gas tracer in a drying particle at dif-
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ferent drying times. The model predicted a concentration peak of the tracer within a
forming particle due to decreasing molecular mobility in the vicinity of drops surface.
Meerdink and van't Riet (Meerdink and van't Riet, 2004) formulated a drying model of a
ternary system, which predicted segregation of saccharose and sodium caseinate during
drying in agar slabs. Wang at al. (2013) proposed a distributed parameter model which
enabled prediction of the amount of surface active component on the surface of spray
dried particles. Gac and Gradon (2013) formulated a model, which describes migration of
two solutes characterized by different solubilities and diffusion coefficients. Chen et al.
(2011) considered component segregation in a multicomponent system during initial
stages of drop drying and estimated a surface enrichment of the milk powders with a fat
component. This approach was further developed into a continuum diffusion model cou-
pled with a molecular level geometrical interpretation [(Chen et al., 2013), (Xiao and
Chen, 2014), (Xiao et al., 2015)]. This model enables prediction of selective solute ac-
cumulation on the surface layer of nanometre thickness of a particle containing two so-
lutes with different molecular size. However, it requires assumptions on the hypothetical
packing of the molecules in a surface-layer of a forming particle.

1.3.3 Conclusion

As can be seen from this overview, in experimental studies the difference between the
composition of powder surface and powder bulk has been given a significant attention.
Only few authors so far have focused on a theoretical prediction of surface enrichment.
Currently, a continuum model is missing, which would enable investigation of the effects
of drying rate and feed properties on the composition of the surface of a spray dried par-
ticle.
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2 Single drop drying model with two solutes

In this chapter a novel drying model of a single drop, which contains two solutes with
different diffusivities is formulated. Equations, which describe mass and heat transfer in a
drop are presented. Drop composition is spatially distributed, so that the mass fraction
profiles within the drop during the drying process can be tracked.

2.1 General model of particle formation

Reorganization of solutes during formation of a particle in spray drying can be driven by
different factors (section 1.3.1). The objective of the model is to investigate the reorgani-
zation of solutes within a drop in case of a system in which the solutes are characterized
by different molecular sizes and consequently different diffusion coefficients. A distrib-
uted parameter model is formulated, which enables tracking of components within a
drop. The model is based on certain assumptions, which for better understanding of their
relevance are discussed in the final section of the chapter (2.2.6).

The macroscopic process of a drop drying is shown schematically in Figure 2.1. Initially,
a drop of an aqueous solution formed in a spray dryer is ideally mixed. When a drop of
the feed solution contacts hot air in a spray dryer, the solvent begins to evaporate from
the drop surface and the drop radius begins to shrink. The local concentration of a solvent
decreases close to the particle surface and that of a nonvolatile solute increases (Raderer,
2001). A concentration gradient is formed, which is the driving force for the mass
transport of water towards the surface and the mass transport of solutes away from it.

myap
core V7 { ////?/ Shel
. Z
A 7,
% s
% -

Figure 2.1 Schematic of a particle formation during drop drying.

2.1.1 Solvent evaporation

The driving force of solvent evaporation from a surface of a drop is a difference in the
absolute humidity of drop surface and the drying gas. The vapour mass flow (w,) from
particle surface, which depends on vapour density (py), mass transfer coefficient (5), ab-
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SINGLE DROP DRYING MODEL WITH TWO SOLUTES

solute humidity on drop surface (Ys) and absolute humidity of drying gas (Y), was calcu-
lated as:

hy = py(T)B(Ysar — Y)4T[I'%. (2.1)

The mass transfer coefficient 3 is obtained from the definition of Sherwood number.

_ ShDy
-2

(2.2)

There are various correlations developed for the Sherwood number. In spray drying the
Ranz-Marshall correlation (Ranz et al., 1952) is commonly used,

Sh = Sh, + 0.6Re®55¢033 (2.3)

with Reynolds (Re) and Schmidt (Sc) number given by equations 2.4. and 2.5, respective-
ly.

uz2r ;
Re = —— L Pair (2.4)
Nair
Nair
Sc = 2.5
Pair DV ( )

2.1.2 Mass fraction profiles of components

Water mass transfer in an aqueous drop along the drop radius r is described by diffusion
according to Fick’s law (Eq. 2.6), where Xy IS the mass fractions of water.

OXw _ Pw DW(XW)E<FZ aXW)

B or

2.
ot r2 or (2.6)

In concentrated solutions, and such are usually encountered in spray drying, the diffusion
coefficient of water depends on the concentration of the solutes. A diffusion coefficient
of a solvent in a matrix of a solute at changing concentrations can be described by empir-
ical correlations (Raderer, 2001). In such correlations diffusion of the solvent is treated
independently of the diffusion of the solutes.

The water transported from the centre of a drop towards the surface is replaced by the
solute, which is transported in the opposite direction (Eq. 2.7 and 2.8). The total volumet-
ric flux of solute caused by diffusion is proportional to that of water and described with
Eq. 2.9, in which xg is the mass fractions of solute and py and ps are water and solute
densities.
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GENERAL MODEL OF PARTICLE FORMATION

o] = i @)
Jw js|

—| = |— 2.8
|Pw Ps (28)

or

Jx Dw(xw) 0 0x
0Xs _ Ps w( W)—<r2 W) (2.9)
ot pw r? Or

The diffusion coefficient of water in the matrix of the solute depends on the moisture

content and can be described by a correlation given by Adhikari et al. (Adhikari et al.,
2003).

16
Dw = Dw,o - exp (1 +16- XW)

( 100 + 195 - XW) 1 ( 1 1 ) (2.10)
%P 1+10-Xy / R\T; 303

The resulting diffusive mass flow, mg, in a drop is described by Eq. 2.11.

Pa Dw(xw) 0 OXyy
mg = —Mr—za<r2 W) 4T[r2dr (211)

2.1.3 Formation of a solid shell

As a result of the difference in the water evaporation rate from the surface of a drop and
the velocity of the solute diffusion away from the surface, the solute accumulates at the
surface forming a shell. Authors, who modelled a formation of a solid shell or skin during
drying of a drop, considered crystallization and agglomeration of crystals as a shell
growth mechanism. Seydel (Seydel, 2006) assumed in his model a critical particle pack-
ing in a shell of 55 vol. %. In that model the further number density of particles increases
only due to drop volume decrease. Handscomb et al. (2009a) in a drying model of colloi-
dal silica drop allowed a porosity of 35 vol. % in a shell. In the extended model Hand-
scomb et al. (2009b) formulated a shell formation condition as a moment when the solids
reach a critical volume and the shell a specific thickness at which its strength is sufficient
to withhold capillary pressure.

In the current model formation of an amorphous solid is assumed. On contrary to crystal-
lization and crystal growth, the transition from a rubbery to glassy state is related to the
increase in viscosity of a solution, which depends on the solute concentration in the solu-
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SINGLE DROP DRYING MODEL WITH TWO SOLUTES

tion. Therefore, in the model no Kkinetics of the solid formation was introduced and it is
assumed that a shell forms when the local mass fraction of the solute in the vicinity of the
surface reaches a predefined value, related to the glass transition. This amount of solute is
characteristic to a given material and depends on its physico-chemical properties.

2.1.4 Drop shrinkage and shell growth

Due to water evaporation at the surface of a particle, the radius of the drop shrinks pro-
portionally to the mass of evaporated water according to Eq. 2.12.

ory, _ Pv
It ow B (Ysar —Y) (2.12)

As a result of the difference in the water evaporation rate from the surface and the veloci-
ty of the solute diffusion away from the surface, the solute accumulates at the surface
forming a shell. The velocity of the shrinkage of the liquid core due to the growth of the
particle shell is obtained from the change of the shell volume and is described with
Eq. 2.13. In this equation the first term on the right side describes the velocity of the shell
growth due to the evaporation of the water, the middle term describes the reduction of the
shell thickness due to the removal of the solid from the shell zone by diffusion (Eg. 2.11)
and the last term originates from the change of the outer radius, r,.

or my(1 —x m r\2 dr
c _ v( w)_l_ S +<rL) ary
C

B dt

— = 2.1
ot AmrZpgxyw  4ATripg (2.13)

2.2 Drop with two solutes

If a drop contains two solutes the difference in their properties might lead to solutes in-
teractions. For example, the solutes can differ in their molecular sizes, which results in
different diffusion coefficients of these solutes. In Figure 2.2 development of a concen-
tration gradient during drying of a ternary drop is presented schematically.

The drop contains a solvent, which is presented as a continuous phase, and solutes A and
B. The solute A is the main solute component characterized by a smaller molecular
weight and thus higher diffusion coefficient (D,). Solute B can be an additive macromo-
lecular component, which is present in a smaller amount. It is characterized by a lower
diffusion coefficient (Dg). It is assumed that initially all components in a drop are ideally
mixed.
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'K:omponent A componentB\

solvent

drying time
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Figure 2.2 Schematic illustration of a concentration gradient in a drying drop, due to water evaporation and
accumulation of the slowly diffusing component (B) in the vicinity of the surface (s — solids, w — water).

2.2.1 Solutes interaction

In a ternary or multicomponent system the diffusive flows of the components can affect
each other (Cussler, 1984). However, the literature data on the multicomponent diffusion
coefficients, which describes the magnitude of this effect for different substances, is rare.
Further on, Meerdink and van't Riet (2004) showed that in a ternary water-sucrose-
protein system the Maxwell-Stefan diffusion coefficient of the sucrose and protein is one
to two orders of magnitude smaller than the diffusion of the solutes in water. Therefore,
in order to simplify the calculation, the diffusion of the solutes in this model is treated
independently.

In order to introduce the effect of different diffusion coefficients in the diffusive mass
transport of solutes in a drop, the interaction between the solute components was de-
scribed by the ratio s of the diffusive flux of the solutes (Eq. 2.14). The flux of solutes
depends on the binary diffusion coefficient of the solute in the solvent and the mass frac-
tion gradient of the component.

. D aXA
, X
- o (2.14)
JB D 0Xp
B or

Eq. 2.8 is then modified to Eq. 2.15, in which the volume flow of the solvent is equal to
the sum of volume flows of the two solutes.
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JB

2.15
pA PB ( )

In this modified model the diffusive flux of solvent within a drop remains as described by
Eq. 2.1 and the change in the mass fraction of the solutes A and B along the drop radius
is proportional to the diffusive flow of water within the drop, as expressed with the Eqgns.
2.16 and 2.17 respectively.

0xp Pa " PB 10 ( Zaxw)
ot > pw- (s* pg + Pa) w(w) rzar\' “or (2.16)
Jx . 10 0x
B_ _ Pa " PB W__(rz W) (2.17)
Jt pw' (s pg+pa) = rior or

The modified diffusive mass flow of solutes in a drop, mg, can then be described by
Eq. 2.18.

pa'pPe Dw O ( , 0Xw

S 7 (22w 2
mg = —(1 + s)pw (on +5-pg) 12 31 r )4111‘ (2.18)

or

2.2.2 Diffusion coefficients

To calculate the flux ratios s in Eq. 2.14 the diffusion coefficients of solute components
are needed. It was mentioned in section 2.1.2 that the diffusion coefficient of water in the
solid matrix is described by an empirical correlation. As proposed by Kim et al. (2003),
the diffusion coefficients of solutes can be expressed according to the Stokes-Einstein
equation, which describes the change in the diffusion coefficient in the relation to the
matrix viscosity.

ks T
OTTUIY, 4

D= (2.19)
As in any point of a drying drop both solutes experience the same viscosity of the solu-
tion, therefore the diffusion coefficients of the solutes can be expressed as reversely pro-
portional to the hydraulic radiuses of the molecules (Eq. 2.20),

Do g
— = 2.20
Dg  Tha (2.20)
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2.2.3 Driving force of drying

The absolute humidity at the drop surface, Yq¢, IS related to the vapour pressure on the
drop surface. It is lower than the saturated vapour pressure of the pure water at a given
temperature due to the presence of solutes. The decrease in the saturated vapour pressure
due to the influence of the dissolved solids can be described with a sorption isotherm.
This is especially important at low water contents, when the water is strongly bound to
the surface. At high water contents many food sorption isotherms are linear or not relia-
ble due to progressing crystallization. Therefore, in this model a typical food isotherm
(Al-Muhtaseb et al., 2002) was approximated. At high water contents the absolute humid-
ity at the surface is equal the one of pure water (Eq. 2.21) and when the water content
reaches the critical value Xy isotherm the absolute humidity at the surface decreases propor-
tionally to the water content at the surface, Xy surs:

XW,surf > XW,isotherm Ysurf = Ysat» (221)
Ysat
XW,surf < XW,isotherm Ysurf = ) XW.surf- (222)
XW,isotherm

2.2.4 Boundary conditions

In the initial time point the radius of the liquid core equals the radius of the drop:

r.(t = 0) =1,(t = 0) = R, (2.23)

The boundary conditions for the diffusion equations (Eqns. 2.6, 2.16 and 2.17) in the cen-
tre of the drops impose, that the mass fraction of water remains constant in the centre of
the drop, i. e.

aXW

aI' r=0

= 0. (2.24)

As it was mentioned previously, the water concentration in the solid shell is equal to zero.
XercsrsrL =0 (2.25)

2.2.5 Temperature history

Change in drop temperature is the result of heating of the drop by the drying air
(Eq. 2.26) and cooling due to the heat of evaporation Hy, (Eq. 2.29). The heat delivered to
a drop is given as
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Qa = &(Tair — Tg)4mur?. (2.26)

The convective heat transfer coefficient a was calculated according to Eq. 2.27, in which
the Nusselt number was obtained from the Ranz-Marshall correlation (Ranz et al., 1952)
(Eq. 2.28) and Kk, is the thermal conductivity of air. The Reynolds number is defined by
Eg. 2.4 and Prandtl number (Pr) is calculated according to a correlation given by
Glick (1991), (section 8.1).

k,Nu
21y,

a= (2.27)

Nu = Nu, + 0.6Re®°Pr?33 (2.28)

The flow of heat of evaporation was obtained from Eq. 2.29, in which for latent heat of
evaporation the correlation given by Glick (1991) was applied (section 8.1).

HV = hvmv (229)

The resulting change in drop temperature was calculated according to Eg. 2.30, in which
the mass of a drop, mq, is described by Eq. 2.31.

. . . de,d
dTy _ Qa—Hy Tamy _ Ta—q¢ (2.30)
dt dep’d my Cp,d
my = my + my + mg (2.31)

Specific heat capacity of the drop, ¢, 4, was calculated as the mass based average of the
specific heat capacities of the components (Eq. 2.32), where m,, mg and my, are the mass-
es of components A and B as well as of water. The temperature dependencies of the spe-
cific heat capacities of the components were described by correlations given by Choi and
Okos (1986), given in section 8.1

- CpwMy + Cp aMy + CpgMp
pd ™ '

- (2.32)

2.2.6 Model assumptions
The presented above equations are based on the following assumptions:

- ideal symmetry of a drop,
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- ideal drop shrinkage and no porosity of the forming shell,

- no interaction between the solutes components and linear dependency of diffusion
coefficients of solutes on the viscosity of the matrix according to Stokes-Einstein
equation,

- no internal convection in a drop,

- no mass transport resistance in the shell.

The assumption of the symmetry of a drying drop aims at simplifying the equations. It
has been used in other models, which were mentioned in section 1.3.2. In reality most of
the spray dried particles are not ideally symmetrical, as can be seen in the scanning elec-
tron images of the dried powders presented in chapter 5 or in many examples presented
by other authors [(Walton and Mumford, 1999), (Alexander and Judson King, 1985)].

No details of particle morphological structure, such as formation of shell porosity or in-
ternal gas bubbles, are modelled and the change in drop volume is proportional to the
volume of evaporated water. As pointed out by Réderer (2001), this assumption allows
description of the mass transport in a drop by diffusion only. Such approach was motivat-
ed by a fact, that it is the chemical composition of a drop surface which is in the focus.

It was mentioned in section 2.2.1 that no interactions between solute components are as-
sumed. In reality the gradients of the component can be mutually dependent, especially at
low solvent concentrations. Such dependency was observed by Schabel et al. (2007) in a
ternary polymer-film system and by Miiller et al. (2010) in a polymer system, in which at
low solvent concentrations diffusion coefficient of a plasticizer depends on its own con-
centration. The level of the detail of the model could be further improved by implement-
ing directly in the flux ratio s (Eqg. 2.14) the diffusion coefficients in dependence of the
concentration of both solute components. However, this requires further measurements in
the whole possible range of concentrations of the other two components.

Convection within a drop could lead to remixing of the components. Raderer (2001) ar-
gues that with a rapidly increasing viscosity of drop surface during drying the internal
circulation can be neglected.

Due to drying the water front moves away from drop surface towards its centre. The
evaporated water needs to be transported away from the wet part of the drop through
pores of the shell. This mass transport of water vapour through the dry part of the drop is
not considered in the model.
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2.2.7 Numerical solution

In order to solve the system of the partial differential equations described above, the fi-
nite difference method was applied. The distance to the particle centre was used as the
property coordinate. The whole simulation domain [0, Ry] was discretized into a set of
classes with an equidistant grid. To model a drop with a radius of 50 pm, 1200 classes
were used. The discretization was done only once at the initial time point. During simula-
tion the grid remains constant. It should be noted, that such a grid leads to cells with une-
qual volumes. The resulting system of ordinary differential equations was solved with
Euler method with a constant time step of 10 second. In each time step the following
operations were performed for all classes:

Step 1: calculate diffusion rates and mass flows between cells.

Step 2: calculate evaporation mass flow from the drop surface.

Step 3: according to vapour flow, remove water from the boundary cells.

Step 4: shift the solute from outer layers into empty space caused due to evaporation.
Step 5: based on water and solute content in all cells, approximate drop diameter.

The described model and calculation algorithm were implemented into Matlab software
package. The implemented equations in discretized form are presented in section 8.2.
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3 Materials and experimental methods

If, as postulated in chapter 1, accumulation of molecules on the particle surface is a dy-
namic process, modification of surface solidification time in a multicomponent drop
could lead to different surface compositions of a powder with a given bulk composition.
The aim of the experimental work was to see, if any differences in wetting or flowability
of powders can be related to differences in composition of powder surface. In the exper-
iments the time of surface solidification was controlled by the drying rate, which was
realized by applying different drying temperatures and, thus, allowing different times for
components accumulation on drops surface. The materials used as a test systems and the
methods of powder preparation, as well as methods applied to characterize the obtained
powders are presented in the following sections. If not otherwise specified, the measure-
ments were conducted at the Institute of Solids Process Engineering of Hamburg Univer-
sity of Technology.

3.1 Materials

As a model main component lactose was used, due to its importance in the dairy prod-
ucts, and pharmaceutical applications (Fox, 2003). As the additive a whey protein isolate
was used.

3.1.1 Lactose

Crystalline lactose food grade was obtained from Bayerische Milchindustrie GmbH and
used for preparation of solutions. According to supplier’s specification a typical chemical
composition of this product is: lactose min 99.0 wt. %, proteins max. 0.3 wt. %, minerals
max. 0.3 wt. %, moisture 0.5 wt. %.

3.1.2 Whey protein isolate

The whey protein isolate (WPI) food grade was obtained from Davisco Foods Interna-
tional, Inc.. According to supplier’s specification a typical chemical composition of this
product is: protein 97.6 wt. %, fat below 0.5 wt. %, ash 2.0 wt. %, lactose 0.4 wt. %,
moisture 4.6 wt. %.

Whey protein isolate is not a uniform product but a mixture of various globular proteins,
mainly beta-lactoglobulin, alpha-lactalbumin and bovine serum albumin (de Wit, 1998).
The density of the globular proteins, like whey proteins, is 1.34 kg/m*. WPI is character-
ized by poor wettability. The initial apparent water contact angle on a surface of non-
compacted WPI powder is 130° and decreases to 100° after 300 s (Ji et al., 2016).
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3.1.3 Feed composition and preparation

Feed solutions were prepared by placing crystalline lactose and, when required, whey
protein isolate powders in a stainless steel container and mixing it with distilled water at
room temperature. Before adding water powders were mixed with a spoon in order to
improve dispersion of protein powder. Suspension was stirred with a Rushton stirrer and
heated on a heating plate to 60°C in order to dissolve lactose. For each drying charge
3 kg of feed solution was prepared. Composition of the feed solutions are summarized in
the Table 3.1.

Table 3.1 Compositions of the feed solutions. Mass fraction of the solutes in the feed are given on the solid
basis.

Total solids Lactose Whey protein
Material

[% g/ 1OOgsolution] [% g/ gtotal solids] [% g/ gtotal solids]
Lactose 30 100 -
Lactose + 1 % wt. WPI 30 99 1
Lactose + 10% wt. WPI 30 90 10

3.2 Spray drying installation

Powders were prepared in a spray dryer Niro Minor, Type ,Hi-Tec* with closed circuit,
shown in Figure 3.1. A flow chart of the spray dryer installation is presented in Fig-
ure 3.2. Drying was conducted in a top spray with co-current air and product flow. Solu-
tions were fed with a peristaltic pump (Medorex type TU/200, Medorex, Germany) and
sprayed by a two fluid nozzle with an orifice diameter of 800 um (type SS-35100, Spray-
ing Systems, Germany).

Spray drying tower

Cyclone

Condenser

Filter
Compressor unit
Heater

Ventilator Il

Ventilator |

Figure 3.1 Niro Minor Type ,Hi-Tec*, installation used in spray drying experiments.
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Figure 3.2 Flow chart of the used spray dryer installation.

All drying experiments were conducted in a nitrogen atmosphere. Oxygen concentration
was monitored throughout the experiment by an oxygen sensor and maintained below
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3 %. Hot nitrogen contacted the sprayed feed at the top of the dryer. Dry powder was col-
lected in an insulated glass container at the bottom of the dryer. Fine particles, which
were carried away from the drying chamber with the gas stream, were separated in a cy-
clone. The remaining, not separated fines fraction was separated in a cartridge filter.

In order to recycle the drying nitrogen, moisture was removed in a condenser. The
cooled-off dehumidified drying gas was then again heated and introduced into the dryer.
Compressed nitrogen for the spray nozzle gas and cleaning of the cartridge filter was ob-
tained from the compressor loop. The inlet and outlet gas temperature in the installation
were measured by a Pt100. Moisture of the drying gas was measured before the heater
and at the outlet of the spray drier by a capacitive humidity sensors (Galltec Mess- und
Regeltechnik GmbH).

3.3 Drying conditions

Powders were dried at two drying gas inlet temperatures: 180°C and 200°C, with the aim
of obtaining two different drying rates. The flow rate of the feed was kept constant in all
experiments at 4 £ 0.1 kg/h. The outlet gas temperature resulted from the given feed flow
rate and the drying gas inlet temperature. In the further text for the sake of simplicity, the
drying conditions at the 180°C of drying gas inlet temperature are referred to as drying at
the lower temperature and drying conditions at the 200°C of drying gas inlet temperature
are referred to as drying at the higher temperature.

For spray drying the spray dryer installation and the compressor were inertised with ni-
trogen. The feed was atomized by a two fluid nozzle, with the gas over-pressure of
1.2 bars. Before the feed was introduced to the dryer, hot water was sprayed into the in-
stallation at the same volume flow rate as later the feed, in order to keep the temperature
of the dryer outlet at similar conditions as during drying and to prevent powder overheat-
ing due to contact with hot equipment walls. The change from water to the feed caused
increase in the dryer exhaust gas temperature.

The feed solution was sprayed within 30 to 40 minutes. In this time the outlet tempera-
ture changed by less than 3°C. Two batches of each composition were produced at each
temperature. Due to low recovery of lactose powder at 200°C of drying gas inlet tempera-
ture, three drying runs were conducted in order to obtain sufficient amount of powder for
all analyses. The additional batch of the lactose has the batch number 13. The specific
conditions of each experiment are summarized in the Table 3.2.
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DRYING CONDITIONS

Table 3.2 Summary of the details of drying conditions in every spray drying run.

Tinlet Batch Composition (ratio of

[°C] No. lactose to WPI) @i 8] T(0n) 'CT Tou [°C1 - @ [%0]
1 Lactose 67.6 24.3 87.2 20.3
2 Lactose 67.3 25.2 85.6 20.8
3 Lactose + WPI (99:1) 66.0 25.4 85.9 20.9

9 4 Lactose + WPI (99:1) 66.7 25 93.9 18.1
5 Lactose + WPI (99:10) 65.3 254 92.1 18.7
6  Lactose + WPI (99:10)  69.0 26.1 89.8 19.7
7 Lactose 63.7 25.3 105.7 17.2
8 Lactose 69.1 26.3 104.3 17.5
9 Lactose + WPI (99:1) 69.7 25.2 105.8 16.2

200 10  Lactose + WPI (99:1) 70.3 25.5 104.8 16.3
11  Lactose + WPI (99:10) 68.4 25.5 105.0 16.0
12 Lactose + WPI (99:10) 69.9 26.4 105.4 15.7
13 Lactose 66.5 29.0 107.4 16.4

Tinet: Inlet temperature of drying gas

Toue: Outlet temperature of drying gas

oin: Relative humidity of drying gas at the inlet

T(¢in): Temperature of the gas at the relative humidity measurement at the inlet
oout- Relative humidity of drying gas at the outlet [%]

3.4 Measurement methods for evaluation of primary powder properties

3.4.1 Powder moisture and powder conditioning

Moisture of the obtained powders was measured gravimetrically with a moisture analyser
(Precisa Gravimetrics AG, Switzerland). 1 g of powder was placed on an aluminium plate
and heated by a halogen lamp to 105°C. The loss of mass was recorded until the mass
loss was less than 1 wt. % within 120 s or maximum of 10 minutes.

The spray dried powder differed in the moisture content. In order to remove the influence
of moisture content in the measurement of powder wetting and flowability, powders were
conditioned by storing in a climatic chamber at 20 % r.h. and 30 % r.h. at 20°C.
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MATERIALS AND EXPERIMENTAL METHODS

For powder wetting test 30 g of each powder was stored in an opened container at
30 % r.h. for two weeks. In flowability measurement powders stored at 20 % r.h. for one
month were used. Between 0.15 — 0.3 kg of each powder was placed in an opened con-
tainer into the climatic chamber. The content of each container was regularly shaken in
order to minimize the special distribution of moisture content in the container.

3.4.2 Particle size distribution

Particle size influences the magnitude of interaction forces between particles and has an
impact on flowability and wetting of powders. Particle size distribution of the obtained
powders was measured by dynamic image analysis (Camsizer XT, Retsch Technology
Germany).

Due to the particle size and cohesive nature of the powder, particle size was measured in
the air dispersion mode, with air pressure at 50 mbars. The dispersed, flowing particles
were illuminated with a pulsating light and the shades of the particles were recorded by
cameras.

The velocity of the fine particles is influenced by the particle’s size. Before the actual
measurement, the velocities of the particles in the optic measurement system had to be
adjusted. For this purpose the location of the particles in two subsequent frames, which
were taken at defined time interval, was tracked. Different velocity was ascribed to each
particle size, as overlapping of the projected areas of the particles can lead to measure-
ment error and has to be avoided.

Particle size distribution of each powder was measured in triplicate as the minimal chord
length. The presented results are averaged values. The minimal chord length is the length
of the shortest chord of the measured set of the maximum chords and gives a result simi-
lar to the results of a sieve analysis.

3.4.3 Powder morphology

Scanning electron microscope (Zeiss Supra VP 55, Carl Zeiss, Germany) was used at the
Electron Microscopy Unit of the Hamburg University of Technology to investigate mor-
phology of the powder particles. Samples were mounted on adhesive carbon tabs and
sputtered with a 6 nm layer of gold in order to prevent charge accumulation. The applied
accelerating voltage was 3 kV, aperture 30 um and the working distance was between
5and 10 mm.

3.4.4 Glass transition temperature

Glass transition temperatures of the powders were measured by a differential scanning
calorimetry (Q100 TA Instruments, US) at the Nestlé Product Technology Centre in
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MEASUREMENT METHODS FOR EVALUATION OF PRIMARY POWDER PROPERTIES

Konolfingen, Switzerland. The scanning protocol included two scans. The first scan was
conducted at 10°C/min from 25°C to 120°C. Next, the sample was cooled at the same
rate to 25°C. The second scan was conducted at 5K/min to 120°C and the glass transition
temperatures were measured as the onset temperature at the second scan.

3.4.5 Bulk density

Density of bulk powders, p,, was determined as mass of bulk powder my, which was
filled by a spoon into a cylinder with a volume V. as given by Eq. 3.1. The radius of the
cylinder was 12.75 mm and the height 27.00 mm. For each powder the measurement was
done in a triplicate.

Po= (3.1)

C

3.4.6 Apparent particle density

Apparent particle density, which was defined as the density of the particles including
closed pores, is important for powder sinking below solvent surface (Freudig et al.,
1999). It was measured with a helium pycnometry according to DIN 66137-2. 1 g of
powder was filled into a 5 cm® container, weighted and placed in the measurement cham-
ber. The sample was flushed five times with helium. The container was pressurized to
20 psi. A valve, which connects the measurement and reference chamber, was opened
until the pressure in the system reached the constant value. The measurement was repeat-
ed five-fold.

Density of crystalline lactose, which was used for preparation of feed solutions, and of
whey protein isolate powder as delivered was measured in order to compare it with densi-
ties of spray dried powders.

3.4.7 Surface composition of powders

Atomic surface composition of powders dried at 180°C was measured by x-ray photon
electron spectroscope (Kratos Axis Ultra DLD) at the Magnesium Innovation Centre at
Helmholz Zentrum Geesthacht. The size of the analysed surface was 300 um x 700 um,
the emission current 10 mA and the anodes voltage 15 kV. For the overview spectrum
four scans were conducted. The protein and lactose fractions on the surface were calcu-
lated based on the method proposed by Féaldt et al. (1993).

The method assumes that the signal obtained from the tested sample for each investigated
atom is a linear combination of the signals from the components in the sample, as de-
scribed by Eq. 3.2. In which I' is the measured atom % of a specific atom i = C, O, N on
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the surface of a sample or reference powder. As reference powder spray dried lactose
powder (Batch 2) and untreated WPI powder were applied.

isample = quP I* + lI"L I (32)

To determine the surface coverage of the composite powders a matrix which describes
the set of linear equation is solved to find fractions ¥ p and ¢ .

Two samples of powders dried at the same drying rate, which corresponded to the dryer
gas inlet temperature of 180°C (section 3.3) were analysed. The specific samples are
listed in Table 3.3.

Table 3.3 Powders used in the analysis of the surface composition by XPS.

Batch No. Composition Tinet [°C]
3 Lactose + WPI (99:1) 180
5 Lactose + WPI (90:10) 180

The theoretical atomic composition of lactose (C1,H»,01;) and whey protein isolate were
calculated from the chemical formula of the compounds. In the calculation the chemical
formula of lactose was used, since due to fast water removal the structure of lactose in the
powder should be amorphous. For the calculation of the chemical formula of WPI the
typical composition of whey protein isolate given by de Wit (de Wit, 1998) was used.
The amino acid sequences of the proteins which occur in the WPI were taken from the
Protein Data Bank. The following sequences of the proteins were used: bovine beta lac-
toglobulin in unliganded form (3NPO); alpha-lactaloumin (1HFZ); immunoglobulin
(11GT); bovine serum albumin (4F5S). The sequence of proteose pepton component 3
was taken from the National Center for Biotechnology Information.

Nikolova et al. (2015) investigated the accuracy of XPS method by comparing surface
composition of freeze dried diary powders measured by XPS with the composition meas-
ured by the Kjeldahl method. The results showed a good accuracy in case of binary sys-
tems containing lactose and protein, especially at low protein contents. When experimen-
tally measured composition of the reference components was used in the matrix, the
mean relative error was 8%. For all testes samples the error was below 25 %.

3.4.8 Measurement of atomic composition of powder bulk

Bulk composition of the powders was measured by elemental analysis (Vario Macro, EI-
ementar Analysensysteme GmbH, Germany). Powders were burned at excess of oxygen
and the combustion products separated. The mass of the components was obtained from
the changes in electric signal of the thermal conductivity detector.
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MEASUREMENT METHODS FOR EVALUATION OF PRIMARY POWDER PROPERTIES

The organic nitrogen it the powder samples was determined by Kjeldahl method (Btichi
K436 equipped with a distillation unit B-323 and a titration unit Schott T100). Concen-
trated sulphuric acid was used to convert organic nitrogen contained in the samples into
ammonium sulphate. After addition of sodium hydroxide and steam distillation the ob-
tained ammonia was titrated in sulphuric acid by sodium hydroxide.

Before the analyses all samples were dried overnight in an oven. These measurements
were conducted by the Analytical Laboratory of Hamburg University of Technology.

3.5 Powder wetting

In order to evaluate wetting properties of the powders a static wetting method and a con-
tact angle method were applied. The contact angle was measured on tablets of com-
pressed powder and thin layers obtained by spin coating. In order to remove the influence
of powder moisture on powder wetting, powder moisture was brought to a constant value
by exposing 30 g of each of the powders to an atmosphere of 30 % r. h. and 20°C for two
weeks.

3.5.1 Static wetting

The static wetting method was conducted according to a procedure suggested by Gaia-
ni et al. (2010) with some modifications. 1 g of powder was poured into a beaker with a
volume of 100 mL, which was filled with 20 mL of distilled water at constant room tem-
perature, and the time until the whole powder was submerged below water surface was
recorded. The measurements were done in triplicates. One set of measurements was made
with powders as obtained from spray drying, without moisture control. In the second set
with controlled powder moisture, powders were poured through a funnel into the beaker.

3.5.2 Apparent contact angle

Another method, which was used to compare water affinity to the powders is a measure-
ment of a contact angle of the solvent on the powders by a sessile drop shape method. As
substrates discs of compacted powders obtained by spray drying (sections 3.3) were used.
The discs surfaces were prepared by filling powder into a matrix and compacting it by
applying a normal stress of 1.3 MPa. The obtained powder-discs were 10 mm in diameter
and 4 mm in height. Powders used in the measurement had adjusted moisture content, as
described above. Tablet discs were not saturated with the lactose solution as suggested by
some authors (Buckton, 1993), as this could lead to powder dissolution and surface de-
formation.

Despite the applied pressure the obtained powder-discs were porous and their surface had
some roughness. The contact angle measured on such powder-discs is a combination of
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drop spreading on the surface and sinking into the pores of the bed due to capillary ac-
tion. Further on, some dissolution of lactose and protein as well as swelling of protein,
which disturb the measurement, can be expected (Forny et al., 2011). Thus, a measured
apparent contact angle is different from a real contact angle (Lazghab et al., 2005), from
which a surface energy according to Young’s equation (Eq. 1.2) can be obtained.
Charles-Williams et al. (2013) showed that also penetration of water drops into a powder
bed depends on surface properties of the powder. Therefore, the measured apparent con-
tact angle can be used to rank powder affinity to water (Ahfat et al., 2000).

Drop Powder tablet
______________ > \
>

Light source High-speed
camera

Figure 3.3 Experimental set up for contact angle measurement.

In measurement of Young’s contact angle, the three phase contact line does not move
(Decker et al., 1999). Since this condition is not fulfilled, the contact angle is measured
over time. The obtained curves are ranked in the order of increasing apparent contact an-
gle at a given time.

Schematic of the experimental set up is shown in Figure 3.3. A cold, scattered light
source and a high speed camera (Model NX4-S2 Imaging Solutions GmbH) were mount-
ed in one axis with the investigated substrate, which was placed in between. The camera
was equipped with a microscope objective “Optem Zoom 125 with a zoom objective
»Polaris II. A drop of distilled water with a volume of 2 pul was placed with a pipette on
the substrate surface. The image of the drop was recorded 30 seconds with a frequency of
200 Hz by the camera.

Figure 3.4 Example of evaluation of a water drop shape on a layer of protein conducted with a plug-in “drop
analysis LBADSA” of Image] software, a) initial, b) 5s, c) 30s.

38

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persénlichen Gebrauch.



POWDER WETTING

The images were analysed with the image processing programme Imagel. The contact
angle was obtained using the ImageJ plug-in “drop analysis LBADSA” (Stalder et al.,
2010). An image was opened and a base line was found. By placing an arch along the
liquid-air interphase, i.e. drop contour, a contact angle between the base line and the drop
was found (Figure 3.4). On each sample three drops were measured.

3.5.3 Measurement of contact angle on thin film layers

The contact angle, which was measured on the surface of compacted powder, results
from the surface roughness as well as from the surface composition of the particles. The
order of the apparent contact angles on the surface of compacted powders was compared
with the apparent contact angle on thin film layers obtained by spin coating with the same
composition.

To produce thin film layers by spin coating feed solutions with 18 wt. % of total solids
content were prepared. The corresponding compositions of the feed solutions are summa-
rized in Table 3.4. Solutions were heated up to 50°C and stirred until all solids dissolved.
As a background for the thin layers glass slides were used. The glass slides were rinsed of
with nitrogen gas and cleaned by soaking for 20 hours in isopropanol to remove any con-
tamination.

Table 3.4 Composition of feed solutions used in preparation of thin layers and the solids ratio in the thin lay-
ers

S;imple No. Lactose [wt. %] WPI [wt. %] Lactose:WPI
1 18.00 - 100:0
2 17.82 0.18 99:1
3 16.20 1.80 90:10
4 - 18.00 0:100

For spin coating the Spin Coater SPIN150, available at the Institute of Advanced Ceram-
ics of Hamburg University of Technology, was used. The glass slide was placed on the
vacuum substrate holder. For each layer three drops of a solution were placed on the
glass slide and spin coated for 60 seconds. The spinning rate was 100 rpm. This proce-
dure was repeated three times. The obtained layers were then dried for 20 hours at
30 % r.h. over saturated salt solution in a desiccator. It was not possible to measure the
surface roughness of the obtained solid layers by optical means such as microscopy, be-
cause they were transparent. However, by visual observation no differences in the surface
morphology could be seen.
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3.6 Powder flowability

Flowability of the powder was tested on untempered powders as obtained from spray dry-
ing process by a uniaxial compression test in order to estimate the flowability under high
consolidation stresses, which can be relevant in such processes as compacting. In a ring
shear cell tester flowability under lower consolidation stresses, which do not lead to
powder compaction, was measured.

Flowability of the powders was analysed by determining flow functions for each powder
and comparing it between the powders and with the classification given by Jenike
(Schulze, 2008). The flow function is the ratio of the consolidation stress (o;) to the un-
confined vyield strength (o), Eq. 3.3. The unconfined yield strength was measured on
fresh powders by uniaxial compression test and on powders with tempered moisture con-
tend in a ring shear test.

ffo = — (3.3)

3.6.1 Uniaxial compression test

The uniaxial compression test was used to evaluate the effect of powder composition on
its flowability. Powders obtained from spray drying were filled into a cylinder with 3 mm
diameter and compacted under different normal forces between 100 N and 200 N, which
resulted in consolidation stress of 7.96 to 15.92 MPa. A pellet was removed from a
mould and a breakage force of the pellet was measured by moving a probe cylinder with
a constant velocity of 0.20 mm/s and recording the force until 50 % of the strain was
reached. For compaction and breakage force measurement the Texture Analyzer
TA.XTPlus (Stable Microsystem) was used.

3.6.2 Ring shear cell test

In order to apply lower normal stress mechanical properties of the spray dried powders
were measured by a ring shear tester. In this test powder moisture was brought to a con-
stant value by storing the powders at 20 % of relative humidity for four weeks.

Mechanical properties were measured with a ring shear tester (RST-XS.s, Dr.-Ing. Di-
etmar Schulze Schittgutmesstechnik). Powder was filled into the ring of the shear tester,
the exceeding powder smoothened with a spatula and the ring with the powder was
weighted. The ring was placed on the ring holder and the lid and beams were placed.
Normal loads in the range between 2 and 6 kPa were applied and the powder was sheared
at three normal loads to determine the yield locus of the powders and flow function.
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4 Modelling and simulation

The model of a single drop drying, which was presented in chapter 2 was validated. Next
the model was applied to simulate drying in a drop system containing lactose and, as a
large molecule, protein. From a simulation the history of component mass fraction in a
drop until the moment of rigid shell formation was obtained. Furthermore, accumulation
of the slowly diffusing component on the surface in dependence of the initial total solids
content, ratio of solutes and drying temperature could be simulated.

4.1 Model validation

Drying of a drop with initial solid content of 40 wt. % was simulated in order to compare
the model performance with experimental results of Adhikari et al. (2004), who investi-
gated drying of various carbohydrates. Initial drop diameter was taken as 2.3 mm. The
drying air temperature was 65°C, the air velocity 1 m/s and relative gas humidity 2.5 %.

In Figure 4.1 the change in drop moisture content and temperature with the drying time is
plotted. Experimental results of Adhikari et al. (2004) are plotted as points. The change in
drop moisture corresponds well to the experimental data. Drop temperature predicted by
simulation is initially higher than the measured temperature and from 230 s it is lower
than the experimental results. The maximal deviation from the experimental data is 16 %,

therefore, the model performance is considered satisfactory.
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Figure 4.1 Comparison of the simulation results with experiment of Adhikari et al. (2004) (marked in points).
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MODELLING AND SIMULATION

4.2 Drying of lactose drops with protein addition

Drying of an aqueous drop containing lactose as a main solute (component A) and [3-
lactoglobulin as the additive component (component B) was simulated. Similar system
with sucrose instead of lactose was studied by Adhikari et al. [(Adhikari et al., 2009a),
(Adhikari et al., 2009b)] in relation to the reduction of stickiness by addition of the whey
protein isolate to a solution of sucrose. However, it could also be used to simulate, for
example, a dairy matrix.

4.2.1 Simulation parameters

Drops with the initial diameter of 100 um, which is typical to spray drying process, were
modelled in order to predict the effect of the initial total solids content and the ratio of the
solute components on the surface composition of a forming particle. The total solids con-
tent, TS, is the mass fraction of all solids in a solution related to its total mass. Drying
temperatures between 65°C and 80°C were chosen, which correspond to the air exit tem-
perature in a spray dryer. The absolute humidity of the drying air was 0.05 Kg/KQgry air-

It was assumed that when the solid content reaches 97 wt. % in a 5 um thick outer layer
of the drop, the material is mechanically stable enough to form a shell. This moment is
defined as the shell formation time, from which on the surface composition remains con-
stant. This mass fraction is close to the fraction of lactose at which a non-sticky solid
shell is achieved in the range of the considered drying temperatures (Haque and Roos,
2005). The initial solid content in a drop was varied between 10 wt. % and 70 wt. %.

The diffusion coefficient of water in the solute matrix was described by a correlation giv-
en by Adhikari et al. (2003), (Eq. 2.10). The hydrodynamic radius of a B—lactoglobulin
molecule was calculated, as suggested by Young and Carroad (1980), by assuming that
the volume of the molecule is proportional to its molecular mass (M) and that the mole-

cule is ideally spherical:
313 M
= /— : 4.1
I'g 41 pgN,, (4.1)

Accumulation of the slowly diffusing component on the surface was expressed as a sur-
face enrichment ratio, ks, (EQ. 4.2), which is defined as the solid based mass fraction of
the component B on the surface, fg s, t0 the solid based mass fraction of this component
in the bulk of the particle,