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The functional properties of multi-component particles are strongly affected by their chemical surface
composition, for instance in pharmaceutical and food applications. The powders are often produced from
emulsions and solutions by convective drying, such as spray drying. A detailed understanding of the dry-
ing and shrinkage kinetics of the material is hereby crucial to optimise process design and product char-
acteristics. In this study, a modified analysis technique was implemented into filament single droplet
drying to observe the changes in component distribution of two milk model emulsions with drying time
as well as the impact thereof on the water evaporation resistance and shrinkage behaviour. The drying
droplets were cryogenically flash-frozen at discrete drying times and, subsequent to freeze-drying, inves-
tigated in terms of their chemical surface composition and internal fat and protein distribution. The dro-
plets of a high-fat milk model emulsion were covered by a continuous fat film throughout the whole
drying process, whereas the droplets of a low-fat model emulsion featured a surface overrepresentation
of protein in comparison to the bulk concentration. The protein further enriched near the surface with
increasing drying time. In the high-fat system, the lipid surface film reduced the extent of particle shrink-
age and impeded the drying process.
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1. Introduction

A high content of fat on the surface of spray-dried milk parti-
cles, which greatly exceeds the bulk fat content, is typically
encountered independent of the atomization process. This surface
dominance of fat causes detrimental effects on the powder parti-
cles’ oxidative stability [24,25,27], affinity to caking [28,36] and
dispersibility as well as wettability during reconstitution in water
[16,35]. As a result, post-processing steps, such as coating with
lecithin, are often used in industry for further processing and to
prolong storage. Various potential mechanisms have been pro-
posed to describe the component segregation mechanism between
lipid, protein and lactose that leads to this fat accumulation at the
surface during convective drying of milk droplets. Previously, it has
often been attributed to the components’ different physical proper-
ties that come into effect during the actual drying process subse-
quent to film disintegration. These include surface activity
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[15,22,1], diffusivity [33,30,20,37] and solubility [5,29,49]. Yet, it
was recently shown that it was, in fact, the atomization process
that induces the fat surface coverage [18]. Immediately after
atomization, the surfaces of milk model droplets were found to
have fat contents of 9-13 and 83-92% v/v, respectively, for 0.5
and 44.2% v/v of fat on dry matter basis (d.m.) in the feed emul-
sions. In the subsequent drying stage, the layer of fat remained
on the surface, while protein accumulated underneath the fat layer
as drying proceeded. The comparison between atomized droplets
and fully spray-dried particles was made possible by flash-
freezing the atomized droplets. However, no information could
be obtained on the droplet surface composition at intermediate
drying times inside the drying tower. Moreover, the impact of
the forming crust and of the corresponding surface composition
on the drying and shrinkage kinetics of the droplets would be of
great interest for optimization of industrial dryer design and
operation.

In contrast to spray drying experiments, single droplet drying
facilitates a direct monitoring of the convective drying of a solution
or emulsion droplet at any point of the drying process [48,45]. The
filament single droplet drying technique, where an individual dro-
plet is suspended at a thin filament and dried in a conditioned air
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stream, has often been applied for this purpose, for instance the
drying of aqueous droplets containing fruit pulp, milk and lactose
[8,7,32]. Parameters such as relative air velocity, drying air humid-
ity and temperature can be adjusted to observe the resulting
changes in droplet mass, diameter and temperature in situ. Chen
and Xie [9] introduced a semi-empirical model, the Reaction Engi-
neering Approach (REA), to process this experimental data for
description of the ‘apparent activation energy of evaporation’ as a
measurement of the evaporation resistance of the emerging crust
as a function of the droplet moisture content. Evaporation is
hereby treated as an activation process that has to overcome a cer-
tain energy barrier. The single droplet drying technique does not
allow for the complex droplet-droplet and droplet-air interactions
encountered within spray dryers and the droplet size is signifi-
cantly larger than in spray drying. It offers, however, a practical
way of replicating the actual drying process of an individual dro-
plet to determine the characteristic convective drying behaviour
of a certain material system. This information can then be fed into
computational fluid dynamics (CFD) simulations to predict the
changes in moisture content and droplet size for the given material
system in a spray dryer environment. In this way, the evaporation
and shrinkage kinetics, even for complex solidification processes,
are described with high accuracy [50,39,51]. Mezhericher et al.
[34] proposed an incorporation of REA into a numerical model of
the mass and temperature change in drying skim milk droplets
for a more realistic account of the water diffusion resistance
caused by crust formation. Chew et al. [12] undertook an investiga-
tion of the surface composition of fully dried milk protein concen-
trate particles subsequent to completion of the single droplet
drying. The dried particles were analysed regarding to their chem-
ical surface concentration via X-ray photoelectron spectroscopy
(XPS), and it was found that smaller droplet sizes as well as higher
temperatures resulted in a decreasing fat content on the particle
surface, although there was always a significant overrepresenta-
tion of fat on the surface. Fu et al. [20] conducted a wetting and dis-
solution study of fresh whole and skim milk particles obtained
from single droplet drying to qualitatively classify the surface as
hydrophobic or hydrophilic. After certain drying times, the drying
air flow was stopped and a solvent droplet (ethanol or water) was
attached to the (semi-)dried droplet. Based on the wetting beha-
viour observed with a camera, conclusions about the nature of
the developed surfaces were drawn. Interpretation, however, was
limited to a relative comparison between whole and skim milk,
and the wettability until about 35 s from drying commencement
could not be studied because of too high moisture contents.

In order to gain a better understanding of the material segrega-
tion process that occurs in a convective drying of milk droplets, the
final surface concentration alone or ambiguous dissolution test
videos are insufficient. To date, single droplet drying has not yet
been applied for quantitative analysis of the surface composition
at intermediate drying stages and directly after droplet generation.
The aim of the present study was to widen the hitherto employed
extent of single droplet drying analyses to also monitor, for the first
time, the changes in surface composition and internal component
distribution over drying time and over the corresponding droplet
moisture content. Single droplet drying of low and high fat milk
model emulsions was interrupted at discrete drying times by cryo-
genic flash freezing, and, following freeze-drying, the particles
were analysed in terms of surface composition by XPS and internal

Table 1
Volumetric composition of the solid contents in the LFME and FFME model emulsions.

component distribution by confocal laser scanning microscopy
(CLSM). The data were compared with drying and shrinkage kinet-
ics obtained from conventional single droplet drying experiments
for a better understanding of surface formation and its impact on
the convective drying behaviour of milk droplets. A requirement
for these results to be representative for the surface composition
and drying characteristics in a spray dryer was that the initial dro-
plet states were comparable. It was hence to be validated that the
component distribution in the droplets generated for single droplet
drying matched the one of droplets atomized during conventional
spray drying.

2. Material and methods
2.1. Emulsion preparation

Two model milk emulsions of different fat contents were inves-
tigated, as summarized in Table 1. A fat filled model emulsion
(FFME) featured a composition typical for both bovine whole milk
and commercially sold fat filled milk powder. It contained 40.8% w/w
lactose, 31.1% w/w fat and 27.0% w/w protein in d.m. A low fat
model emulsion (LFME) resembled the composition of the FFME
in terms of protein-lactose ratio and solid content, whereas the
fat content was significantly reduced to 0.3% w/w. The emulsions
were prepared by dissolving o-lactose monohydrate (Sigma-
Aldrich Co., USA), calcium caseinate isolate (Nutrients Direct Pty
Ltd, Australia) and whey protein isolate (Nexius Pty Ltd, Australia)
with a caseinate/whey ratio of 4:1 in water. For the FFME
emulsion, sustainably sourced refined Elaeis guineensis palm oil
fat (Auroma Pty Ltd, Australia) was added. Both emulsions
were mixed with deionised water at 45 °C for 1 h, prior to pre-
homogenization in a high-speed colloidal mill (WiseMix Homoge-
nizer HG-15D, Daihan Scientific, South Korea) at 1000 rpm. This
was followed by three passes at 1000 bar and two subsequent
passes at 500bar through a high pressure homogeniser
(EmulsiFlex-C5, Avestin, Canada). The fat globule size distributions
of each emulsion were measured by dynamic light scattering
(Zetasizer Nano ZS, Malvern Instruments Ltd, UK) to ensure
consistency (volume weighted mean diameter had to be D[4, 3] =
1.0 pm £ 0.05 pm).

2.2. Changes in component distribution over drying time via cryogenic
flash-freezing

Information about changes in the internal and surface distribu-
tion of lactose, protein and fat with proceeding drying time was
acquired from single droplet drying experiments conducted inside
a suspension rig with well-defined drying environment. Com-
pressed air flowed through a dehumidifying column (KF-DDF-
125, Knight Pneumatics, Australia) and was electrically heated
before entering the drying chamber from the bottom and leaving
it through its top. The conditioned air stream had a temperature
of 70 °C, a velocity of 0.75 m/s and a humidity of 0.0001 kg/kg.
Individual FFME and LFME droplets of 3 pl (+0.05 pl standard devi-
ation) were generated by means of a 5 pl micro-volume syringe
(5FX, SGE Analytical Science, Australia) and were then suspended
at the tip of a thin, vertically mounted glass filament. The tip of
the filament consisted of a knob which had a hydrophilic coating

Abbreviation  Solid concentration [% w/w]

Fat content in d.m. [% v/v]

Protein content in d.m. [% v/v] Lactose content in d.m. [% v/v]

LFME
FFME

20.0 0.5
20.0 44.2

Low fat model emulsion
Fat filled model emulsion

41.8
235

57.7
324
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at its lower half and a hydrophobic one at its upper half. The begin-
ning of the drying process was controlled with a by-pass slider sep-
arating the chamber from the air stream. The drying process was
stopped abruptly after certain drying times to virtually freeze the
component distribution. At 0, 20, 50, 100 and 200 s, the drying dro-
plets were flash-frozen directly inside the drying chamber by
immersing them in cryogenic vials that were filled with liquid
nitrogen and that were raised from the chamber bottom up
towards the droplet (Fig. 1a). The frozen droplets were then imme-
diately taken out of the drying chamber together with their glass
filament by pulling the filaments down from the filament holder,
to which they had been connected loosely with adhesive tape.
For a drying time of Os, the generated droplets were directly
immersed from the syringe into liquid nitrogen. The flash-frozen
droplets were stored in the liquid nitrogen filled vials, which were
kept sufficiently cool by dry ice, until freeze drying. The freeze dry-
ing was performed with a FreeZone 2.5 1 benchtop freeze dry sys-
tem (Labconco Corp., USA) at —80 °C and 0.1 mbar for 24 h. The
component distribution of particles dried for 420 s was also anal-
ysed, but did not require flash-freezing, because the drying process
of those particle was already completed. All of these singe droplet
drying runs were performed in duplicate.

2.3. Spectroscopic surface composition analysis

XPS was employed to analyse the chemical surface composi-
tions of the flash-frozen and fully dried particles of both model
emulsions. Analyses were performed either on an AXIS Ultra DLD
or an AXIS Nova (Kratos Analytical Inc., UK), both spectrometers
equipped with a monochromated Al K, source, a hemispherical
analyser operating in the fixed analyser transmission mode and
using the standard aperture (analysis area of 0.3 mm x 0.7 mm).
The particles were mounted on custom-built sample holders by
taping their glass filaments to the holder so that the particles
themselves remained suspended in space, without coming into
contact with the holder. Each particle was analysed at a nominal
photoelectron emission angle of 0° with respect to the surface

For component distribution change:

normal. As the actual emission angle is ambiguous in the case of
particles, varying between 0° and 90°, the sampling depth would
vary between O nm and approximately 10 nm. The pressure in
the main vacuum chamber during analysis was of the order of
10~% mbar. All detected elements were identified from survey
spectra. Their relative atomic concentrations were computed from
the integral peak intensities and the sensitivity factors provided by
the manufacturer. The concentrations in lactose, fat and protein
can be assumed to be linear combinations of the atomic surface
composition [17]. The fraction of each component at the surface,
expressed in atomic concentrations, was hence estimated by lin-
earization based on the representative structural formulas of lac-
tose, milk fat and milk protein, as elaborated elsewhere [12].

2.4. Confocal laser scanning microscopy

The protein and fat distribution in flash-frozen as well as fully
dried FFME particles were analysed via CLSM. Based on the proce-
dure described by Taneja et al. [47], dual labelling with fluorescent
dyes was performed during emulsion preparation. The molten fat
and the reconstituted protein powder were stained with 0.02%
w/w hydrophobic Nile Red and 0.01% w/w hydrophilic Fast Green
FCF, respectively (Sigma Aldrich Co., USA). Similar to the above
described procedure, the constituents were then mixed and the
emulsion was homogenized. The labelled droplets were subse-
quently dried in the single droplet drying rig for discrete drying
times, followed by freeze drying to remove the remaining mois-
ture, if applicable. The resulting particles were mounted on a
microscope slide with DPX (Sigma Aldrich Co., USA) and investi-
gated by CLSM with a Nikon A1" confocal microscope (Nikon Corp.,
Japan). Nile Red, attached to the fat, and Fast Green FCF, attached to
the protein, were sequentially excited by respective laser lights
from a helium-neon (637 nm) and an argon (487 nm) source.
The images were taken through a 4x magnification lens with a res-
olution of 2048 x 2048 pixels in the x-y plane at different z-depths
inside the particles.

For drying and shrinkage kinetics:
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Fig. 1. Schematic illustration of the experimental single droplet drying set-ups: (a) component distribution analysis; (b) diameter change analysis; (c) mass change analysis;

(d) temperature change analysis.
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2.5. Change in droplet diameter, mass and temperature over drying
time

In addition to the component distribution study, single droplet
drying was also conducted in the conventional way to obtain infor-
mation about the temperature, mass and diameter profiles of the
model milk droplets. The experimental procedure followed the
methodology described by Fu et al. [21], and a schematic illustra-
tion is given in Fig. 1b-d. In brief, droplets with an initial volume
of 1, 2 or 3 pl were generated and attached to vertical glass fila-
ments inside the drying chamber, similar to the above described
procedure. In this case, however, the drying process was not inter-
rupted by flash-freezing. Instead, in-situ analyses were conducted
simultaneously to the drying process. The profiles of droplet diam-
eter, mass and temperature changes were obtained from separate
single droplet drying runs. Firstly, as illustrated in Fig. 1b, the pro-
jected droplet areas were recorded with a camcorder (DCR-HC36,
Sony Corp., Japan) equipped with five 4x close-up lenses (Marumi
Optical Co. Ltd., Japan) to estimate the droplet volume and thus the
equivalent droplet diameter over time. Secondly, the changes in
droplet mass during drying were monitored by attaching the dro-
plets at the tip of an elastic glass filament (Fig. 1c). The displace-
ment of a marker at the filament was recorded with the camera
and the correlating mass change was derived from a previously
performed calibration with standard weights consisting of agglom-
erated glass beads. Thirdly, changes in temperature over drying
time were measured by inserting a type K thermocouple (Omega
Engineering Inc., USA), which was attached to a Picolog USB TC-
08 data logger (Pico Technology, United Kingdom), into the dro-
plets (Fig. 1d). The videos of the droplet diameter and mass change
analyses were rendered into a sequence of individual images with
Blender 2.69 (Stichting Blender Foundation, The Netherlands) and
processed using Image] 1.48 (National Institutes of Health, USA).
Each of these single droplet drying runs was run in triplicate. The
obtained data was processed according to the hereafter described
REA methodology.

2.6. Drying and shrinkage kinetics from single droplet drying data

Data about the changes in droplet diameter, mass and temper-
ature, which had been obtained from single droplet drying exper-
iments as described above, was processed according to the
Reaction Engineering Approach. The REA describes convection dry-
ing as a result of differences in the vapour density between drying
air and droplet surface, as will be briefly described in the following
and outlined in detail elsewhere [9]. The drying rate dm,,/dt as loss
in water content m,, over time t was calculated by

dmw/dt: _hm*A*(pu‘s_pv,b) (])

where h,, was the convective mass transfer coefficient, A the surface
area of the droplet, and p,;s and p,; the vapour density at the dro-
plet surface and of the bulk air, respectively. The convective mass
transfer coefficient was computed with a modified Ranz-Marshall
correlation [41,42,31], which is well suited for high vapour fluxes
as they occur in single droplet drying. The surface vapour density
changed with drying time, and was correlated with the saturated
surface vapour density p,s, by means of the fractionality coeffi-
cient i

Pys = Y * pz/Asat(TS) (2)

where T; was the temperature at the interface. The fractionality
coefficient depended on the activation energy AE,, as described
by the following formulation of an Arrhenius equation:

¥ = exp{—AE,/(R+Ta)} = =R+ Ta=In(p,;/p, s0t(Ta)) 3)

where R was the universal gas constant. Since the Biot number lies
well below unity in single droplet drying applications [38], the tem-
perature gradient inside the droplet could be neglected and the sur-
face temperature could be approximated with the internal droplet
temperature T,. The apparent activation energy reflected the vapour
concentration depression at the interface of the droplet as a result
of a reduction in free surface water due to influences such as com-
ponent precipitation and crust formation. Egs. (2) and (3) substi-
tuted into Eq. (1) lead to the following expression of the drying rate:

dmy /dt = —hp x Ax [P, s % €XP{—=AE, /(R Ta)} — p, ] (4)

For a given convective drying condition, the drying rate can
hence be predicted if the apparent activation energy is known as
a function of droplet moisture content. This correlation was deter-
mined via single droplet drying experiments by recording the
changes in droplet mass, droplet temperature and droplet surface
area, as rearrangement of Eq. (4) shows:

AE, = =R« Ty« In[(—(dmy,/dt) « (1/(hm < A)) + 1)/ Prsa) — (5)

The experimentally established apparent activation energy over
droplet moisture content was described in normalized form by its
maximum value AE, n.x, Which eventuated when the vapour den-
sities at the surface and in the bulk air reached equilibrium:

AEv,max = —RxTp* ln(py,b/py.sut(Tb)) (6)

The normalized activation energy over the free moisture con-
tent (X — X,) of the overall droplet volume was to be described in
the following form:

AEy/AE oy = @ % exp{b + (X — Xe)" — 1} + 1 (7)

where X was the absolute moisture content and X, the equilibrium
moisture content. The latter one was found via the Guggenheim-
Anderson-de Boer desorption isotherm following Chen and Lin
[7]. In addition, an empirical relationship for the normalized droplet
diameter was determined from the same single droplet drying
experiments:

D/Dy =A+ (1 —A) * (X — Xe)/Xo (8)

where Xy was the initial moisture content. In the first approxima-
tion, linear correlations usually describe the droplet shrinkage with
sufficient accuracy for food drying applications [40].

3. Results and discussion
3.1. Qualitative distribution of fat and protein in the particles

Fig. 2 illustrates the qualitative fat and protein distribution in
drying FFME droplets of 3 pl initial volume by taking the example
of a fully dried FFME particle. The component distributions after an
earlier interruption of the drying process were found to be similar
to the one presented here in case of the FFME emulsion. The fat and
the protein of the FFME emulsion could be stained individually
prior to mixing of both phases, and thus the two components were
clearly distinguishable in the CLSM analysis. Yet, the image quality
of the LFME particles was not satisfying, since the fat phase could
not be visualized. The fat content of the LFME emulsion originated
directly from the protein isolates and thus the fat globules were
not available in isolated form without a surounding protein mem-
brane, which inhibited penetration by the Nile Red stain. In Fig. 2,
the response channels obtained from sequential excitation of the
FFME particle were superimposed. The signal emmited from Nile
Red, being attached to the lipid phase, is depicted as brownish
red and the signal from Fast Green FCF, which attached to the pro-
tein, is represented in green colour. Areas of relatively high concen-
trations in both protein and fat appear yellow. 60 high resolution
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Fig. 2. Fat and protein distribution in a FFME particle after completed single droplet drying (420 s) as obtained by CLSM: two cross-sections through the three-dimensional
image stack as indicated by the dotted lines, Nile Red (fat dye) and Fast Green FCF (protein dye) are depicted in red and in green, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

images were taken at a step size of 35 um from the very particle
surface towards the inner of the particle at a location far away from
the contact point of the glass filament. From both the x-y and the
z-y plane, it can be seen that the outermost particle surface was
dominated by fat, as a consistent fat film encased the whole parti-
cle. The pixel size of the CLSM images was 1.6 pm, and hence in the
same order of magnitude than the individual fat globules present
in the emulsions. The existence of a fat film rather than individual
lipid islands suggested that, in case of the FFME, the globules were
ruptured by mechanical stress during the droplet generation pro-
cess and thus spread over the whole droplet surface. Directly
underneath the fat surface film, there was generally a high accu-
mulation of protein. With an average of about 30-60 pum, the radial
thickness of the transition region from the surface fat film to pro-
tein domination was very thin in relation to the total droplet and
particle radii (approximately 600-800 ptm).

Below the outer fat film and the subjacent protein, no fluores-
cent signal was received from the inside of the particles (large
black internal space in Fig. 2). Theoretically, this could mean that
that region was completely free of fat and protein, being filled with
lactose and/or voids only. However, it was calculated by simple
mass balance that the volume of the ‘surface shell’ that was visible
in the CLSM images accounted for only about 30-35% of the total
fat and protein volume contained in a 3 pl FFME droplet. Also,
scanning electron microscopic analysis of sliced particles (not
shown here) showed that the particle centres did not consist of
any significant voids or hollows, but the whole particle martix
was interspersed with a network of small pores due to the
freeze-drying step. Therefore, it was concluded that at a certain
radial depth the exciting laser light and the emitted fluorescent
signal had become too weak to produce a detectable response.
Limited penetration depths due to low signal strength is a typical
problem in conventional confocal microscopy, since scattered light
is not detected by the spatial pinhole [26]. Accordingly, as can be
seen in the z-y plane of Fig. 2 by the thinning ‘surface shell’ with
increasing depth, the flourescent response signal became weaker
in z-direction with increasing distance from the instrument’s laser
source and detector until vanishing completely. In the x-y plane,
this effect was enhanced by the relatively low protein and fat con-
centrations in the inside of the particles. Since there was an over-
representation of these components neat the surface, it is realistic
to consequently assume a stochiometric overrepresentation of lac-
tose in the particle middle.

Despite the different size scale and generation technique of the
droplets, the existence of a surface fat layer with adjacent protein

accumulation agrees well with the analysis of the CLSM images of
spray-dried milk particles and their corresponding freshly ato-
mized droplets from a microfluidic multi-jet spray dryer [18]. For
detailed discussion of the potential reasons for the observed com-
ponent segregation mechanism that occurred during the single
droplet drying process, the quantative surface composition analy-
sis via XPS needs to be taken into account.

3.2. Chemical surface composition of the high-fat emulsion droplets at
discrete drying times

Fig. 3 illustrates the surface composition of the drying FFME and
LFME droplets, obtained from XPS analysis, as a function of the free
moisture content (X — X,). Defined as total water content over total
solid content in kg/kg, the moisture content X was calculated from
the experimentally obtained mass change data. It decreased from
4 kg/kg until approximating the calculated equilibrium moisture
content, and the equilibrium moisture content was taken as the
final moisture content. In addition, also the corresponding drying
time is given for each analysis point. After 7 min the droplets were
fully dried and could be directly analysed, whereas for any shorter
drying time (0, 20, 50, 100 and 200 s) the droplets were flash-
frozen and subsequently freeze-dried prior to XPS. The standard
deviations in the relative atomic concentrations were relatively
small and are depicted in Fig. 3. The absolute values in lactose, pro-
tein and fat surface concentration should nonetheless be treated as
estimates only, because some uncertainty might have been intro-
duced by the linearization step.

Most notably was for the FFME droplets that their surface con-
sisted almost exclusively of fat (Fig. 3a). The fat accounted for a
concentration of 90 to nearly 100% v/v throughout the whole dry-
ing process, which was more than double as high as the overall fat
concentration in the emulsion. This corresponds well with the
CLSM observation of a consistent fat film, which appeared thicker
than the maximum XPS sampling depth of approximately 10 nm.
The fat concentration did not reach a total 100% v/v, however,
owing to small amounts of protein. These presumably had been
part of the protein membrane around the fat globules in the emul-
sion and hence became entrapped inside the fat surface film. The
fat is believed to have already emerged at the droplet surface at
the time of droplet generation, as the initial fat concentration of
92.6% v/v fat indicates. Due to its hydrophobicity, the lipid phase
accumulated at the droplet surface while the droplet was formed
with the micro-volume syringe. Transport to the surface might
have occurred by means of convection currents and circulation
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Fig. 3. XPS particle surface composition in protein, lactose and fat for certain drying
times and the corresponding free moisture contents, in comparison with the overall
dry matter compositions of the feed emulsions: (a) FFME droplets; (b) LFME
droplets. Droplets were flash-frozen and freeze-dried prior to analysis for drying
times of 0-200 s.

inside the droplet upon its generation. It is interesting that a sim-
ilar atomization induced fat surface accumulation has also been
reported in [18], although the droplets were generated with a
microfluidic jet nozzle, a pressure swirl nozzle and a rotary disc
nozzle and their size was substantially smaller. Further study of
the droplet formation process will be required in order to better
understand the underlying mechanisms that led to the observed
initial surface composition independent of the type of film disinte-
gration. In the case of 0 s drying time, approximately two to three

Table 2

seconds elapsed until the droplet was immersed in liquid nitrogen
following the droplet generation. Droplet generation typically took
about one to two seconds. This duration was most likely not suffi-
cient to allow a considerable amount of fat globules to travel
towards the droplet surface by diffusion, given their relatively slow
diffusivity at room temperature as shown in Table 2. The presented
diffusion time scales 7; of each component i over a diffusion length
I of 50 um were approximated with the aid of binary diffusion
coefficients D;, which were calculated with the Stokes-Einstein’s
equation [14]:

T = 12 /D,‘ (9)

D; = KT/ (6T uR;) (10)

where Kp was the Boltzmann’s constant, T the temperature, R; the
component radius, and u the dynamic viscosity of water. The result-
ing values only represent qualitative comparison of the relative dif-
fusivities between fat globules, protein and lactose. The absolute
values must be treated with caution, considering the uncertainty
about the exact diameter of the species during drying and the very
limited validity of the Stoke-Einstein’s equation, particularly an infi-
nite dilution assumption.

In the drying process subsequent to droplet generation, the dro-
plet surface remained covered by the fat film due to its hydropho-
bicity. There was, however, a trend of increasing protein content at
the surface from 4.4 to 7.5% v/v.

3.3. Chemical surface composition of the low-fat emulsion droplets at
discrete drying times

The investigation of the LFME behaviour during single droplet
drying (Fig. 3b) gave a better insight into the protein migration
process. Also in this case the fat was highly overrepresented at
the surface in comparison to the bulk composition. With a fat con-
centration of 0.5% v/v in d.m. in the feed emulsion, a multiple
thereof was present at the droplet surface, starting with 18.5% v/v
and then declining marginally to approximately 13.5% v/v. How-
ever, this time the fat did not dominate at the surface. Again, the
surface compositions of the droplets generated with the micro-
volume syringe were similar to droplets of the same milk model
emulsion after atomization in different spray dryers as reported
by Foerster et al. [18]. Consequently, the observed surface forma-
tion and drying kinetics could be considered as representative for
droplets in a spray dryer. On a general note, however, such an
agreement in initial droplet surface state between single droplet
drying and spray drying is not guaranteed, because the droplet
generation process in single droplet drying is different to the disin-
tegration mechanism in an atomization nozzle. This hence needs to
be validated case-by-case. Due to the lower fat content at the sur-
face in comparison to the FFME droplets, a significant rise in pro-
tein surface concentration with proceeding drying time could be
observed. This protein migration to the surface was presumably
governed by diffusion, since the diffusion time of the caseinate
molecules possibly lay within the range of the singe droplet drying
time scale (Table 2). The cause of this diffusion could have been
twofold. First, the drying process induced a radial gradient in water

Binary diffusion coefficients of fat globules, caseinate and lactose in water at infinite dilution from Eq. (10) together with the corresponding diffusion time scales for a length of
50 um from Eq. (9). The radii were determined by dynamic light scattering for fat and protein and taken from Bylund [4] for lactose.

Mean radius [nm]

Diffusivity [m?/s]

Diffusion time scale [s]

At 25 °C At 50 °C At 25°C At 50 °C
Fat globules 1000 22.10°13 12.10°12 5724 1056
Protein (caseinate) 75 29-.1071? 1.6-107" 429 79
Lactose 0.5 44-1071° 24-107% 29 0.53
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concentration from the inner of the droplet towards the surface,
where water was continuously removed as a result of evaporation.
Consequently, concentration gradients in fat, lactose and protein
developed in reverse direction from the surface towards the dro-
plet centre and induced diffusion towards the centre. As there
was a considerable difference in the diffusivities of the components
(Table 2), they diffused at dissimilar speeds. The diffusivity of lac-
tose exceeded the one of caseinate by about two orders of magni-
tude. This might have led to enrichment of protein, in comparison
to the lactose concentration, at the outer droplet regions. Second,
caseinate molecules are surface active and therefore a part of them
could adsorb at the air-water interface of the droplets [23]. As such,
this adsorption at the surface reduced the concentration gradient
in free diffusing protein molecules and thus counteracted the
above described protein movement towards the droplet centre.

While an efficient encapsulation of the fat phase in the particle
middle is desired in industrial applications for optimum functional
properties, high amounts of protein at the particle surface can also
imply detrimental effects. For instance, it has been shown that native
casein micelles are prone to form an interlinked network between
the surfaces of aggregated powders, hence reducing the dispersibil-
ity and water penetration ability [46,13]. Fig. 3 b further shows that,
concomitant with the increase in protein concentration, the lactose
surface concentration declined from 34.0 to 18.3% v/v. The compar-
atively low lactose surface content potentially influenced the parti-
cles’ solubility in aqueous medium adversely [2,3].

Although the diffusivity of the fat globules was even about one
order of magnitude smaller than the one of caseinate, the surface of
the LFME droplets did not further enrich in fat over drying time.
The reason for this might be that the high protein-to-fat ratio in
the low-fat emulsion, in combination with the low fat globule size
of 1 pm in diameter, lead to an extensive encapsulation of the fat
globules by thick protein membranes that were bound to them.
Thus, despite a potential concentration of the slow diffusing fat
globules at the droplet surface, the surface fat content did not
exceed a certain threshold. The comprehensive protein membranes
were also believed to prevent rupture of the fat globules and con-
sequent spreading of a consistent fat film over the droplet surface,
unlike the observations made for the FFME droplets.

The results of this modified single droplet drying technique
were compared with the study conducted by Fu et al. [20], where
the same single droplet drying rig at identical drying air tempera-
ture and flow rate was used for 2 pl skim and whole milk droplets.
In agreement with the results discussed in respect to Figs. 2 and 3,
after a drying time of 50-80 s both investigated emulsions featured
semi-dried droplets with hydrophobic shells, which were less
water-wettable for whole milk in comparison to skim milk. Yet,
they concluded an increasing surface fat content with drying time
from a rise in repulsion of attached water droplets, which does not
correspond with the outcomes of this study. The wettability might
have been impaired by a proceeding crust formation rather than by
a supposed increase in fat content on the surface of that crust.
Interpretation of the dissolution study were ambiguous due to
overlapping influences between different rates of crust formation
for whole and skim milk and the actual difference in composition
between those crusts. In conclusion, the advantage of the proposed
single droplet drying technique over such a dissolution study
seems to be that it allows to, firstly, investigate droplets immedi-
ately subsequent to their generation at any moisture content
and, secondly, to observe the change in the components’ surface
concentration itself.

3.4. Changes in droplet mass, temperature and size

How the observed changes in component distribution near the
surface of drying FFME and LFME droplets influenced their drying

and shrinkage characteristics was evaluated on the basis of the
other single droplet drying measurements. Excerpts of the corre-
sponding data about the droplet mass, temperature and diameter
behaviour over drying time are shown in Fig. 4. The evaporation
rate was identified to be considerably faster in the early drying
stage (Fig. 4a and b). The curve shapes agreed well with mass
change data from literature for 20% w/w skim milk droplets of
1.6 pl initial volume at 91.4 °C drying air temperature [7]. The final
particle masses were proportional to the initial droplet volumes.
The mass changes at early drying were most rapid, as with pro-
ceeding drying the crust formation built up an increasing mass
transfer resistance for moisture movement towards the surface.
This was also reflected in the horizontal axes of Fig. 3: for instance,
the free moisture content of the 3 pul FFME droplets had been
reduced from 4.0 to 1.55 kg/kg after the initial 100 s of drying,
whereas it only altered by about 1.0 kg/kg to 0.52 kg/kg in the fol-
lowing 100 s. In comparison, during the first 100 s of drying of the
3 ul LFME droplets, the free moisture content sank more signifi-
cantly to 1.17 kg/kg. This indicated that a lower fat content (at
equal total solid content) favoured water transport to the surface
and hence evaporation from the surface.

It can be seen from Fig. 4c and d that the temperature profiles
approached asymptotically the bulk temperature of the drying
air (70 °C). Slight dips in the temperature rise took place at the
wet bulb temperature of approximately 25-30°C after 15-40s
drying time. There were no distinct temperature plateaus as for
example found during the single droplet drying of lactose solutions
by Fu [19], since lactose is not shell forming and thus allowed free
surface water throughout most of the drying process. The immedi-
ate formation of a hydrophobic fat film on the surfaces of both
model emulsions presumably further contributed to the very low
free surface water and the consequent lack of a temperature pla-
teau at wet bulb temperature.

The observed profiles of the normalized droplet diameters over
drying time (Fig. 4e and f) corresponded well with the results
obtained by Chew et al. [11], where skim milk droplets of 40% w/
w initial solid content were investigated in the same single droplet
drying rig at various drying air conditions. Yet, the shrinkage was
less pronounced in the experiments conducted by Chew et al.
[11] due to a higher solid content. The bigger the initial droplet vol-
ume was, the longer was the existence of an appreciable change in
diameter and the larger was the final normalized diameter of the
dried particle. For larger initial droplets, it is believed that full
crusts at the surface had been developed earlier relative to the
remaining total amount of moisture inside the droplets. These
solidified shells decelerated the moisture transport to the droplet
surfaces and inhibited the degree of shrinkage relative to the initial
diameter. Furthermore, comparison between Fig. 4e and f revealed
that more considerable shrinkage occurred for a lower fat content.
In consideration of that, the fat content seemed to also have a sig-
nificant influence on the shrinkage kinetics and the final particle
size, as will be discussed in the following in respect to the REA
outcomes.

3.5. Shrinkage kinetics

The temperature, mass and diameter data were processed by
means of the Reaction Engineering Approach to produce correla-
tions between the normalized diameter and the free moisture con-
tent as well as between the normalized activation energy of
evaporation and the free moisture content. As can be seen in
Fig. 5a, the normalized diameter curves for the different initial dro-
plet sizes of FFME lied close together and featured a proportional
relationship between normalized diameter and free moisture con-
tent. The r? value and the fitting parameter A of the corresponding
linear trend line, which was expressed in accordance to Eq. (8), are
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Fig. 4. Experimental results from single droplet drying for FFME and LFME droplets with different initial volumes over drying time: (a), (b) droplet mass; (c), (d) droplet

temperature; (e), (f) normalized droplet diameter.

given in Table 3. In contrast, the normalized diameter curves of the
LFME droplets varied appreciably with their initial volumes of 1, 2
and 3 pl, as reflected by the considerably lower 12 value of the lin-
ear fitting curve of all LFME points. In particular once the moisture
contents came below 0.5 kg/kg, the curves of the different initial
LFME droplet sizes deviated significantly. For the smallest initial
size, the droplets experienced a significant further shrinkage at
low moisture content, whilst the diameter hardly changed any-
more for droplets with an initial volume of 2 and 3 pl. This was
in agreement with a study conducted by Chew et al. [10], where
out of three milk model emulsions the one with the highest fat
content featured the least shrinkage, particularly at low moisture
content. In addition, also at intermediate moisture contents (3.5-
1 kg/kg) the normalized diameter curves described different

trends, in particular comparing the drying droplets of 1 and 3 pl
initial volume.

Comparing the normalized diameter profiles of the two model
emulsions, the low-fat droplets experienced more shrinkage rela-
tive to the initial diameter owing to a more significant decrease
in diameter in the second drying half (2.0-0 kg/kg free moisture
content). All these described differences in the normalized diame-
ter curves for different initial droplet sizes (in case of the LFME
emulsion) and for different fat contents were clearly greater than
the depicted standard deviations. It was therefore concluded that
the different fat contents and the surface composition of the drying
droplets exerted crucial impact on the shrinkage characteristics. As
a result of water evaporation from the surface, the droplets became
enriched in their non-aqueous components near the surface with
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Fig. 5. From single droplet drying experiments derived drying and shrinkage
kinetics for FFME and LFME droplets with different initial volumes over free
moisture content, including one trend line fittings for all volumes each and
propagated error bars: (a) normalized droplet diameter; (b) normalized activation
energy of evaporation.

Table 3

Correlations of the normalized activation energy of evaporation and the normalized
droplet diameter over free moisture content: fitting constants a, b, ¢, A and
coefficients of determination r? with regard to Eqs. (7) and (8), respectively.

Norm. activation energy Norm. diameter

a b c r A 2

FFME 1.092 -1.130 0.575 0.952 0.720 0.962
LFME 1.104 -1.256 0.471 0.951 0.677 0.700

an increase in water concentration towards the centre. The FFME
droplets were covered by a fat film throughout the whole drying
process. Consequently, the crust that was forming in the surface
region featured hydrophobic properties and, as such, inhibited
shrinkage of the drying droplet due to repulsion towards the mois-
ture in the droplet centre. In comparison, the shells of the LFME
droplets underwent more contraction, because they did not con-
tain a dominating amount of fat in their peripheral areas. Instead,
48-68% v/v of the surface was occupied by protein (Fig. 3b).

Because of attractive forces between the hydrophilic groups of
the protein and the water contained inside the droplets, the surface
shell presumably was less resistive to further changes in diameter
in comparison to the FFME droplets. The complex impact of various
kinds of protein on the shell behaviour in drying droplets is an area
of high interest for various applications. The physical properties,
such as sol-gel transition, molecular weight and conformation
behaviour, can vary widely, even for the different protein types
encountered in milk. For instance, native casein micelles tend to
arrange in soft, flexible shells. In contrast, whey protein has been
shown to form hard, brittle shells with higher restraint to deforma-
tion at high concentration regimes [43,44]. In the present study,
the protein component consisted to 80% w/w of calcium caseinate
and to only 20% w/w of whey protein. As such, the protein shell of
the LFME droplets was relatively flexible. Though caseinate mole-
cules do not assemble in micelle structures like native casein, they
feature strong hydration ability and a dynamic molecule structure,
in particular in comparison to the denser, hydrophobic fat phase. In
view of that, it is proposed that with advancing solidification at the
droplet surface, the caseinate molecules were able to pack into a
denser configuration under dehydration and reconfiguration. As a
result, the shells of the LFME droplets, which were high in casei-
nate, remained more deformable than the high-fat content shells
and exhibited a plastic behaviour at low moisture contents.
Accordingly, despite ongoing solidification with longer drying
time, the shell of the LFME droplets still possessed relatively high
water permeability and flexibility in terms of shrinkage at low
moisture contents, as the protein surface content was rising simul-
taneously (for instance from 59.5% v/v at a moisture content of
0.42 kg/kg to 68% v/v at completed drying). This could have
allowed the above described considerable extent of shrinkage at
a late drying stage. Possibly, a less rigid shell was also responsible
for the LFME droplets being more prone to shell expansion and col-
lapse as subject to vapour pressure in the droplet centre (if internal
evaporation occurred) and capillary force. This is believed to have
led to the above described, distinct deviations in the normalized
diameter curves for 1, 2 and 3 pl initial droplet volume. For exam-
ple, the rise in protein surface concentration might have been more
pronounced for a shorter diffusion length and hence the normal-
ized diameter curve of the 1 pul LFME droplets showed a stronger
deviation from linear behaviour in comparison to the 2 pl and
3 pl LFME droplets.

3.6. Drying kinetics via reaction engineering approach

The activation energy of evaporation was calculated as a func-
tion of moisture content according Eq. (5) and its maximum value
AE, max was determined by Eq. (6) in order to plot Fig. 5b. The stan-
dard deviations of the normalized activation energy points were
reasonably low, except from the low moisture content region
below 0.5 kg/kg. At slow evaporation rates the mass changes
tended to go towards zero and so, along with a significant standard
deviation in mass change relative to the absolute mass change, the
propagated error in activation energy became large in this region.
The normalized activation energy of evaporation increased expo-
nentially with smaller free moisture content for both model emul-
sions. The reason for this was a rise in the apparent resistance to
evaporation, as the vapour pressure at the droplet surface and
the effective water diffusivity declined the more the further the
crust formation had been advanced. Therefore, the water move-
ment to the surface and the evaporation rate decelerated with pre-
ceding drying. Furthermore, the activation energy of the FFME
droplets was slightly higher than the one of the LFME droplets at
moisture contents of around 2.0 kg/kg and below. Because of the
previously discussed hydrophobic character of the fatty surface
shell that occurred in the FFME droplets, the water movement to
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the droplet surface was additionally repelled in the drying FFME
droplets. Whereas the shell of the FFME droplets was dominated
by lipids throughout the whole single droplet drying process, the
shell of the LFME droplets contained less than a quarter of this
fat amount and protein enriched more and more with declining
moisture content. In view of that, it was concluded that the higher
fat content slowed down the drying process and concurrently lim-
ited the particle shrinkage. The obtained activation energy data did
not scatter significantly between the different initial droplet vol-
umes, and thus one trend curve for all FFME and another trend
curve for all LFME points could be applied (r* value of 0.952 and
0.951, respectively). The mathematical expression of the trend
curves followed Eq. (7), and the fitting parameters are presented
in Table 3. This agreed with the results from previous studies of
a range of solutions and emulsions with initial solid contents
below 40% w/w, where the normalized activation energy curves
were also approximately independent from the initial droplet vol-
ume [6,21]. In industry, such correlations for the activation energy
of evaporation and droplet diameter can be implemented into CFD
simulations to optimise process conditions, and to predict the
moisture content and particle size of resulting powders, in
response to fluctuations in the feed properties. In combination
with component distribution data obtained from the modified sin-
gle droplet drying analysis, the approach should allow a better
understanding of a range of process conditions to control func-
tional powder properties, such as stickiness.

4. Conclusions

The drying behaviour of droplets from two milk model emul-
sions with different fat contents was studied in a filament single
droplet drying rig. For the higher fat content emulsion, the droplet
shrinkage was less distinct and the evaporation process was
slower. This was explained by the existence of a hydrophobic fat
film, which had occurred at the surface immediately after droplet
generation and remained until completion of the drying process.
The surface of the low-fat model emulsion droplets also featured
an over-stoichiometric amount of fat in respect to the bulk compo-
sition, but the absolute surface concentration was lower than the
one of protein. The protein further enriched near the surface with
increasing drying time, presumably by diffusion due to its surface
activity and its lower diffusivity in comparison to lactose, and thus
imposed a more hydrophilic, flexible character on the surface shell.
This caused the shell of the low-fat model emulsion droplets to be
more susceptible to shrinkage and more permeable to allow mois-
ture to evaporate. The study demonstrated the modification of fil-
ament single droplet drying by a flash-freezing approach to
interrupt the drying process at certain times in order to record
the changes in component distribution and chemical surface com-
position. This enabled correlations between the composition of the
developing surface shells and the drying characteristics. The initial
surface composition during single droplet drying of the investi-
gated milk model emulsions was found to be consistent with the
one of spray-dried milk droplets directly after atomization, which
were reported in an earlier study. Therefore, the observed surface
formation and its impact on the drying and shrinkage kinetics with
proceeding single droplet drying could be considered as represen-
tative for a spray drying process under comparable conditions. In
future, the proposed methodology can be adopted for other milk
emulsions and other food or pharmaceutical particle systems to
better understand their respective behaviour during convective
drying. Applicability of the obtained results on an industrial
spray-drying process will yet depend on whether the surface com-
position of the generated droplets agrees with the initial state of
droplets produced with the corresponding atomization nozzle uti-
lized on industrial scale.
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