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Crucial for achieving premium agglomerated powder products through spray drying is that the primary particle
morphology and the degree of agglomeration can be controlled. However, the costs of trial runs and the wide
range of products properties complicate achieving this control of particle structure during spray drying. Single
droplet drying approaches are employed to study the development of the primary particle morphology and the
collision behavior of droplets under well-defined conditions. These studies shed light on the underlying mech
anisms but have been related less often to realistic drying and especially agglomeration. This review focuses on
the potential and limitations of single droplet drying approaches to unravel the evolution of primary particle
morphology and nozzle-zone agglomeration phenomena during spray drying. We discuss advances in single
droplet drying approaches and how to combine these with pilot-scale spray drying to obtain the desired particle
structures.

1. Introduction

particles with limited surface distortions are for example preferred for a
free-flowing powder, which is important for dosing, tableting, blending/
mixing or coating (Both et al., 2020; Capece et al., 2015; Walton, 2000).
Powders comprising of particles with irregular shape, in other words
wrinkles and folds, potentially interlock mechanically, leading to infe
rior flow properties. In addition, it is not uncommon to spray drying that
a large number of small particles (<100 μm) is formed, which negatively
influences the flowability as well. To reduce the percentage of small
particles, nozzle zone agglomeration is often used to cluster the primary
particles into larger, porous agglomerates that have better flowability.
Besides flowability, the particle structure influences the reconstitution
behavior and the bulk density (Both et al., 2020; Fu et al., 2020; Takeiti
et al., 2008).
To better steer the particle properties of spray-dried powders, the
particle morphology and agglomeration during spray drying were
studied at different experimental scales. The experimental focus ranges
from the single droplet to the laboratory and the pilot-scale (Boel et al.,
2020). For example, larger scale spray drying studies were performed to

Spray drying is a widely used process in the food, chemical, phar
maceutical and cosmetic industry to transform liquids into powders. In
the food industry, spray drying prolongs the shelf life and concentrates
foods, making storage and transportation easier. A major advantage of
spray drying compared to other drying techniques is that agglomerated
powders can be produced with excellent functional properties such as
flowability, reconstitution behavior, bulk density, and mechanical sta
bility. Although the technique was invented 150 years ago (Percy,
1872), lack of understanding of the spray drying process frequently
leads to low-quality products and poor process efficiency. Especially the
spray drying of new products is challenging and can result in unnec
essary waste generation and energy losses.
Both the composition of the liquid formulation and the spray drying
conditions determine the properties of particles with specific size, sur
face composition, morphology and degree of agglomeration of the par
ticles, which together determine the functionality. Smooth and spherical
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investigate the critical formulation and process parameters to the par
ticle morphology and subsequently analyzing particle morphologies
produced using microscopy (Alamilla-Beltrán et al., 2005; Both et al.,
2020; Littringer et al., 2013; Paramita et al., 2010). For laboratory-scale
spray dryers, such investigations are questionable since the short resi
dence time requires the generation of droplets that are very small (1–10
μm) compared to droplets in industrial spray dryers. As a result,
lab-scale produced powders often show poor flowability. For agglom
eration studies it is required to perform experiments at the pilot-scale,
and could involve the dosage of fines or controlled fines recycling in
the nozzle zone (Fröhlich et al., 2020). Despite attempts using, for
instance, a sampling device containing liquid nitrogen to capture and
analyze drying droplets at different locations in a spray dryer (Pearce,
2007), the major disadvantage for all spray drying experiments is that
the dynamics of drying of the individual droplets and their collision
behavior cannot be monitored directly. Therefore, single droplet drying
(SDD) approaches have been developed.
SDD has been successful in obtaining insight into the drying behavior
of single droplets (Boel et al., 2020; Schutyser et al., 2019). Different
SDD setups have been developed and used to characterize the drying
kinetics and the impact of the drying conditions on the properties of the
primary powder, such as the morphology and composition of the sur
face. A clear drawback of SDD is that the droplets are subjected to
different conditions compared to droplets drying in a spray dryer. The
droplets during SDD are larger and the drying air temperatures are
constant, often made equal to the outlet air temperature of a spray dryer.
This raises the question how SDD can be related to the complex dynamic
drying behavior of droplets during spray drying, and how SDD can
contribute to the development of rational guidelines to better control
agglomeration processes at the larger scale. This includes the assessment
of the extent to which SDD can be used to study binary collisions leading
to coalescence, sticky or bouncing behavior. Whereas previous scientific
reviews primarily provided an overview of single droplet drying
research into the drying kinetics and morphology development of the
primary droplets (Boel et al., 2020; Schutyser et al., 2019), this review
focusses on the potential to bridge the gap between single droplet drying
and pilot-scale spray drying, to better understand particle structure
formation during spray drying.
The objective of this review is therefore to discuss the relevance of
SDD for understanding the evolution of the morphology of the primary
particles and the nozzle-zone agglomeration phenomena during spray
drying. We first introduce different SDD techniques and discuss how
these are used to monitor the drying kinetics in relation to process
conditions. Subsequently, literature is discussed that specifically focused
on morphology development. For this, amongst others, studies that
compared results at the single droplet, lab, pilot, and/or industrial scale
are reviewed (Both et al., 2020; Nuzzo et al., 2015; Tran et al., 2017).
The contributions that SDD may have to better understand nozzle zone
agglomeration and how these may be combined with pilot-scale
agglomeration studies will also be discussed. Finally, we conclude
how this will contribute to our understanding for steering spray drying
to obtain products with desired primary particle and agglomerate
structure.

such as pendant droplet drying (Charlesworth and Marshall, 1960; De
Souza Lima et al., 2020; Fu et al., 2011; 2012; Han et al., 2016; Lin and
Chen, 2002) and sessile droplet drying (Both et al., 2018a; Sadek et al.,
2015a; Siemons et al., 2020). Each approach has its benefits and limi
tations, which are summarized in Table 1.
In contactless free-falling columns, a single droplet or a stream of
identical droplets, with a diameter in the micrometer range, is dried
with a co- or countercurrent hot air flow. Hardy et al. (2021) used this
technique to investigate the change in the droplet diameter and
morphology by capturing samples at various heights. A drawback for
this set-up is that continuous monitoring of a drying droplet is not
possible (Fang et al., 2012; Vehring et al., 2007). Three different SDD
approaches are based on levitation: acoustic levitation, aerodynamic
levitation and electrodynamic levitation. In acoustic levitation, a droplet
is suspended in hot air against gravity by using acoustic pressure from
high intensity standing sound waves. The droplet is trapped in a node of
the standing sound waves, such that it can be monitored while drying
(Schiffter and Lee, 2007). A downside of the technique is that the
acoustic field influences the shape of the droplet which will induce in
ternal stresses as soon as the droplet developed a rigid skin, and
intrinsically changes the rates of heat and mass transfer (Groenewold
et al., 2002). In addition, the range of air flows that can be balanced by
the acoustic field is limited. Aerodynamic levitation relies on an upward
air flow that suspends the droplet. It is less frequently applied as it is
challenging to control the droplet’s exact position (Adhikari et al., 2000;
De Souza Lima et al., 2020). Electrodynamic levitation has been more
recently used for SDD and relies on levitation using an
alternating-current electrical potential to focus a droplet and a
direct-current electric potential gradient to balance the gravitational
force (Archer et al., 2020; Gregson et al., 2019).
Contact-based SDD methods, including pendant and sessile droplet
drying, are more straightforward to use but have the disadvantage that
they are more intrusive. During pendant droplet drying, a relatively
large (initial droplet size (d0) = 1 mm) droplet hangs on a thin filament
or glass capillary tube. Thanks to its simplicity, it has been widely
employed and allows the monitoring of the overall mass, morphology
and temperature in time (Charlesworth and Marshall, 1960; Fu et al.,
2011; Lin and Chen, 2002). It was assessed that for droplets with an
initial volume of 2 μL about 1% of the heat transferred is due to
conductive transfer via the filament (De Souza Lima et al., 2020; Fu
et al., 2012; Han et al., 2016). During sessile SDD, a droplet is deposited
on a hydrophobic surface. The advantage is that the droplet can be
accurately monitored by a camera and can be smaller than a pendant
droplet (Both et al., 2020; Sadek et al., 2015a; Siemons et al., 2020); its
drawback is that the surface affects the heat and mass transfer to the
droplet more strongly (Schutyser et al., 2012).
3. Drying kinetics of a drying droplet
The drying kinetics provide insight into the temporal evolution of the
mass of a drying droplet. When a droplet is subjected to a convective air
flow, an initial constant rate period can be identified during which the
drying rate is limited by the external rate of heat and mass transfer. This
period is followed by a falling rate period, during which the moisture
transfer is limited by internal diffusive mass transfer. Due to this limi
tation, an internal moisture gradient will develop, with the moisture
content close to the surface lower than in the center of the droplet. For
most food formulations, this moisture gradient coincides with a gradient
in the viscoelastic properties of the material, and a skin may be formed
that shows elastic, solid-like properties. These properties then affect the
evolution of the particle morphology. During the constant rate period
the droplet temperature settles at the wet bulb temperature. Subse
quently, during the falling rate period, the droplet temperature increases
due to limiting internal mass transfer and thus slower evaporation.
There are different possibilities to monitor the drying kinetics of a
single droplet: camera monitoring, direct mass measurement and

2. Single droplet drying techniques
SDD techniques mimic the spray drying process on the level of the
individual droplet and thus can be used to thoroughly study the dy
namics of the droplet drying process and its impact on, amongst others,
morphology development. Different approaches have been developed
throughout the years, including contactless methods such as free-falling
columns (Fang et al., 2012; Hardy et al., 2021; Vehring et al., 2007),
acoustic levitation (Boel et al., 2020; Groenewold et al., 2002; Schiffter
and Lee, 2007), aerodynamic levitation (Adhikari et al., 2000; Archer
et al., 2020; De Souza Lima et al., 2020) and electrodynamic levitation
(Archer et al., 2020; Gregson et al., 2019), and contact-based methods
2
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Table 1
Benefits and limitations of different SDD techniques.
Free falling columns

Acoustic levitation

Aerodynamic levitation

Electrodynamic
levitation

Pendant droplet

Sessile droplet

10–100 μm
Continuous monitoring
is not possible, but it is
possible to obtain
samples at different
positions in the drying
tunnel
No

>300 μm
Entire drying process by
monitoring mass

>1 mm
Entire drying process by
monitoring mass

10–100 μm
Entire drying
process by
monitoring mass

>500 μm
Entire drying process by
monitoring mass

>200 μm
Only during constant
rate period by visual
observation

Yes

Yes

No

Yes

Yes

Continuous monitoring
is not possible, but it is
possible to obtain
samples and/or data at
different positions in the
drying tunnel
++

Yes

Yes, but it is difficult to
keep the droplet in place,
making constant
monitoring more
challenging.

No

Yes

Yes

–

–

–

–

++

Acoustic field
influences the shape of
the droplet and the
rates of heat and mass
transfer.
(Boel et al., 2020;
Groenewold et al.,
2002; Schiffter and Lee,
2007)

The time frame at which
particle crystallization
occurs can also be
identified.

Contact area between
filament and droplet
affects heat and mass
transfer and morphology
development.
(Charlesworth and
Marshall, 1960; De Souza
Lima et al., 2020; Fu
et al., 2011, 2012; Han
et al., 2016; Lin and
Chen, 2002)

Presence of surface
affects heat and mass
transfer and
morphology
development.
(Perusko et al., 2021;
Sadek et al., 2015b;
Siemons et al., 2020)

Schematic
illustration

Droplet size1
Measuring
drying
kinetics

Measuring
droplet
temperature
Allows
monitoring
particle
morphology
evolution
Suitable for
particle
analysis after
drying
Remarks

References

(Fang et al., 2012;
Hardy et al., 2021;
Vehring et al., 2007)

(Adhikari et al., 2000; De
Souza Lima et al., 2020;
Winborne et al., 1976)

(Archer et al.,
2020; Gregson
et al., 2019)

1

The minimum droplet size is not only determined by the SDD method but also by the solutions studied, where it is far more challenging to dispense small droplets with
increasing concentration and viscosity.

indirect moisture analysis of the drying air. Visual observation by
camera is useful for monitoring the shrinkage behavior of droplets
during the constant rate period, which can be translated into drying
kinetics via image analysis. After skin formation the droplet resists
further shrinkage, which makes it impossible to directly correlate the
visual observation to the drying kinetics (Both et al., 2018a). Data on the
drying rate of the full drying period can be obtained by investigating the
change in mass of the droplet during the drying process. Both pending
and sessile SDD can be used to investigate the mass of a droplet, but for
both techniques a relatively large droplet (mm range) is needed to have
sufficient mass for accurate results (Boel et al., 2020; Lin and Chen,
2002; Sadek et al., 2015a). For electrodynamic levitation, the required
voltage to keep the droplet levitating is a direct measure of the mass of
the droplet. Therefore, this technique can be used to obtain accurate
results on the changing mass of small droplets (10–100 μm) (Colberg
et al., 2004). Finally, measuring the moisture content of the outlet air
stream can yield information on the drying rate of a drying single
droplet. If the air flow and the moisture content of the in- and outgoing
airstream are known, mass balances can be used to calculate the amount
of moisture evaporated from the droplet (Groenewold et al., 2002). A
disadvantage is that the differences when drying a single droplet can be
minute and therefore require exceedingly accurate measurements.
The drying rate is influenced by several factors including: (i) the
droplet size, (ii) the relative humidity of the air, (iii) the flow regime,
and (iv) the temperature of the air. Another factor not considered here is
obviously the type and concentration of the solute present but these will
be chosen exactly the same during SDD and spray drying. (i) Droplets
dried with SDD range in size from 10 μm to 9 mm (Archer et al., 2020;

Boel et al., 2020; Hardy et al., 2021; Siemons et al., 2020), while the size
of droplets inside a spray dryer is between 10 and 500 μm (Filková et al.,
2006; Gianfrancesco et al., 2008). Theoretically, the drying time scales
quadratically with the droplet diameter (Both et al., 2018a). This is in
close agreement with the experimental observations of Grosshans et al.
(2016), who observed a 2.5 times faster drying rate for 10% (w/w)
mannitol droplets of 370 μm compared to droplets of 600 μm dried with
an acoustic levitator. Lin and Chen (2004) also showed that the drying
time of pending single droplets of whole milk dried at 67.5 ◦ C scaled
quadratically with the initial droplet diameter for droplets with an
initial diameter between 1.15 and 1.83 mm. (ii) While the incoming air
flow during spray drying has a low relative humidity, the relative hu
midity in close vicinity to the droplet increases due to evaporation. As a
result, the drying rate decreases (Grosshans et al., 2016). This can be
observed during SDD, in which the humidity can be better kept constant.
Sadek et al. (2016) showed that the constant rate period for sessile
casein micelle droplets dried in a 20 ◦ C airstream was twice as long at a
relative humidity of 40% as compared to a relative humidity of 2%. This
longer constant rate period is related to a lower drying rate at higher
relative humidty. Griesing et al. (2016) observed that for acoustically
levitated 15% (w/w) mannitol droplets, an increase in relative humidity
resulted in a delay in the onset of crust formation. Hence, a higher
relative humidity leads not only to a lower drying rate but also to a
delayed accumulation of components close to the surface. They also
found a decrease in the porosity and diameter of the final particle with
increasing relative humidity, which can be explained by the faster crust
formation. (iii) The relative velocity of the air surrounding a falling,
drying droplet within a spray dryer depends on both the set airflow rate
3
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and the falling speed of the droplet. The latter is influenced by the size
and density of the droplet, as well as by interactions with other droplets.
The air flow rate within a SDD is typically kept constant during the
drying process, with a stagnant droplet resulting in a constant relative
air velocity around the droplet. (iv) The hot inlet air that enters a spray
dryer cools down during the drying process, leaving the spray dryer at a
much lower temperature. SDD generally makes use of a constant air
temperature in the range of the outgoing air temperature of a spray
dryer. The consequence is that during SDD the initial drying rate will be
lower than during spray drying, which may result in later skin formation
leading to a longer constant drying rate period during SDD (Grosshans
et al., 2016).

trajectories for both scales have been schematically depicted in Fig. 1. In
industrial practice, it is common that the feed material is preheated to
temperatures up to 80 ◦ C before spray drying (Pisecky, 2012). As a result
of evaporative cooling, the droplet temperature initially decreases to the
wet-bulb temperature. In SDD the feed generally has an initial temper
ature close to room temperature and will heat up to reach the wet-bulb
temperature. Furthermore, during industrial spray drying processes, the
temperature of the air surrounding a droplet changes over time. Typical
air inlet temperatures are 100–150 ◦ C for pharmaceutical products and
up to 250 ◦ C for food products (Pisecky, 2012). Due to fast evaporation
of water from the drying droplets, the air quickly cools, creating a
temperature gradient inside the dryer (Gianfrancesco et al., 2008). Not
considering the product type, the temperature of the outgoing airstream
is typically in the range of 60–125 ◦ C. Although the droplet temperature
during spray drying cannot be monitored experimentally, it is know that
the temperature of the final dried particle is generally 20 ◦ C below the
outlet air temperature (Selvamuthukumaran et al., 2020).
The temperature of a droplet, together with its moisture content and
distribution, determine the proximity to the glass transition and prop
erties of the surface of the droplet, such as its rheological properties. The
droplet drying process can be presented in a state diagram, typically
showing the gradual transition of the droplet surface from viscous to
rubbery (viscoelastic), to sticky and finally to glassy, which will only be
attained by cooling (Fig. 1). The glass transition temperature, together
with the droplet temperature, determines whether a droplet is sticky. In
practice, the sticky point temperature is considered to be 20–30 ◦ C
above the glass transition temperature (Sewalt et al., 2020; Turchiuli
et al., 2011) and is closely related to the very fast increase in viscosity
close to the glass transition (also called Williams-Landel-Ferry
behavior). A semi-dried particle is sticky when its temperature is
within the range between the glass transition and sticky point temper
ature. The temperature of the droplet, which changes during the drying
process, therefore influences the stickiness of a particle and other as
pects of the rheology of the surface of the droplet, such as the devel
opment of elasticity. Since the temperature and concentration can be
superimposed with regards to the rheological response of most carbo
hydrates, both a decrease in temperature and moisture content will
generally increase the elastic as well as the viscous portion of the
viscoelastic behavior. Therefore, both parameters have profound influ
ence on the development of the morphology of the primary particle and
on the agglomeration behavior (Siemons et al., 2020).

4. Evolution of the droplet temperature during drying
The differences in droplet size, relative humidity, flow regime and air
temperature between SDD and spray drying not only influence the
drying kinetics, but also the droplet temperature. Similar to the moisture
content, the droplet temperature influences the rheological properties,
and hence the morphology development, stickiness and agglomeration
behavior, of a drying droplet (Fig. 1). To investigate the temperature
evolution of a drying single droplet, different techniques can be used.
The most straightforward method to monitor the temperature of a
drying single droplet is direct measurement with a thermocouple (Han
et al., 2016; Lin and Chen, 2002). The droplet must be sufficiently large
relative to the thermocouple. Han et al. (2016) worked with 900 μm
droplets of a mixture of n-Dodecane and n-Hexadecane and observed
that the conductive heat transfer between the thermocouple and the
droplet influenced the evaporation process. At air temperatures below
200 ◦ C, the conduction mainly affected the initial evaporation stage,
resulting in a more rapid increase in the droplet temperature and a faster
decrease in the droplet size. Alternatively, the droplet temperature can
be measured non-intrusively, for example by thermography using an
infrared camera. This technique has been applied to acoustically levi
tated, aerodynamically levitated and sessile droplets (Winborne et al.,
1976). Even though thermography gives the surface temperature, while
a thermocouple in principle gives the internal temperature, the tem
perature trajectories of drying suspension droplets as obtained by ther
mography are similar to those measured with a thermocouple.
Although the overall, qualitative trend of the change in droplet
temperature is the same for droplets drying at the single droplet and
spray dryer scale, there are also differences. The temperature

5. Primary morphology development
To improve the understanding and therefore the control of the
morphology of the primary particle, researchers have investigated crit
ical factors influencing the particle morphology, by systematically
changing the spray drying process parameters and/or feed properties
and subsequent microscopic analysis of particle morphologies
(Alamilla-Beltrán et al., 2005; Littringer et al., 2013; Mezhericher et al.,
2015; Paramita et al., 2010). However, the majority of the morpholog
ical research for spray drying has used SDD techniques, as these provide
direct, dynamic observation of the evolution of the particle morphology
during drying. In contrast to spray drying, SDD experiments can provide
real-time information on the governing mechanisms of drying that give
rise to specific morphology. This includes information on the shrinking
dynamics of the droplets, the skin formation, and any mechanical in
stabilities that may occur, such as buckling or cracking (Sadek et al.,
2015a). Nonetheless, because of the differences in drying behavior at
SDD and spray drying, the insights obtained at the single droplet scale
can provide mechanistic understanding but usually no accurate pre
dictions yet, as elaborated in the next section.
Sadek and colleagues (2013, 2015a) and Yu et al. (2021) have for
instance used sessile SDD to study the effect of protein composition on
the mechanical instabilities triggered during drying, such as wrinkling
and vacuole formation. The effect of the solute composition on the skin

Fig. 1. Schematic representation of the change in moisture content and tem
perature of the surface of a droplet during drying at either single droplet or
large spray drying scale in the state diagram.
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formation and mechanical instabilities were also studied with sessile
SDD by Siemons and colleagues (2020, 2021). The effect of the initial
droplet size and the solids content at the onset of the formation of a solid
skin, also called the locking point, was for example studied by Both et al.
using SDD (Both et al., 2019). Other processing conditions affecting the
morphology development, like the drying air temperature and the air
humidity were investigated using various SDD techniques, including
free-flight and acoustic levitation (Both et al., 2018a; Bouman et al.,
2016; Griesing et al., 2016; Rogers et al., 2012; Sadek et al., 2016). The
effects of the drying conditions and process parameters on the overall
morphology development have already been more extensively reviewed
by Both et al. (2019) and Boel et al. (2020).
Despite the importance of SDD studies to study particle morphology
development during drying, the question arises whether the results may
be translated to large-scale spray dryers. Given the difference in drying
conditions, it is not immediately evident whether the morphology
development at a single droplet scale can be directly translated towards
morphology development at an industrial scale.

serum albumin-lactose and hydroxypropyl methylcellulose-lactose
mixtures at a mass ratio of 5:95 and 10% (w/w) total solids yielded
creased/wrinkled particles with dents and ridges at the surface similar to
what was found for laboratory spray-dried powders. Besides,
poloxamer-lactose mixtures with similar mass ratio and total solids
yielded smooth particles after both SDD and laboratory spray drying.
Nuzzo et al. (2015) proposed that the main factor in the scaling effect
was the surface activity of the polymers. A larger surface coverage by the
polymers was found for the larger SDD particles as compared to
spray-dried particles, which according to the authors, was caused by the
longer drying time for larger droplets allowing for longer adsorption
times. The morphology was mainly determined by the surface rheo
logical properties of the feed solution, and to a lower degree by the
surface composition.
In another study, the same authors researched the influence of the
scale of drying and accordingly the droplet size on the surface
morphology, surface composition and internal microstructure for drying
of whole milk (Nuzzo et al., 2017). Whole milk particles as obtained
after acoustic levitation (d0 = 800–1100 μm, 80 ◦ C), laboratory spray
drying (d0 = 2–10 μm, inlet air 210 ◦ C), pilot plant spray drying (d0 =
4–20 μm, inlet air 155 ◦ C) and industrial-scale drying (d0 = 4–30 μm,
inlet air 210 ◦ C) were compared using confocal Raman microscopy, low
vacuum scanning electron microscopy (LV-SEM), and X-ray photoelec
tron spectroscopy (XPS). The different drying rates and, in particular,
drying times affected the surface composition of the particles as revealed
by XPS. The long drying times required during acoustic levitation
allowed for a distinct rearrangement of the components close to the
surface. The increased drying time resulted in an increase in the pro
tein/lactose ratio at the particle surface when compared to the
spray-dried particles. Despite the vast differences in drying times, the
internal structures and the surface morphologies as investigated by
LV-SEM (Fig. 2) appeared similar. For the SDD scale, however, a more
extended lactose enriched surface was found and for full-scale drying
more folded surfaces were observed. According to the authors, the
similarity of the smooth surfaces obtained at the different drying scales
may be attributed to the high viscosity of the matrices, overriding any
potential differences of the surface elasticity at the different scales. The
increased folding of the surface obtained after industrial-scale drying is
ascribed to the different atomization technology, airflow, agglomeration
and additional mechanical stress. The authors eventually suggested that
single droplet dryers and pilot-scale spray dryers can be used for pre
dicting the morphology at an industrial scale.
Both et al. (2020) discussed pilot-scale spray drying of model for
mulations consisting of maltodextrin and whey protein (30% (w/w)),
and compared the results to sessile SDD observations. The particle
morphologies after pilot-scale spray drying were qualitatively evaluated
with SEM and quantitatively with 2D image analysis for particle size and
shape using a Malvern Morphologi 4 particle shape analyzer. Similar as
obtained after SDD, they found on average more hollow particles for
mixtures rich in whey proteins, while increasing the concentration of
maltodextrins yielded more wrinkled particles. The authors also showed
that the droplet size distribution greatly impacts the particle morphol
ogies produced after pilot-scale drying. Larger particles (20–100 μm)
were generally more wrinkled, while small particles (5–20 μm) were
often classified as hollow (Fig. 3). Interestingly, for single droplet drying
this was the other way around. The relatively long drying time for SDD
of ~1 mm droplets (~2–3 min) probably allows for surface enrichment
with protein. A larger protein coverage of the surface results in an elastic
skin that gives rise to cavitation and accordingly hollow particles (Both
et al., 2018a). Increasing the droplet size or decreasing the droplet
drying air temperature during SDD experiments promotes this effect and
consequently more hollow particles may be found (Fig. 4). During
pilot-scale drying, the initial sizes and, accordingly, the drying times are
much shorter and surface enrichment with a particular solute is there
fore limited (Nuzzo et al., 2017). The finding that small particles are
typically classified as hollow is likely related to faster heat and mass

5.1. Particle morphology development during single droplet drying and
spray drying
A major cause of differences in drying kinetics are differences in
droplet sizes. Droplets in an industrial spray dryer have much smaller
initial droplet sizes (mean d0 ~ 30–250 μm depending on the atomiza
tion device (Selvamuthukumaran et al., 2020)) compared to SDD
(Table 1), resulting in a reduced timescale of the drying process (since t
~ d20) (Santos et al., 2018; Vehring et al., 2007). Powder particles are
kinetically stabilized systems, with components migrating during the
drying process, and therefore, it may be expected that the difference in
droplet sizes and hence the difference in drying dynamics affects also the
morphology development (Both et al., 2020). Droplets with a large
initial diameter have a smaller surface-area-to-volume ratio and thus
require more time to dry at similar process conditions than smaller
droplets, allowing more time for diffusional redistribution of the com
ponents depending on their characteristics and interactions (e.g. mo
lecular weight, mutual diffusivities and surface activity) (Boel et al.,
2020). Consequently, larger droplets may have a different surface
composition when compared to smaller droplets, potentially influencing
the rheological surface properties and therefore the mechanical in
stabilities occurring during drying. For this reason, comparisons be
tween the particle morphologies generated at different drying scales (i.e.
different droplet sizes), have received considerable attention (Both
et al., 2020; El-Sayed et al., 1990; Nuzzo et al., 2017; Ullum et al., 2010).
The study reported by El-Sayed et al. (1990) was one of the earliest
studies comparing the particle morphologies of commercially
spray-dried coffee and those obtained after free-falling SDD experiments
for coffee extract. They observed that free-falling droplets with sizes
close to those encountered in commercial spray dryers reproduced the
morphological properties of commercially spray-dried coffee, including
the blowholes and surface irregularities. For the free-falling method, it
may be expected that similar morphologies are produced as the flow
regimes of industrial spray dryers are best reproduced; droplets can have
roughly similar sizes to industrial spray drying operation and the drying
air temperature profiles may be adjusted to mimic those of large scale
dryers (Fu et al., 2012; Sadek et al., 2015a).
Despite the droplet size differences, Ullum et al. (2010) found similar
wrinkled particles for maltodextrin DE18 after acoustic levitation dry
ing, even though the droplets were much larger (d0~500–700 μm) than
those from spray drying. Nuzzo et al. (2015) further investigated the
influence of the physical dimensions and droplet sizes on the develop
ment of the morphology, by comparing an acoustic levitator and a lab
oratory spray dryer for drying surface-active polymer-lactose systems.
They demonstrated that the morphology of single particles produced by
the acoustic levitator (d0~1 mm) can be well correlated to the
morphology of laboratory spray-dried powders (d0~2–10 μm). Bovine
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Fig. 2. LV-SEM images of the morphology and interior of (A, B) SDD particle of whole milk (48% dry matter). Scale bar in (A) 500 μm, (B) 30 μm. (C, D) Pilot plant
spray dried powder particle obtained from re-dissolved whole milk (48% dry matter), scale bars 30 μm. (E, F) Spray dried particle of condensed whole milk (50–52%
dry matter) produced in an industrial sized dryer, scale bars 30 μm. Reproduced from Nuzzo et al. (2017) with permission of Elsevier.

Fig. 3. Particle morphologies of pilot spray dried powders (190 ◦ C inlet, 8% outlet humidity): (A) SEM image of maltodextrin 30% (w/w), (B) SEM image of 50:50
whey protein-maltodextrin mixture 30% (w/w), (C) SEM image of 75:25 whey protein-maltodextrin mixture 30% (w/w), (D) SEM image of whey protein 30% (w/w).
(E) Morphologi 4 analysis results with % wrinkled (dotted), % hollow (white), % other (diagonal lines), divided in particle size groups EC-diameter. Adopted from
Both et al. (2020).

transfer for smaller droplets: smaller droplets deform much more
quickly and therefore elasticity becomes prevalent earlier during the
drying process and accordingly will prevent surface indentations, and
give rise to cavitation. SDD experiments are thus less suitable to predict
the development of the morphology at the very high drying rates that are
present during spray drying of the small droplets.
Gouaou et al. (2019) compared the morphology of hydroxypropy
lated pea starch (HPS) particles using pendant SDD and pilot-scale spray
drying at different temperatures and initial solids concentrations. The
shrinking, deformation and breakage of the particles was attributed to
stress distribution on the crust surface. Spray-dried HPS powder
demonstrated a wide range of particle surface morphologies, with some

particles completely smooth, and others rough with indentations. A
higher degree of surface undulations and more dents were obtained for
spray drying at lower drying air temperatures. Lower air temperatures
result in a slower drying rate, requiring longer residence times, allowing
for particle deformation and collapse. Increasing the solids concentra
tion resulted in smoother surfaces, as attributed to the formation of a
rigid shell that may sustain the surface structure. Similarly, SDD parti
cles with lower initial solids content yielded wrinkled surfaces, while
droplets made with higher initial solids content were generally
smoother. X-ray microtomography of the SDD particles revealed
collapsed particles for low initial solids concentrations dried at high
drying air temperature, which was related to an inflation/deflation
6
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results in different appearance of the agglomerates. Coalescence of wet
droplets does not result in structure formation: the droplets will fuse to
form a new, albeit larger spherical droplet. Collisions between a wet
droplet and a dry fine result in coating and creates onion-like agglom
erates with different layers (Fig. 5). These agglomerates are compact,
difficult to dissolve and therefore usually undesired. Collisions between
two sticky particles or between a sticky and a dry particle lead to either
compact or ‘loose grape’ structures, which dissolve more easily due to
their increased porosity (Pisecky, 2012). When a droplet and a dried
particle collide, the penetration of the dried particle into the droplet can
be characterized by the impact Weber number, which gives the relative
importance of the inertia versus the capillary forces. A larger impact
Weber number leads to deeper penetration (Mitra et al., 2014; van der
Hoeven, 2008).
Although there are different agglomeration zones in a spray dryer,
the nozzle zone has a dominant impact on agglomeration during spray
drying (Schwartzbach and Masters, 2001). In the nozzle zone, the
agglomeration is often enhanced by using multiple nozzles with over
lapping sprays. Agglomeration can further be enhanced by dosing dry,
fine particles into the spray drying chamber, leading to particle-drop
collisions. From a study using marker powder in the fines recircula
tion, it was concluded that nozzle zone agglomeration is predominantly
characterized by particle-drop interactions (Fröhlich et al., 2020).
However, this research was conducted on a spray dryer with only one
atomizer and the conclusions remain to be verified for spray drying
systems with multiple atomizers. Note that a fluidized bed can be
incorporated to induce agglomeration, either as a separate system after
the spray dryer or integrated in multi-stage spray dryers. Experiments on
pilot-scale spray dryers showed that the agglomeration efficiency
(conversion efficiency of the transformation from droplet’s feed size
distribution into the agglomerated size distribution) is more determined
by the probability of successful agglomeration than by the rate of
collision itself (Turchiuli et al., 2011; Williams et al., 2009). Thus,
stickiness is a key aspect to control and steer agglomeration during spray
drying.

Fig. 4. Particle morphologies of 50:50 whey protein-maltodextrin mixture 30%
(w/w) dry matter: (A) after pilot-scale spray drying at 190 ◦ C and 8% outlet
humidity, (B) after SDD at 50 ◦ C, and (C) after SDD at 70 ◦ C with initial droplet
size ~1 mm as reproduced from Both and colleagues (2018a, 2020) with
permission of Elsevier.

phenomenon occurring at air temperatures above 100 ◦ C. Overall, the
range of particle morphologies obtained after spray drying could be
related to the morphologies produced after pendant SDD. The drying
rate resulting from the processing conditions is considered the most
important determining factor for the physical characteristics of the skin
and accordingly the final particle morphology.
Despite the differences between SDD and large scale drying, i.e.
droplet size and size distribution, the aforementioned studies demon
strated that the morphologies of the primary particle produced are often
quite similar. This confirms that SDD techniques allow adequate analysis
of the mechanisms governing morphology development during drying,
which cannot easily be studied at larger scales. However, the develop
ment of the primary particles determines to a large degree how the
agglomeration of the primary particles into larger agglomerates will
take place, as these are the result of collisions between particles at
varying states of drying. The agglomerates largely determine the prop
erties of the ultimate powder obtained.
6. Nozzle zone agglomeration during spray drying

6.1. Assessment of the stickiness and collision behavior at the droplet
scale

In addition to primary particles having different morphologies, they
can also interact to form agglomerates. Agglomeration of primary par
ticles is a key determinant of the functionality of the final powder, such
as flowability and reconstitution behavior. Collisions between two
(semi-dried) droplets can lead to the formation of small agglomerates.
Binary collisions have different possible outcomes: coalescence, sticking
or bouncing (Finotello et al., 2018a). The type of collision behavior

Few studies used SDD to gain insights into stickiness and collision
behavior. The fact that at least two droplets are involved during a
collision complicates the use of SDD approaches. Some researchers
applied a simplified approach to study binary collisions between nondrying droplets. Rabe, Malet and Feuillebois (2010) investigated the
impact parameters versus Weber number for binary collisions of water

Fig. 5. Different types of agglomerates, recreated from Pisecky (2012).
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droplets and determined that coalescence of the droplets is only possible
when their Weber number is smaller than 120, indicative of low cohe
sion relative to the impact velocity. Finotello et al. (2018b) investigated
binary collisions of droplets consisting of reconstituted milk powder or
glycerol varying in solid content, to simulate the increasing viscosity
during drying. Droplets can bounce, coalesce or show reflexive separa
tion upon an increase in Weber number. The authors found that the
critical Weber number for droplet break-up is linearly related to the
Ohnesorge (Oh) number, which relates the viscous forces to the inertial
forces and the surface tension (Finotello et al., 2018a). At higher vis
cosities, a higher kinetic energy is required to achieve droplet break-up,
favoring coalescence. However, solids content is not the only factor
influencing viscosity and thus stickiness, but temperature also plays a
role. Adhikari, Howes, Bhandari and Troung (2004) studied the sticki
ness of single droplets and used it to predict when droplets would
become non-sticky during drying. They experimented with droplets (d0
= 120 μm) comprising of a mixture of maltodextrin DE6, low molecular
weight sugars and organic acids. The stickiness was estimated using the
droplets’ surface glass transition temperature as an indicator. The
addition of maltodextrin DE6 enabled quicker transition to the
non-sticky drying regime which makes it an effective drying aid to
prevent fouling, but this will be disadvantageous for agglomeration.
The different methods to assess the stickiness of powders can be
divided into static and dynamic tests (Sewalt et al., 2020). Static tests
provide information for long-term storage, while dynamic tests are more
useful to evaluate powder processing. The evolution of the dynamic
stickiness of single droplets was investigated by Petersen (2015). A
moving piston was used to impact a drying droplet after a specific drying
time. Visual inspection was used to observe the stickiness for skim milk
and maltodextrin DE18 as a function of the drying time, temperature
and relative humidity. The impact velocity of the piston affected the
behavior, with a higher impact velocity being positively correlated to
increased stickiness.
In short, while several groups have studied agglomeration on small
scale by investigating stickiness in single droplets and by performing
binary collision experiments, studies that combine binary collision ex
periments with drying are lacking and provide opportunities for future
research. This also includes the extension towards pilot- and industrial
scale drying, which encompasses the multi-body interactions that are
inherent to agglomeration, and which never have been studied on small
scale.

pilot-scale spray dryers usually have limited evaporation capacity or too
small diameters to allow for multiple atomizers. Zheng and Huang
(2017) experimentally investigated droplet size distributions with three
overlapping spray cones from pressure-swirl atomizers at ambient con
ditions. They found that coalescence into bigger droplets could be
induced with a specific spatial arrangement of the atomizers. But since
these droplets were not drying, it was not possible to study the
agglomeration of sticky particles. Zbicinski, Ciesielski and Ge (2022)
reviewed single and multi-nozzle atomization in spray drying, and
concluded that there is a strong effect of the nozzle locations related to
the hot air inlet on the particle agglomeration mechanisms. Generally, a
high air temperature in the atomization zone hinders agglomeration
because this promotes earlier crust formation, lowering the stickiness.
For a dual-lance setup, the authors concluded that the distance between
the nozzles determines whether the collisions are wet-wet, sticky-sticky
or sticky-dry, or dry-dry, resulting in different agglomerate structures
(Fig. 5). Given the experimental complexity of studying agglomeration,
others have used computational modelling to obtain better under
standing of the processes that determine the agglomeration process
during spray drying with multiple atomizers (Nhumaio et al., 2004,
2005; Verdurmen et al., 2006). This is still a developing field, where we
expect that the ongoing increase in computational power will contribute
to the design of models that are in semi-quantitative agreement with
experimental observations, providing insights in the near future.
7. Concluding remarks
A range of single droplet drying (SDD) methods is available to mimic
the spray drying process and monitor the drying kinetics and tempera
ture evolution of individual droplets. SDD methods are especially suit
able to characterize the particle morphology, although differences in
drying rate due to droplet size and temperature profile differences do
lead to differences between SDD and spray drying. For future research it
may be considered to extend SDD approaches to facilitate more realistic
simulation of spray drying conditions. This includes small droplet sizes
and super-imposed temperature and relative humidity profiles
providing higher drying rates that are similar to spray drying. Noninvasive measurements during SDD (e.g. thermography) are already
used to collect information on drying droplet properties, but could
perhaps be complemented with other analytical techniques (e.g.
Confocal Raman Microscopy) to dynamically map the changing
compositional surface properties if it is feasible to integrate these
techniques in a SDD set-up (Both et al., 2018b).
The development of the morphology of the primary droplets and the
sticky behavior are very much governed by the rheological properties of
the materials dried. Very recently, we proposed combining SDD models
and rheology to predict mechanical skin properties (Siemons et al.,
2020). This could be taken further to fully model morphology evolution.
SDD methods are intrinsically not suitable to characterize nozzle
zone agglomeration but may be complemented with binary collision
studies of droplets and/or particles. SDD set-ups could be extended to
monitor binary collision behavior, e.g. by contacting a drying droplet
with another wet, dry or drying particle. Better understanding of nozzlezone agglomeration requires use of pilot-scale spray dryer set-ups that
allow for controlled agglomeration, e.g. being able to dose fines and
varying air flow conditions to steer agglomeration.
Ultimately, advanced CFD modelling approaches could prove useful
to fully integrate the insights gained at the SDD and pilot-scale. How
ever, such advanced CFD based models still have a long computation
time. Therefore, a more direct translation of the insights generated by
SDD into lumped models or at least into generic guidelines may aid
industrial application and validation of findings on a large number of
systems.

6.2. Assessment of agglomeration at the pilot- and industrial scale
Researchers have tried to identify the sticky zones in a spray dryer to
determine in which region droplet collisions are likely to form ag
glomerates (Fig. 1). Sticky zones have been identified based on the
surface properties of drying droplets in different regions of the spray
dryer, which were correlated to the local temperature and humidities
(Gianfrancesco et al., 2008). For example, Gianfrancesco et al. (2008)
compared the sticky behavior of maltodextrin DE12 and DE21 during
drying by combining data on drying rate, average particle water content,
particle temperature, and glass transition temperature. They observed
that a drying droplet of DE12 is sticky at higher moisture contents than
DE21. Based on this observation, they hypothesized that particles of
DE12 are sticky close to the atomizer, while particles of DE21 are sticky
lower in the spray dryer. Similar conclusions were drawn in a following
computational fluid dynamics (CFD) modelling study (Gianfrancesco
et al., 2010). To further substantiate this hypothesis, an agglomeration
study was carried out in which powder was reintroduced in different
parts of the spray dryer during the drying of maltodextrin DE12 or DE21
(Turchiuli et al., 2011). The results underlined that the drying behavior
largely influences the location of the sticky zones.
To reach the high throughputs necessary in industrial-scale spraydrying, multiple atomizers are generally used. The overlapping spray
cones increase the frequency of the droplet collisions. Unfortunately,
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