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ABSTRACT

Multi-component liquid droplets are useful systems to design particles with engineered solid structures
by spray drying. However, the use of such process still presents some scientific challenges, such as the
development of a model to precisely describe the final particle structure from the initial drying condi-
tions and liquid formulation.

This review brings together experimental and modeling studies that have been developed in the
literature over the few last decades for a better understanding of the process of particle formation from a
drying liquid droplet. To overcome such challenges, experimental studies at the spray scale and at the
droplet scale have been proposed. Furthermore, modeling approaches have been suggested to represent
the process of particle formation. The main existing models are well established for the first droplet
drying phase, however, the processes of crust formation and development are more complex, which
leaves space for further improvement of the proposed models.
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1. Introduction

Liquid droplets, which are afterwards solidified by physical or
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chemical transformations, is one of the major means of generation of
solid particles with controlled properties like shape (predominantly
spherical), size, chemical surface composition, porosity or density
[1,2]. These properties impact other targeted functional solid prop-
erties, such as reactivity, dissolution and release profiles, taste
masking, flowability or wettability [2,3], which are the main issues
for applications including pharmaceutical [4], food [5], catalysis [6],
development of new materials [7] and other fields [8—10].



Liquid droplets as templates for solid formation are encountered
with a variety of industrial processes, among them, spray drying.
Spray drying involves the breaking of a liquid by a controlled liquid-
gas dispersion achieved mechanically, pneumatically or ultrasoni-
cally [1,11—13] to produce droplets of well-controlled shape and
size, which will become solid particles into the drying chamber.
From spray drying, liquid droplets can be structured in sophisti-
cated solid particles (e.g. porous, multi-layered coated, surface
comprising smaller sub-units such as nanoparticles), which has
attracted attention to the use of this technology in different fields of
application [2,4,7,14].

Spray drying has been an interesting process for industrial ap-
plications over the years. This increasing attention can also be seen by
the number of different papers published on this drying topic. In the
Web of Science, more than one thousand papers are published every
year. However, there are still a deficiency concerning the description
of the particle formation in the spray drying operation, especially
with multi-component systems containing compounds which have
different physicochemical properties like water solubility, molecular
mass, surface active properties or chemical polarity. Due to the in-
teractions between the components caused by these differences,
component separation might take place in a droplet during spray
drying. The redistribution can be driven by the difference in the
diffusivity of the components, component solubility, density, surface
activity and hydrophobicity of components and the final composition
within the dried particle is a resultant of all these forces.

The major scientific obstacle nowadays for designing multi-
component solid particles is the detailed description of the com-
ponent's distribution inside the droplet/wet particle during drying,
besides prediction of the final particle morphology. Experimental
and modeling approaches are used in the literature in order to
overcome this handicap. Both approaches are developed either on
the spray scale, which means working with a pilot- or lab-scale
spray dryer, or on the single droplet scale.

The main objective of the paper is to highlight the interest on
experimental and modeling approaches to study the mechanisms
leading to the formation of different solid structures from drying
liquid droplets. Thus, the review starts by introducing the diversity of
spray-dried solid particle structures that can be obtained when the
liquid formulation and the operating conditions are changed in a
spray drying process. Secondly, it presents the experimental studies
on the spray of droplets and the drying of a single droplet, including
in situ measurements for composition evaluation. Finally, it focuses
on the modeling of a drying droplet, regarding the systems dried, the
crust formation and particle morphologies simulated.

2. A qualitative view on typical spray-dried particle solid
structures

In the spray drying process, evaporation firstly takes place at the
surface of the droplet. In that way, the solvent molecules inside the
liquid phase will move from the core of the droplet to its surface.
The other substances present in the droplet are equally carried by
this outward motion. Thus, the solvent removal leads to a solute
enrichment at the surface of the droplet, until a solid phase (crust)
begins to form. As the solvent removal progresses, the crust
thickens and grows towards the center of the liquid phase.

One important parameter that arises when dealing with the
process of particle formation is the capillary pressure, which is
derived from the difference in the pressure inside and out the
droplet and is related to the surface tension (a force that acts upon
reducing the surface area of the droplet). At the beginning of dry-
ing, the droplet shrinks and the internal pressure increases as a
result from solvent removal. However, once the crust is formed, the
reduction in the droplet volume is hindered. Consequently, a
growing pressure will be applied over the new-formed crust for

balancing the internal droplet pressure. The crust at the droplet
surface may be rigid or flexible, depending on the solutes molecular
size, viscoelastic properties and molecular interactions [15,16].
Thus, depending on the mechanical properties of the crust, the
increase in capillary pressure will play a fundamental role on the
definition of the final aspect of the resulting solid particle.

Typical visual aspects or particle morphologies of spray-dried
solid structures are shown in Fig. 1. The particles may present a
dense [4,17] or a hollow core [18—20], a wrinkled surface [4,21,22]
or they may acquire the shape of a doughnut [23,24] or a raspberry
[14,23]. The generated structure may also be highly porous [4,23] or
have a “hairy” surface [23]. The reasons for these differences are
discussed hereafter.

Starting from dense (Fig. 1-a) and hollow (Fig. 1-b) particles:
when the evaporation flux from a liquid droplet is faster than the
solute enrichment at the droplet surface, the formation of a solid
crust in the droplet surface is delayed and the resulting solid par-
ticle may present a dense core. On the other hand, if the solvent is
removed from the droplet faster than the compounds diffusion
towards the center of the droplet, a hollow core is most likely to
appear [25]. As a result, the particles obtained via spray drying may
have a dense (Fig. 1-a) or a hollow core (Fig. 1-b), even though the
hollow particle is more easily obtained due to the fast solvent
removal rates employed in this process.

A smooth spherical hollow particle is formed when the me-
chanical strength of the crust formed during drying can sustain the
inward capillary pressure, driven by the moisture evaporation [26].
If the resultant capillary pressure does not deform the crust, this
could lead to a reduction in the wet particle's internal pressure,
which could promote the formation of a bubble [27]. Upon further
removal of solvent, this centrally located bubble would increase in
diameter until the inner particle surface is solidified. If the pressure
difference across the crust deforms it, a wrinkled (Fig. 1-c) or
doughnut-like (Fig. 1-d) morphologies will probably be obtained
after drying [16]. In addition, crust inhomogeneities can induce the
buckling phenomenon as well, as shown by Bahadur et al. [24]. The
phenomenon of the particle surface deformation has been mainly
studied on the drying of colloidal suspension systems [26—29].

Raspberry-like particles (Fig. 1-e) are the result of the drying of a
liquid suspension. The nano- or microparticles in the liquid phase
also follow the drying mechanisms as described previously, such as
the surface enrichment, but lead to the formation of a rough surface
due to the their bigger size, which can go as high as 650 nm [14].
Correspondingly, the hairy-particle (Fig. 1-f) are generally produced
from suspensions under some specific conditions as described by
Nandiyanto and Okuyama [23], where a carbon nanotube catalyst
(CoPd nanoparticles) and boron nitride nanoparticles were
immersed into an ethanol droplet. Without the catalyst, the boron
nitride and ethanol mixture would form raspberry-like particles.
The addition of the CoPd causes the decomposition of ethanol and
formation of carbon nanotubes on the particle's surface.

As described by Vehring [4], highly porous particles (Fig. 1-g) are
the result of the drying of an emulsion, where the dispersed phase
(acting as the porous template) evaporates slower than the
continuous phase. A stabilizing agent is generally necessary to
avoid coalescence of the dispersed phase during drying in order to
generate the structure shown in Fig. 1-g.

The first scientific effort to study spray-dried particle mor-
phologies was done by Charlesworth and Marshall [30]. These au-
thors performed a series of single-solute solution droplet drying
experiments in order to give a set of different particle morphol-
ogies. This experimental approach was later applied by Walton and
Mumford [31], with the drying of single-solute solutions, suspen-
sions and multi-component emulsions. Furthermore, the same
authors highlighted the production of particles with a hollow or a
dense core, a smooth or wrinkled surface, depending on the initial



(a) Dense particle

(b) Hollow particle

(e) Raspberry-like particle

Fig. 1. A schematic representation of the possible particle morphologies obtained from the drying of a droplet: (a) dense core, (b) hollow core, (c) wrinkled particle, (d) doughnut-
like particle, (e) raspberry-like particle, (f) hairy particle, (g) highly porous particle. Adapted with permission from Ref. [4]-(a,c,g) [18],-(b) [23],-(d,e,f).

liquid formulation and drying conditions. The reader may also
consult a comprehensive review written by Nandiyanto and
Okuyama [23] on the subject, with the production of different
particle morphologies by varying the initial liquid formulation.

Regarding the application of the different morphologies pre-
sented in Fig. 1, Shah et al. [32] stated the use of particles with
wrinkled surface for enhancing the aerosol performance in inha-
lation drug delivery systems due to a reduction in the attractive
interparticle interactions. Such improvement in the pulmonary
delivery efficiency could also be obtained from the low-density
hollow particles [4]. For the highly-porous particle (Fig. 1-g), ac-
cording to Vehring [4], the design of such particle with very low
porosity have been applied for pulmonary delivery of small mole-
cules and have been suggested for vaccination purposes.

The particle structures obtained via spray drying are strongly
connected to the physicochemical properties of the substances being
dried and the drying conditions. This Section highlighted the rich
possibilities of particle morphologies that can be produced. In order to
master the design of such tuned spray dried particles, regarding the
morphology, the component distribution or mechanical resistance, for
example, it is crucial to comprehend the mechanisms of particle for-
mation, thus the importance of the experimental and modeling ap-
proaches presented in the next Sections.

3. Experimental approaches on drying droplets

In order to deal with the still present scientific challenges in the
spray drying operation, two experimental approaches have been
developed to study the drying of liquid droplets: either the ex-
periments are focused on the spray of droplets, as in the industrial
drying operation, or they are executed on a simplified version of the
process, which means working with a single droplet.

3.1. At the spray scale

Experimentally, understanding the drying mechanisms for a
spray of droplets is based on the ability to relate the droplet

properties before drying (e.g. droplet size, concentration) and the
air properties (e.g. air inlet temperature, air flow), to the dried
particle properties (e.g. particle apparent density, surface compo-
sition, porosity, morphology and inner component distribution), as
shown in Table 1. The present approach is commonly accomplished
with pilot- or lab-scale spray dryers [33]. Thus, the initial drying
conditions are changed and the resulting effect on the final particle
solid structure is analyzed by means of techniques like scanning
electron microscopy, Raman spectroscopy, pycnometry and X-ray
photoelectron spectroscopy. The main drawback of such approach
is the lack of in situ monitoring to track changes in the composition
of the droplets through the whole drying operation. This would
require a technique sophisticated enough to follow the thousands
of droplets of various sizes produced by the atomizer, transported
by the air flow and dried in only a few seconds.

In order to follow the drying of the droplets, Pearce [34] pre-
sented a sampling device containing liquid nitrogen to flash frozen
the droplets at different positions in the drying chamber. For each
trial, the sampling device collected around 50—100 g of droplet/wet
particles in a couple of minutes. The moisture content of the frozen
sample was measured afterwards. Furthermore, air bulk properties,
e.g temperature and humidity, can be measured from thermocou-
ples and humidity sensors placed at different positions in the
drying chamber, to obtain a discrete evolution of both air charac-
teristics [35]. However, the droplet bulk properties measured with
the device described by Pearce [34], along with the discrete evo-
lution of the air characteristics, would give only a general idea
about the drying history. In order to engineer solid particles from
complex liquid formulations, a finer experimental evaluation of the
solid formation mechanisms is required.

Hence, the drying of a single liquid droplet has been proposed as
an alternative path to study the spray drying process. In that way,
the structural evolution can be monitored and changes in the
droplet properties can be quantified due to the use of bigger
droplets, longer drying times and laboratory apparatus allowing
the in situ follow-up [36,37]. A literature overview regarding the
single droplet is the subject of the next section.



Table 1

A few examples of studies related to the effect of drying conditions and liquid formulations on particle properties at the spray scale.

Authors

Compounds

Objective

Outcome

Poozesh et al.
[124]

Munoz-Ibanez
etal. [3]

LeClair et al.
[125]

Bahadur et al.
[24]

Lietal. [21]

Elversson and

Millqvist-
Fureby [19]

Steckel and

Brandes [20]

Elversson et al.
[18]

Solution of felodipine and
polyvinylpyrrolidone in methanol

O/w emulsion. Sunflower oil as
dispersed phase and acacia gum
and maltodextrin as wall material.

Aqueous solution of mannitol,
dextran and adenovirus expressing
Escherichia coli -galactosidase.

Colloidal dispersion of silica and a
polymer (polyethylene glycol) with
two different molecular weights
(PEG400 or PEG1450).

O/w emulsion. Vitamin E as oil
phase. Wall materials: whey
protein, maltodextrin, gum arabic,
Nutriose, Kleptose or Cleargum.

Aqueous solutions of lactose,
mannitol and sucrose/dextran.

Oil-in-water emulsion. Aqueous
phase composed of salbutamol
sulphate, poloxamer (or
phosphatidylcholine) and lactose
(or a cyclodextrin derivative). Oil
phase composed of HPCD (2-
hydroxypropyl-beta-cyclodextrine)
or HPCD + dichloromethane.
Aqueous solution of lactose

Qualitative analysis of the influence of the
spray-dried particle size (produced from
different solid loads, i.e. 0.63 %w/w and 2.4
%w/[w) on particle morphology and
porosity.

Influence of the emulsion size (0.1 and

1 pum) and rotary atomizer speed

(33200 rpm and 3270 rpm) on the particle
morphology and component distribution.

Influence of spray drying parameters (air
inlet temperature, gas flow rate, liquid feed
flow rate and initial solute concentration)
on powder yield, particle size fraction
below 5 um and viral vector activity loss.

Investigation of the particle morphology by
changing the polymer and its concentration
(0.5, 1.0, 2.0 and 3.0% w/w).

Analysis of pure wall material morphology
and size distribution. Effect of adding
vitamin E to the morphology and size
distribution of whey protein, as model wall
material. Investigation of the size of the
vitamin E nanodroplets before and after
spray-drying.

Investigation of the influence of feed
concentration (ranging from 1% w/w to the
corresponding saturation concentration) on
particle size and apparent density. The
effect of changing the dissolved solids on
particle morphology was also examined.
Creation of particles with low apparent
density for pulmonary drug delivery by
changing the volatility of the emulsion oil
phase.

Effect of nozzle diameter (1.5 mm and

2.0 mm), atomization air flow (from
20.6Lmin"" to 35.7Lmin’1) and feed solid
content (from 1% w/w to 20% w/w) on
droplet and particle size

Larger particles (diameter greater than 20 um) presented a
porous structure with an important spatial dispersion of
components. Smaller particles (diameter inferior to 10 um)
were more evenly distributed in composition and less porous.

The morphology changed from hollow and wrinkled to hollow
and smooth by decreasing the atomizer speed. Oil droplets, in
general, evenly distributed in the particle crust. Increasing the
atomizer speed had a positive effect on the wall material spatial
distribution.

Loss in viral activity was affected mainly by an increase in the air
inlet temperature and gas flow rate. A reduction in powder yield
and the desired particle size fraction was the result of increasing
the air inlet temperature, the liquid feed flow rate and the initial
solute concentration. An increase in the gas flow rate had no
significant effect on the powder yield, but increases the desired
particle size fraction (5 pm).

Pure silica particle had a doughnut shape. Adding 0.5% w/w of
PEGA400 led to a spherical particle with a small dimple. Higher
concentrations resulted in spherical particles. Using PEG1450 at
0.5% w/w resulted in spherical particles. Higher concentrations
generated wrinkled particles.

The pure wall materials produced wrinkled particles with size
ranging from 1.5 pm to 2.0 um. The wrinkled particle of pure
whey protein became a smooth spherical particle by the
addition of vitamin E. Changing the vitamin E concentration
from 21.4% to 17.6% w/w reduced the particle size from 2.0 pm
to 500 nm. The vitamin E nanodroplets doubled in size after
spray-drying compared to the initial emulsion size.

Higher solid contents resulted in bigger particles and lower
apparent density. Lactose and sucrose/dextran originated
hollow amorphous particles. Mannitol alone produced
crystalline porous particles.

Particles with an apparent density of 0.04gcm—3 were obtained
with only HPCD in the oil phase. Particles were hollow with a
thin shell and a blow-out hole. Adding dichloromethane to the
oil phase reduced the particle apparent density to 0.02gcm—3.
The new particles presented a highly porous structure.

Droplet size controlled by nozzle diameter and air flow. Particle
size increased by higher nozzle diameter and feed
concentration.

3.2. At the droplet scale

3.2.1. Presentation of the drying techniques

Changing the observation scale, from a spray of droplets to a
single droplet, has become an interesting route to understand the
mechanisms of component interaction and distribution inside the
liquid droplet and the formation of the solid structure. As presented
in Fig. 2, the single droplet will clearly not experience the same
drying conditions as it would in the industrial drying chamber —
especially with the increase in droplet diameter (achieving droplet
sizes ten times bigger than that in the industrial chamber) [38] and
drying time (from seconds in the industrial chamber to minutes in
the single drop experiment) and the suppression of the distur-
bances related to the spray drying process (e.g. droplet-to-droplet
interaction, droplet-to-wet particle interaction, droplet-chamber
wall collision) [37]. Nevertheless, single droplet experiments can
still be used to reproduce particle morphologies that would be
obtained from the industrial process [16,39].

Many devices have been presented in the literature to follow the
drying of a single droplet (Fig. 3). Some use an intrusive material to
hold the droplet in place, like a filament [40—43] or a hydrophobic

surface [44—47]. Others maintain the droplet's position by means
of an acoustic field [48—51] or an air stream [52—54]. A droplet can
also be let to freely fall through a small chamber [55—57]. Less
common methods consist of placing the droplet between plates
[58] or making it levitate on a thin layer of its own vapor (the
Leindenfrost effect) [26].

The proposed devices tend in their ways to reproduce the
environment encountered by the droplets in the industrial drying
chamber, apart from the collisions. As a consequence, they are
useful to give detailed technical information but also have inherent
limitations, as summarized in Table 2. The choice of the method will
depend on the researcher's judgment in weighting the suitability of
the method to the goal of the study.

3.2.2. Suspension by a filament

Regarding the method of droplet suspension by a filament, the
droplet mass variation over time can be accurately measured by
attaching the filament to a precision balance, provided that special
attention is given to the air flow disturbances on the mass
recording. The filament method has been used for droplets con-
taining dissolved salts [43,59,60], dissolved sugars [41,61,62],
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Fig. 2. Representation of the disturbances that occur during the drying of liquid
droplets in the spray-drying chamber.

functional oils [63,64], pharmaceutical compounds [65,66] or
droplets containing milk components [42,67—71]. A thermocouple
may be inserted in the droplet in order to assess its temperature, as
accomplished by Al-Mubarak et al. [72] and Lin and Chen [42]. This

Vb

(@) (b)

adds another intrusive material in the interior of the liquid phase,
which can interfere in the drying of the droplet. To overcome the
use of a thermocouple, Saha et al. [ 73] used an infrared camera with
a droplet levitated by acoustic waves, but only the droplet surface
temperature could be measured.

The intrusive material used to hold the droplet in place must
cause the least possible disruption to the drying of the droplet. In
that way, Han et al. [74] et Fu et al. [39] examined the effect of the
suspension filament on the energy transferred by conduction to the
droplet during drying. They showed that the presence of a glass
filament only contributes to approximately 1% of the total heat
transferred to a 1 mm droplet. However, this low energy input
could still be considered as a parasite heat transfer [75]. Regarding
the effect of the filament on the mass transfer, the presence of
scratches on the surface may promote heterogeneous nucleation,
which offers a smaller energy barrier for phase transition. In that
way, the particle solid structure may be formed sooner than in the
case without the filament. Thus, it may influence the final particle
diameter and at a lesser extent the distribution of the components
in the solid structure.

In an industrial drying chamber, the air flowing around a droplet
presents homogeneous temperature and vapor content profiles due
to the turbulent flow. In that way, heat and mass transfers are more
symmetrical over the surface of the droplet. However, in the single
droplet methods, the air flows in a laminar regime. Thus, the heat
and mass transfers are greater on the droplet side facing the air
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Fig. 3. Single droplet drying techniques: (a) droplet on a hydrophobic surface; (b) droplet hanging on by filament; (c) droplet levitated in a acoustic levitator; (d) droplet levitated

by an air flow; (e) free-fall technique.

Table 2
Single droplet drying techniques: an overview.

Non-invasive methods

Invasive methods

Chain of droplets

Aerodynamic levitation

Acoustic levitation

Thin filament

Hydrophobic surface

Available information

Diameter evolution tracking

Radial composition
measurement

Technical limitations

No direct temperature
measurement

No direct mass measurement

Diameter evolution tracking
Radial composition
measurement

Droplet temperature
assessment

No direct mass measurement

Solute nucleation zone

Diameter evolution tracking
Radial composition
measurement

Droplet temperature
assessment

No direct mass measurement
Droplet position control

Droplet size (300 pm - 1 mm)
Droplet deformation

Parasite heat transfer

Solute nucleation zone

Diameter evolution tracking
Radial composition
measurement

Droplet temperature
assessment

Droplet mass determination

Droplet position control
Droplet size (500 pm - 9 mm)
Lack of free rotation

Parasite heat transfer

Solute nucleation zone

Diameter evolution tracking

Radial composition measurement

Droplet temperature assessment

Droplet mass determination
Crust growth observation

Droplet's internal structure
visualization

Droplet size (150 pm - 2 mm)
Droplet deformation

Lack of free rotation

Parasite heat transfer

Solute nucleation zone




flow and lower on the wake region. To adress this issue, Hassan and
Mumford [15] et Al-Mubarak et al. [72] used a rotating capillary to
homogenize the mass and energy transfers, but the impact of the
revolving speed on the evaporation rate was not investigated.

3.2.3. On a hydrophobic surface

The other intrusive drying method consists of placing a droplet
on a flat surface covered with a hydrophobic substance, like poly-
dimethylsiloxane (PDMS) [46,76], polypropylene [77] or Teflon
[45], so that a high contact angle can be obtained between the
droplet and the surface. To increase even further the contact angle,
Al-Shehri et al. [78] used a spinning hydrophobic surface to obtain a
perfectly spherical droplet. This single droplet method has been
used for investigating the inactivation of a bioactive substance
during drying [47], surface buckling [27—29,77], vacuole formation
and mechanical properties of milk particles [58,76], organisation
[79], movement [80—82], agglomeration [44] of nanoparticles
during drying and also droplet bouncing on hydrophobic surfaces
[83—85].

Sadek et al. [76] placed an optical microscope in fluorescent
mode near the hydrophobic surface to observe the solid structure
formation inside the droplet containing a fluorescent dye. The
images captured by the microscope corresponded to a horizontal
plan 60 um away from the hydrophobic surface.

Like the filament method, the hydrophobic surface may transfer
heat by conduction to the droplet. According to Perdana et al. [47],
this energy input is smaller than 5% of the total heat transferred to
the droplet. The hydrophobic surface may also present preferential
sites for solid nucleation. to Perdana et al. [47] also highlighted the
modification of the air streamlines around the droplet (due to the
presence of the surface) and the importance of appropriately adjust
heat and mass transfer coefficients.

3.2.4. Acoustic levitation

To avoid using an intrusive material to hold the droplet in place,
an acoustic field can be created by a transducer and a reflector. A
droplet inserted in this field will not move due to an equilibrium
between the droplet weight and the upward acoustic radiation force
[75]. It means that the droplet can move upwards due to moisture
loss if the pressure radiation force is kept constant [49]. This vertical
displacement can be used to generate the droplet drying curve [48].
The use of such method may not be appropriate for the falling drying
rate period, where the droplet mass loss becomes smaller and thus
the change in droplet position is less discernible. To reduce the effect
of acoustic streaming generated by the acoustic field around the
droplet, some authors have adapted the acoustic levitator so that an
air flow could be used [48,51,75,86]. In that way, the moisture vapor
would not be retained at the droplet's boundary layer. The droplet
position on the acoustic levitator could become unstable if the air
flow rate were increased to suppress the effect of the acoustic
streaming on the droplet drying rate. The acoustic levitation has
been used for studying the structural behavior of proteins during
drying [87], particle mechanical strength [88,89], droplet velocity
field [80,90] and surface buckling [91].

3.2.5. Aerodynamic levitation

The aerodynamic levitator, as presented by Adhikari et al. [52], is
another non invasive method used for the drying of single droplets.
In this case, an air flow is created to suspend and dry the droplet.
This method is rarely applied for drying droplet studies, due to the
difficulties in maintaining the droplet in place, which makes the
image capture and mass and temperature measurements difficult.
However, in the field of physics, Weber et al. [54] and Hennet et al.
[53] have used the aerodynamic levitation to study molten mate-
rials using synchrotron x-ray.

3.2.6. The free-fall technique

The single droplet drying method that resembles the most the
spray drying operation is the free-fall technique — or chain of
droplets technique, when more than one droplet is produced during
the experiment [57]. This method does not enable the direct mea-
sure of mass or temperature of the falling droplet. Image analysis
has to be used to assess the evaporation rate, as demonstrated by
Baldelli et al. [55]. The main advantage of the chain of droplets
technique is the small size of the droplets (compared to the other
single droplet drying methods) and the creation of monodisperse
droplets. For example, Baldelli et al. [55] produced particles as small
as 30um from an acetone droplet containing cellulose acetate
butyrate. Regarding the particle size distribution, Rogers et al. [56]
produced 100 pm particles with size variation smaller than 10 pm.
In that way, the droplets generated will experience the same drying
history and produce the same solid structures [92,93]. A few grams
of powder can then be produced and used for the evaluation of
powder bulk properties, like water content and solubility [92].

From the single droplet drying methods, droplet average pa-
rameters like mass, temperature and concentration can be obtained.
Image analysis may also give evaporation rate from the isotropic
shrinkage, if any, and external visualization of crust formation and
evolution. To understand the mechanisms of component distribution
during drying, many studies relate the changes in the initial droplet
properties to the final particle properties, as shown in Table 3. This
approach was previously discussed on the Section dedicated to the
spray of droplets. The studies with in situ droplet components dis-
tribution measurement are presented in the next Section.

3.2.7. In situ component distribution evaluation
In order to assess the internal droplet composition profile
without disturbing the drying process, it is important to use
experimental techniques that interfere the least with the droplet
compounds. The techniques in this Section rely mainly on the
electromagnetic waves emitted from the compounds present in the
droplet to give information about their distribution in the liquid.
The research group of Quino et al. [94] has developed an exper-
imental set-up that enables the acquisition of a one-dimensional
concentration profile inside the droplet using Raman spectroscopy.
A droplet containing a mixture of acetone and water was levitated
through an acoustic levitator and a Nd:YVO4 laser operating at
532 nm was horizontally directed to the droplet. A CCD camera
coupled with an spectrometer captured the Raman light scattered at
an angle of 90° from the incident laser beam. Even though no solid
particle was formed during the experiment, the set-up developed
was still useful for seeing how the acetone concentration was
distributed across the droplet (Fig. 4). The data were obtained every
second and the concentration points were spaced at intervals of
120 um. Enhancing the concentration profile near the droplet surface
by increasing the number of measured concentration points is a
complicated task due to light distortion near the liquid-air interface.
The same group also used the Raman technique for measuring a
concentration profile of a supercritical drying gel placed on a high-
pressure chamber [95] and the composition of a pendant liquid
droplet confined in a supercritical carbon dioxide environment [96].
When a laser beam is focused on the droplet, only a small per-
centage of the incident light is reflected as Raman light. As a result,
very sensible detectors have to be used in order to quantify the weak
signal as a compound concentration. Increasing the laser power to
reduce measurement errors may induce liquid evaporation. This
would deviate the drying experiment from the spray drying process.
Apart from the Raman technique, Lemoine and Castanet [97]
also presented an optical technique, called the Rainbow refrac-
tometry, which is based on the droplet's refractive index. According
to the authors, the dependence of the refractive index with the
droplet's temperature and composition should be known. The main



Table 3

Some examples of single droplet studies relating the changes in drying conditions to the final particle properties.

Authors Method Compounds Objective Outcome
Osman Acoustic Colloidal suspension. Silica Investigation of the particle morphology  Drying the 46 nm silica resulted in a dense spherical
et al. levitation nanoparticles in water. by varying the size of the silica particle, while the microsized silica originated a particle
[107] nanoparticles from 46 nm to 2.5 pm. with a shape resembling the human red blood cells.
Fu et al. Thin filament  Suspension of silica Investigation of the final particle solid The particle solid structure with no model drug presented a
[65] nanoparticles and Eudragit structure (porosity, component porous region rich in Eudragit RS near the particle surface
RS 30D containing either distribution, surface visual aspect) by and a denser region rich in silica towards the core of the
Rhodamine B or sucrose as changing the concentration of the model  particle. The visual aspect of these two regions was not
model drug. drug in the formulation (0, 5 pg mL™' or  modified by the addition of the model drug. However,
1.5mgmL) Rhodamine B was more concentrated at the porous region,
while the sucrose was more homogeneously distributed. All
the formulations resulted in a particle smooth surface,
except the formulation with a high loading of Rhodamine B,
which presented small wrinkles on the particle surface.
Shamaei Thin filament  O/w emulsion. Walnut oil Investigation of the effects of drying air The particle surface became less wrinkled with increasing
etal.[22] as dispersed phase. Skim temperature (80°C—140"C), total solid temperature and oil/wall ratio. A reduction in surface
milk solution as continuous ~ content (12%—30% w/w) and oil/wall roughness was obtained with higher total solid content.
phase. material mass fraction (0.25—1 w/w) on Bigger particles were obtained by increasing the studied
the particle size and surface morphology.  parameters.
Sadek et al. Hydrophobic Two aqueous solutions Analysis of the particle morphology and The WPI particle had a hollow morphology with a smooth
[58] surface were prepared: one with crust properties (buckling time and surface while the NPC particle presented a wrinkled
whey protein isolate (WPI),  compression behavior) under the same morphology. The surface of the NPC particle started to
and the other with native drying conditions (air temperature at buckle after 11 min of drying and the crust tends to deform
phosphocaseinates (NPC). 20°C and relative humidity at 2%). under stress. On the contrary, the WPI particle crust started
to buckle after 30 min and it tends to fracture under stress.
Mondragon  Acoustic Colloidal suspension. Silica Inluence of the solid mass fraction (0.02  The solid mass fraction and the initial droplet volume had a
etal. levitation nanoparticles in water. w/w - 0.2 w/w), drying temperature positive effect on the final particle size, on the particle shell
[126] (80°C—120°C), droplet initial volume thickness and on the mechanical strength. The pH value had
(0.3 uL—0.8 pL), pH value (2—10) and salt  a positive effect on the particle mechanical strength only at
concentration (Omol L~'—0.05mol L~1) high solid mass fraction. The other tested parameters did
on the final particle size, shell thickness not have any important influence on the particle size, shell
and mechanical strength. thickness and mechanical strength.
Mondragon  Acoustic Porcelain tile suspensions Influence of varying initial solid mass The porcelain tile size and the initial solid mass fraction had
etal.[89] levitation (45% clays, 6% sand and 49%  fraction (0.65 w/w - 0.70 w/w), a negative effect on the porosity but a positive effect on the
feldspars) in water. flocculation state (flocculated - particle mechanical strength. Increasing the air temperature
deflocculated), porcelain tile size also had a positive effect on the mechanical strength but not
(1.95 pm—3.25 pm), air temperature a relevant importance for the porosity. The deflocculated
(70°C—100'C) and initial droplet volume  porcelain tiles improved the particle porosity and may
(0.4 uL—0.7 uL) on the particle porosity improve the particle mechanical strength if a high initial
and mechanical strength. solid mass fraction is used.
Rogersetal. Free-fall Reconstituted skim milk Influence of varying the air inlet The temperature had a negative impact on the solubility of
[92] technique and milk protein temperature (from 77'C to 180°C) on the  the dried particles. Indeed, an increase in the air

concentrated powders

solubility of the final particle.

temperature produced insoluble material in the droplet
liquid phase during drying.

drawback of this technique is the need of a transparent droplet. For
this reason, this method would not be useful for the main dried
systems, like emulsions and solid suspensions, as the presence of
undissolved solids in the droplet would alter the liquid refractive
index. Therefore, obtaining a concentration profile from the
refracted light in such dispersion would be a quite complex task.
Additionally, the formation of a solid crust, if not transparent, could
impede the light from entering the droplet.

In the same publication [97], the use of laser-induced fluorescence
to characterize the internal flowfield was also reported. Manukyan
et al. [80] and Saha et al. [90] visualized the internal flow in a droplet
deposited on a hydrophobic surface and a droplet acoustically levi-
tated, respectively, by adding tracer nanoparticles in the droplet
(copolymer [80] or polystyrene [90] microspheres). The former was
interested in analyzing the effect of the initial contact angle and the
pinning effect on the internal flow and the latter studied the effect of
droplet size and viscosity on the internal flow. Even though this
method does not give a direct measure of the component concen-
trations, it is a helpful technique to evaluate, for example, if the liquid
streams could evenly homogenize the component concentrations,
provided that the tracer employed does not disturb the drying pro-
cess. According to Manukyan et al. [80], the weakening of the liquid
streams after the crust formation could also be visualized.

Griffith et al. [98] employed nuclear magnetic resonance spec-
troscopy to study the drying of a detergent droplet suspended by a

glass filament. A 10 pL-droplet (diameter around 1.6 mm) was
excited at discrete times and the obtained spin echo profiles were
translated into a water distribution profile. Despite its great po-
tential, the use of this technique is not widespread due to capital
expenditure (Capex) costs.

To evaluate the components distribution and the chemical surface
composition of a droplet over discrete drying times, Foerster et al.
[71] stopped the drying process by flash-freezing the droplet with a
vial containing liquid nitrogen. Two model milk emulsions were
studied, with different fat contents. The chemical surface composi-
tion of the frozen droplet was measured by X-ray spectroscopy, while
the component distribution was assessed by confocal laser scanning
microscopy. For the latter, the protein molecules were labelled with a
red fluorescent dye and the fat with a green one. Then both were
excited by respective laser lights. Compared to the methods pre-
sented in this Section, flash-freezing the droplet is a rapid way to stop
the drying process and to allow a subsequently ex-situ measurement
of the droplet component distribution.

4. Modeling approach for a single droplet

The representation of the drying process through models is an
important tool to improve the knowledge about spray-dried par-
ticle formation. However, due to the complexity of the process, the
model results have to be supported by experimental observations
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Fig. 4. Temporal evolution of radial composition profiles of a water-acetone droplet
measured with the in situ Raman technique. From the lateral coordinate axis, the
droplet initial diameter is about 2 mm and the final diameter is 1.3 mm. The acetone
mole fraction difference between the droplet surface and center reduces over time.
Adapted with permission from Ref. [94].

in order to be validated [62]. To adequately represent the drying of a
multi-component droplet, a rigorous description of the component
diffusive fluxes should be used, since the final component distri-
bution strongly depends on how the substances are being trans-
ported in the liquid phase. The process of crust formation and
development should be equally well described so that the models
can properly represent the drying process of a droplet and then be
scaled-up to represent the drying process at the industrial or
commercial spray dryer scale.

The drying of a droplet has been illustrated through the use of
an empirical or a deterministic approach. For the empirical
approach (Section 4.1), experimental observations are used for
describing the evolution of the droplet over time with average
droplet properties (no spatial distribution). On the other hand, the
deterministic approach (Section 4.2) uses spatially-resolved vari-
ables for representing the drying of the droplet, thus giving a much
finer insight into the droplet variable changes.

4.1. Empirical approach

Three main empirical approaches have been used in the study of
a single droplet drying: the characteristic drying curve (CDC)
approach [99—101], the reaction engineering approach (REA)
[100—106] and a Peclet number based analysis (PNA) [68,107].

The CDC and the REA approaches give fast information about the
droplet drying kinetics. They are relatively simple to implement
because they use lumped variables and the results can be quickly
calculated. The parameters obtained with these two methods
depend on the system dried and they do not give information about
the particle morphologies [101]. More details about the CDC and
REA models can be found in Ref. [100]. Mezhericher et al. [ [108]
coupled the water vapor density at the surface of the droplet given
by the REA approach to a continuous species transport approach
(description in the next Section) to model the drying of a skim milk
droplet. A good agreement was found between the model and the
experimental results.

On the contrary, the PNA has been used to distinguish the final
morphology of the dried particle. According to the value of the

Peclet number, a dense core solid particle (Peclet inferior to 1) or a
hollow particle (Peclet superior to 1) is expected. Indeed, the Peclet
number takes into account the speed in which the droplet com-
pounds diffuse in the droplet during drying and the speed at which
the evaporation front recedes, that is to say a measure of the solid
accumulation at the droplet surface [109]. Despite its relevance, this
dimensionless parameter cannot be used to predict the formation
of all the morphologies presented previously, since it does not give
information about component distribution. Also, the Peclet number
is calculated from the initial drying conditions, but its value may
vary during the drying process because the diffusion coefficients
and the evaporation front receding speed taken into account may
change throughout the drying period. This approach was used by
Chew et al. [110] on a series of experiments with a skim milk
droplet suspended on the tip of a glass filament. From the plots of
normalized particle diameter on the moisture content, the authors
observed a deviation from the ideal shrinkage behavior (formation
of dense particle) for high calculated Peclet numbers, indicating the
formation of hollow particles.

4.2. Deterministic approach

Two main deterministic approaches have been used in the
literature: the continuous species transport (CST) approach
[60,108,111—118] and the CST approach coupled with a population
balance [119—-122].

The CST approach gives information about what happens inside
the droplet during drying, since it uses spatially distributed vari-
ables. Even though this approach uses more complex equations and
needs more time to give the results, the CST approach can be used
to predict particle morphology [112]. The modeling of the first
drying stage — where the activity coefficient of the solvent can be
considered equal to one at the surface of the droplet — has been
well supported by experimental data [60,108,112,115,120]. The
droplet is considered to remain spherical, with no temperature
gradient between its surface and the core and with an ideal
shrinkage. The droplet properties are calculated only on the radial
direction and the effect of the internal convection is often neglected
[25,115,120]. Furthermore, the diffusion coefficient of the compo-
nents in the droplet is expressed in terms of the Stokes-Einstein
equation, which is a simpler equation valid for binary mixtures in
infinite dilution. Such estimation may give a first idea of the value of
the coefficient of diffusion for a higher water content, however as
the concentration in the droplet increases, the values given by the
Stokes-Einstein equation may be some orders of magnitude higher
than a finer coefficient estimation [112,123].

Nevertheless, the description and experimental validation of the
crust formation and growth are more challenging. The process of
solid generation is generally overlooked by considering that the
crust is formed once a certain saturation value [108,115] or a
maximum packing fraction [25] are obtained. Handscomb et al.
[121] considered a series of shell buckling and shrinkage events due
to capillary forces on the droplet suspended solutes. This formation
process takes place in only a few seconds, which makes experi-
mental validation difficult.

The main morphologies represented in the literature with the
CST approach are the dense and hollow morphologies with a rigid
crust. The compounds present in the droplet are either solids in
suspension or salts in solution. In that way, the crust formation
comes from the agglomeration of the undissolved solids or through
crystallization of dissolved crystal-forming compounds. To our
knowledge, there is a lack when it comes to the description of the
formation of an amorphous crust from substances completely dis-
solved in the liquid phase and the representation of wrinkled sur-
faces (apart from the description of the buckling process to form a
doughnut-like particle).



Grasmeijer et al. [117] and Sadafi et al. [60,116] used the CST
approach to model the drying of a dense particle. The glass tran-
sition temperature was used by Grasmeijer et al. [117] to determine
the formation of a solid structure from a droplet containing a
protein and a sugar. The droplet was subdivided in multiple sub-
shells from the center of the droplet to its surface. Additionally,
each subshell possessed homogeneous concentration. The obtained
results were not experimentally validated. Due to recent advances
in computer processing speed, this kind of model may be replaced
by a more rigorous one. A different parameter is used by Sadafi et al.
[60,116] to set the crust formation. They considered a critical con-
centration value for the crystallization of sodium chloride in water.
The development of the crust on the surface of the droplet is
calculated by blending the equations for the constant evaporation
rate period and the falling rate period through a weighting factor.
This factor varies from zero (no solid formed at the droplet surface)
to one (surface covered by the solid surface). The modeling results
were compared to experimental data obtained by the same team.
The droplet evaporation rate was slightly underestimated
compared to the experimental results.

The other particle morphology modeled by the CST approach is
the hollow particle with rigid crust. It has been studied with the
drying of a droplet containing silica nanoparticles in suspension
[108,111—114]. Unlike the modeling of the dense particle, internal
and external pressures across the wet particle are calculated during
the formation of the solid crust for the hollow morphology. Indeed,
at the surface of the droplet, liquid bridges between the nano-
particles create compressive tangential and radial stresses, leading
to the formation of a crust when a maximum packing fraction value
is reached. Once the crust is formed, the water vapor transfer
through the pores of the crust is only dependent on the vapor
concentration, because the pore size is considered to be much
greater than the vapor molecular mean free path. Furthermore,
Maurice et al. [114] state that the production of a hollow particle is
possible when the solid crust generated at the surface of the droplet
induces a reduction in the droplet internal pressure and thus the
formation of a bubble, which may grow driven by the liquid
evaporation. The model results concerning the bubble growth
period was not validated by lack of experimental data.

Also on the formation of a hollow particle, Handscomb et al.
[121] implemented a population balance in the CST approach to
model the drying of a droplet containing a dissolved salt (with the
hypothesis that one crystal seed is already present in the liquid
phase) and nanoparticles in suspension and surrounded by stag-
nant air. The use of a population balance allowed the description of
nanoparticle agglomeration, dissolved solid crystallization and the
radial position of the suspended particles. The formation of the
hollow particle could follow two routes from the developed model:
a first one where the evaporation front recedes and water vapor
diffuses through the pores of a dry crust, and a second one where
the internal bubble growth keeps the evaporation front at the
surface of the wet crust. Fickian diffusion was used for representing
the movement of the compounds inside the droplet. Finally, a good
agreement with experimental data was obtained from the
modeling results.

5. Perspectives and conclusion

In the recent years, spray-drying has become a tool for pro-
ducing particles with engineered end-use properties from multi-
component droplets. However, there is still a scientific challenge
regarding the detailed description of the components distribution
inside the droplet using either experimental approaches or models
able of predicting the final particle solid structure from initial
drying conditions and liquid formulation.

Experimental studies related to the spray of droplets only

acquire information about the beginning and the end of the drying
operation, with no follow-up of what occurs during the process.
Single droplet methods have been developed to allow monitoring a
simplified drying process, without any disturbances due to colli-
sions. Those methods allow a measurement of the droplet average
properties under well controlled drying conditions. They are
capable of providing quantitative kinetic and morphological infor-
mation necessary for the improvement of the drying models.
Recently, experimental techniques using in situ electromagnetic
waves were developed to obtain composition profiles inside the
droplet. But so far, such profiles have not been obtained while the
particle crust develops and grows. The use of such in situ techniques
is indeed an interesting route to follow for obtaining critical in-
formation about the rearrangement of the components present in
the droplet and further comprehension of the particle formation
mechanisms.

Models have also been developed to demonstrate the evolution
of the droplet properties and the apparition of two main solid
morphologies: a dense and a hollow particle. The period of solid
formation is generally overlooked in such models and the presence
of compounds in the droplet is limited to solids in suspension or
crystal-forming substances. The description of the process of
amorphous solid formation from droplets containing multi-
components in solution is not well developed. Further improve-
ment should equally be carried for emulsion droplets or multi-
component droplets containing porous nanoparticles in suspen-
sion. Compared to a solution droplet, modeling the finely dispersed
liquid or solid phase inside the droplet would increase the
complexity of the equations by the addition of multi-scale transport
phenomena in the droplet. Another equally important parameter is
the estimation of the diffusion coefficient. A fine description of the
component's diffusion would be preferred, but such data, obtained
theoretically or experimentally, would become complicated by
increasing the number of constituents in the droplet.
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