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Abstract Drying usually results in various types of particle morphology that influence
the properties and the functionality of powders. Understanding how the final shape of the
particle is formed is therefore a key issue for industrial applications. However, it is
difficult to carry out relevant studies and interpret them on an industrial scale, mainly
because of the complexity and scale of the drying operation and the difficulty of
monitoring drying parameters in situ. To overcome these difficulties, experiments are
currently performed with the simplest system conceivable: drying of a single droplet in a
controlled environment. Different approaches are available in the literature in order to
study the drying of a single droplet, from a sessile droplet to a free-flying droplet. This
review aims to illustrate results obtained with these experiments, and their key contribu-
tions to fundamental and applied understanding of drying (or evaporation) phenomena
are discussed. It is shown that investigation of a single droplet may be a key approach to
spray drying in order to improve understanding of the chemical and physical mechanisms
involved in particle processing and governing the properties of the final particle.
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1 Introduction

Spray drying is technology which has been widely used over the past decades in the
manufacturing of food, biochemical, and pharmaceutical products. Its expansion has been
due to the possibility of running such operations on a large scale, their ease of operation,
and the ability to produce composite materials (Chow et al. 2007). It consists of spraying
of the feed solution into a cloud of droplets within a flow of hot air. The water is rapidly
evaporated from the droplets, resulting in dried particles. Despite the fact that it is a widely
used technique, the drying process involves several fundamental and simultaneous transfer
(heat, mass, andmomentum), flow, phase transition, andmechanical instability.Moreover,
drying of a wide range of polydisperse droplets flying in a hot air streammakes it difficult
to investigate these mechanisms (Adhikari et al. 2000). The fast-drying kinetics (order of
magnitude of 1 s) clearly complicates the sampling and the recording of physical
phenomena taking place in each droplet during intermediate stages of drying (Fu et al.
2012). Studies are difficult to carry out on an industrial scale and to interpret because of the
complexity and scale of the drying equipment, the cost of experimental trials, and the
difficulty of monitoring the various processing parameters in situ.

To overcome these difficulties, experiments are currently performed with the simplest
system conceivable: drying of a single droplet in a controlled environment. Experiments
with single droplets represent an easier way to observe and record the progressive drying of
a droplet through kinetics indices with the recording of evolution of mass, temperature and
diameter, rheological changes, skin formation, and physical deformations. This experimen-
tal concept represents a complementary approach to spray drying in order to improve
understanding of fundamental phenomena governing drying that is not yet accessible on an
industrial scale. This paper provides an overview of the different single droplet results and
their contributions to fundamental and applied information on drying phenomena. The aim
here is to provide key elements to improve understanding of the chemical and physical
mechanisms involved in particle processing and that govern the properties of the final
particle. The paper is organized as follows: Section 2 describes experimental techniques,
Section 3 summarizes theoretical aspects of evaporation, Section 4 identifies results
concerning particle formation, and Section 5 reports various factors related to particle
properties. The last section describes different applications requiring particle engineering.

2 Experimental techniques

Ranz and Marshall (1952) were the first to investigate the drying of single
suspended droplets of pure and dissolved component solutions (Ranz and
Marshall 1952). The aim of their experiments was to study heat and mass transfer
from a cloud of droplets to the surrounding air during spray drying. This simple
approach was subsequently extended to other key issues in the spray drying process
such as skin formation on a droplet and control of both the morphology and
functionality of particles. The study of a single droplet has been considerably
improved since the conception of new devices that allow scientists to record the
drying phenomenon in situ and on a microscale. The following sections provide a
brief overview of the main single-droplet experiments according to their historical
evolution: levitated droplets, free-flying droplets, and sessile droplets (Fig. 1). It
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should be noted that a single droplet evolves in a fixed environment with controlled
temperature, air velocity, and humidity, whatever the experiment.

2.1 Levitated droplet

This method investigating the drying of a single droplet by levitation, i.e., by applying an
opposite force to gravity forces in order to keep a droplet suspended in the air, can be
achieved through (i) an intrusive method involving a droplet suspended from a solid
support or (ii) a non-intrusive method involving a free droplet lifted by physical forces.
These two methods were the first single-droplet experiments and are well described in
several papers (Adhikari et al. 2000; Fu et al. 2012; Schutyser et al. 2012; Vehring 2008).

In contact levitation experiments, a droplet of 1-mm diameter is suspended from the
tip of a thin glass filament or a glass capillary tube and placed in a controlled air stream
(Fig. 1a). The drying parameters, such as the evolution of diameter, temperature, and
mass of the droplet, are monitored by a camera and by thermocouples (one inserted in
the core of the droplet and the other in the chamber), and the mass loss is recorded by a
microbalance connected to the glass filament or by translating the glass filament
deflection to the loss of droplet mass using an established calibration curve.
Thermocouples allow the recording of the difference of temperature between the
chamber and the droplet in real time. Due to its ease of use, the latter setup proposed
by Ranz and Marshall (1952) has frequently been used in drying research to investigate
the drying kinetics and particle morphology of a wide range of solutions (milk, eggs,
organic and inorganic substances) (Eslamian and Ashgriz 2007; Lin and Gentry 2003;
Lin and Chen 2002;Walton andMumford 1999b). On the other hand, in the non-contact
levitation method, the single droplet is kept in the air by means of acoustic or aerody-
namic fields (Fig. 1b). The principle of acoustic levitation was described in detail by
Davis et al. (1981): a standing wave is provided by an ultrasound generator in a
levitation chamber where the evolution of a millimeter droplet is followed by an infrared
thermometer and by a camera to record temperature and morphology data, respectively
(Davis et al. 1981; Miura et al. 1977; Schiffter and Lee 2007). In the aerodynamic
levitation method, the droplet freely floated on top of a vertical gas stream, used in
combination with a CO2 laser as a heating system (Hennet et al. 2011; Sakai et al. 2005).

2.2 Free-flying droplet

The second technique consists of generating a single or a chain of uniform free-falling
droplets in a controlled air stream at the top of a drying tower, the temperature and air
flow of which are recorded by thermo-sensors (Fig. 1c). This experimental setup is
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Fig. 1 Experimental techniques used to study the drying of a single droplet
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therefore closer to spray drying conditions. Droplets of micrometer range are generated
by means of a micro-syringe or a pulsed orifice of identical volume and trajectory
inside the chamber. Each droplet thus experiences the same drying history, resulting in
particles of homogeneous shape and size. First described by Alexander and King
(1985) and Elsayed et al. (1990), this experimental setup has considerably improved
over the last decade (Elsayed et al. 1990). Wu et al. developed a generator of
monodispersed droplets based on a piezoceramic system (Wu et al. 2007). In this device,
the solution is placed in a reservoir and pressurized through a glass nozzle with a 50-μm
diameter orifice, and a fixed frequency is applied to the piezoceramic system to induce
Rayleigh-like instability, followed by periodic breakup of the liquid jet in order to form a
well-defined droplet chain. This method has made possible significant investigations
into how process parameters impact on the quality of a powder, such as the physical
properties of particles, their morphology, and their functionality (rehydration and
encapsulation properties) (Fang et al. 2012; Rogers et al. 2012; Vehring et al. 2007).

2.3 Sessile droplet

This technique consists of gently depositing a droplet (nanometer to millimeter size) on
a hydrophobic surface placed inside a dry well where the environmental conditions are
controlled (Fig. 1d). The hydrophobic surface is required to maintain the spherical
shape of the droplet, and this is achieved by specific treatment of the surface or by
specific surface topography (Xu and Choi 2012; Yu et al. 2012). Evaporation of a
droplet deposited on a hydrophobic substrate was studied by Mangel and Baer (1962),
and this method was then frequently used to investigate thermodynamic flux inside a
droplet and the mechanical properties of the particle skin (Hampton et al. 2012; Mangel
and Baer 1962; Manukyan et al. 2013; Marín et al. 2012; McHale et al. 2005; Pauchard
and Couder 2004). Most of these setups involved optical instruments (electronic and
photonic) in order to image the evolution of the droplet shape during evaporation and to
confirm data from mass records by a microbalance. Although this method has been
established since 1962, and it is of considerable interest for nanotechnology applica-
tions, the analogy between the drying behavior of a sessile droplet and what can happen
in a spray drier has only recently been proposed (Eslamian and Ashgriz 20077; Perdana
et al. 2013; Wu et al. 2014). For example, Perdana et al. (2013) have developed a high-
technology setup including pneumatic micro-dispenser, drying chamber with air flow
system, and camera system that is as close as possible to the conditions in a spray
drying chamber. The sessile droplet configuration has also been used to investigate the
spatial evolution of components inside the droplet and the physical mechanisms
involved in skin formation using very sensitive instruments such as small-angle neutron
scattering (Bahadur et al. 2011), small-angle x-ray scattering (Chen et al. 2012), or high
sensitivity digital camera (Marín et al. 2011).

2.4 Limitations

Single-droplet experiments have been criticized as being unrealistic regarding spray
drying techniques because the experimental droplets are larger and their drying behav-
ior can be influenced by the experimental drying device, their static state, and the
experimental environment. Heat and mass transfer can be affected by heat conduction
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between the droplet and the solid support (filament or hydrophobic support) or even by
fluctuation in the acoustic field. Heating of levitated droplet by radiation from laser
beams is quite different to spray drying where heat transfer is provided by convection
(Adhikari et al. 2000). Moreover, it is also as difficult to monitor the changes in mass,
temperature, and shape of droplets inside a monodispersed drying tower as in a spray
drying tower. Despite these drawbacks, the drying of a single droplet under controlled
conditions is still a valuable method to obtain real-time information regarding the basic
mechanisms occurring such as transport mechanisms (Hampton et al. 2012), shrinkage
behavior of droplets (Fu et al. 2013), skin formation (Parisse and Allain 1997), and
buckling phenomena (Tsapis et al. 2005). Therefore, this approach has been applied to a
large range of substances and solvents (Walton and Mumford 1999a). Therefore, in the
following parts, the review will try to give a realist overview of these interesting
outcomes obtained using these single-droplet drying setups.

3 Theoretical aspects

Frohn and Roth well defined the evaporation as a mass and heat flow process
dependent for a single droplet with a radius Rs and a temperature T put into an
environment with a temperature T∞ and the mass fraction c∞ of the vapor of the droplet
material (Frohn and Roth 2000). In other words, evaporation can be treated as a matter
of interdependent transfer of matter, heat, and movement flows which can be trans-
ferred through three different mechanisms as follows: diffusion/conduction, radiation,
and convection (Fig. 2). Diffusion and conduction may occur through contact between
substances in a static system. The radiation mechanism results from the propagation of
electromagnetic waves, and convection represents transfer by up and down movements
of gas and liquids. In the case of the evaporation process, which is considered to be a
simultaneous heat and mass transfer operation, heat is transferred by conduction and
convection from hot air to the liquid surface and converted to latent heat, whereas
surface water molecules are transferred by diffusion and convection back into the air.

Studying evaporation of a droplet of water deposited on a solid surface or moving in
air is a more complex problem. The process is non-stationary; the system is exposed to
temperature, vapor, and surface tension gradients involving convection inside and all
around the water droplet. Moreover, in view of the substrate, heat transfer by conduc-
tion into the substrate, and convection transfer induced by surface tension and temper-
ature gradients between the substrate and droplet may also need to be considered.

3.1 Evaporation of a single and pure liquid droplet

The diffusion-controlled approach is commonly used to explain the evaporation process
for both a model case and for more complex situations (Cabazat and Guéna 2010; Erbil
2012; Frohn and Roth 2000; Kim and Cho 2006). This approach is based on the
analogy between water diffusion rate and heat conduction rate during the evaporation
process.

When the liquid–vapor interface is in thermodynamic equilibrium, the rate of droplet
evaporation is predicted to be the same as the rate of mass diffusion at any given
moment. Taking all previous assumptions into consideration, Maxwell expressed Fick’s
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law equation according to the vapor concentration and the radial position of the droplet
using a spherical surface (A=4πR2) (Fig. 3) (Maxwell 1890). The rate of mass loss by
evaporation is provided by the following:

−
dm

dt
¼ −4πR2Dv

dc

dR
; ð1Þ

where m is the mass (kg), t the time (s), R the radial position from the center of the
droplet (m), Dv the diffusion coefficient of vapor in air (m2.s−1), and c the vapor
concentration (kg.m−3)

Taking the vapor concentration at an infinite distance from the droplet center, c∞,
and the vapor concentration at the droplet surface, cs, Eq. 1 can be integrated between
the boundary conditions: c=cs when R=Rs, and c=c∞ when R=R∞:

Z c∞

cs

dc ¼ 1

−4πDv

Z R∞

RS

1

R2 dR ð2Þ

−
dm

dt
¼ 4πRsDv cs−c∞ð Þ ð3Þ

where Rs is the radius of a spherical droplet (m), R∞ the infinite distance from the center
of the droplet (m), cs the vapor concentration at the droplet surface (kg.m

−3), and c∞ the
vapor concentration at an infinite distance from the droplet surface (kg.m−3)

In Eq. 3, the rate of evaporation is proportional to the radius of the spherical droplet
(large droplets evaporate faster than small droplets), but not to the surface area of the
droplet, in contrast to measurements performed in a vacuum where the evaporation
process is forced.

If vapor obeys the ideal gas law, the vapor concentration can be expressed by the
partial pressure of the vapor:

Convection

Liquid Warm
air

Hydrophobic substrate

HEAT 
TRANSFER

MASS
TRANSFER

INTERFACE 
CONDITION

Fig. 2 Diagram of all phenomena involved in the evaporation process for a sessile droplet
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−
dm

dt
¼ 4πRsDv

M

ℜT
PS −P∞ð Þ ð4Þ

where M is the molecular weight (g.mol−1), T the temperature (K), ℜ the gas constant
(ℜ=8.31 J.K−1.mol−1), PS the partial pressure at the surface, and P∞ the infinite partial
pressure.

Here, according to the mass, the rate of droplet mass loss is a function of the radius,
the temperature, the partial pressure, and the transport properties of the air surrounding
each droplet.

If the rate of evaporation is expressed according to the radius, i.e., dm/dt=ρL4πRS
2

dRS/dt, Eq. 4 becomes

−
dR2

S

dt
¼ 2DM

ρLℜT
PS −P∞ð Þ ð5Þ

which integrates in

R2
s;0−R

2 ¼ 2DM

ρLℜT
PS −P∞ð Þt ð6Þ

where ρL is the density of the liquid and Rs, 0 the radius of the spherical droplet at t=0.
From Eq. 6, the so-called d2 law for evaporation follows the form R2=R2

0−βt (Law
1982). The evaporation coefficient β depends on the thermodynamic properties of the
droplet liquid and on conditions of the ambiance of the droplets like temperature or
velocity (Frohn and Roth 2000). Using the d2 law, Frohn and Roth well demonstrated
that droplets from the same liquid but with different sizes have the same evaporation
coefficient while uniform droplets in terms of sizes but from different liquids present
distinct evaporation coefficients.

Droplet

Vapor

Rs
P∞ T Dv , Ps

R∞

c∞
cs

Fig. 3 Diagram of single-droplet drying configuration corresponding to the model proposed by Maxwell
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On the other hand, Picknett and Bexon (1977) studied evaporation of a pure liquid
droplet deposited on a substrate at a uniform temperature and under diffusion control
(Picknett andBexon 1977). They highlighted three distinct modes of evaporation as follows:

– The constant contact angle mode: the contact angle remains constant and the shape
of the droplet remains spherical throughout evaporation, whereas both volume and
contact radius decrease (Fig. 4a). This is expected for an ideal system including
pure liquid and equilibrium state at the interface, which is often the case of a
droplet with a contact angle greater than 90° (Erbil et al. 2002).

– The constant contact area mode: the contact area between the liquid and the
substrate remains constant during evaporation, but the contact angle diminishes
(Fig. 4b). This situation is expected for a droplet with an initial contact angle of less
than 90° (Erbil et al. 2002).

– A mix of these two modes: either (i) one mode may switch to the other at any time
during evaporation or (ii) both contact angle and contact radius may decrease
together. The latter situation often occurs at the end of evaporation of the droplet
(Yu et al. 2012). The duration of each mode may be influenced by droplet
composition and surface properties (microstructure, thermal conductivity, and
chemical heterogeneity). For example, when a spherical droplet is deposited on a
flat surface, the evaporation rate is slower compared to a free droplet where no
substrate limits the evaporation rate. Indeed, the presence of the surface reduces the
space into which vapor can diffuse and thus reduces the evaporation rate. When the
substrate is taken into account in Eq. 3, the loss of droplet volume with over time
can be expressed as follows:

−ρL
dV

dt

� �
¼ 4πRSD cS −c∞ð Þ f θð Þ ð7Þ

where ρL is the density of the droplet liquid (kg.m−3) and f(Ѳ ) the function of the
contact angle of the droplet.

Different authors have proposed polynomial expression of f(Ѳ ) (Bourges-Monnier
and Shanahan 1995; Picknett and Bexon 1977; Rowan et al. 1995), and this is fully
described in Erbil’s review (Erbil 2012).

h

Rb

constant contact area

constant contact angle

a

b

Fig. 4 The two different modes of evaporation for a sessile droplet
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3.2 Evaporation of single and multicomponent droplet

In most cases, evaporation takes place for multicomponent droplets with solutes of
different physical and chemical properties. Kneer et al. (1993) observed that the
temperature and concentration dependence of the liquid properties affected the evapo-
ration process especially with regard to a reduced diffusional resistance (Kneer et al.
1993). Multicomponent droplet evaporation is not trivial with the implication of several
phenomena such as unsteady-state kinetics, no-isothermal behavior, internal transport
processes, external transport processes, Stefan flow, and physical property variations.
Therefore, as mentioned by Frohn and Roth (2000) for a multicomponent droplet, mass
and energy transports at the interface and in the interior of the droplet need to be taken
into account (Frohn and Roth 2000). Ravindran and Davis (1982) compared theory
with experimental results and proposed an expression for diffusion-controlled evapo-
ration rates of two-component droplets (Ravindran and Davis 1982).

Despite the fact that many papers referred to the controlled diffusion approach, this
is not the only approach to predict the evaporation rate. In general, the evaporation
process can be defined as two simultaneous events at the liquid–air interface: (i)
detachment of the water molecule from the interface and (ii) removal of water mole-
cules into the surrounding air by diffusion. The diffusion model usually focuses on
event (ii), but other models can be found to describe the process of detachment of
molecules during evaporation. They are called kinetics models, transfer rate-limited
models, or molecular dynamics models for those focusing on interactions between
molecules (Maki and Kumar 2011; Pati et al. 2011). Moreover, many other models can
be found in the current literature for more complex evaporation scenarios taking into
account convection movement effects (ambient and forced), radiation, heated surface
for sessile droplets, the multicomponent droplet aspect, etc. (Ranz and Marshall 1952;
Sazhin 2006; Chen and Lin 2005; Zhang and Yang 1983).

4 Single-droplet studies of particle formation

This section introduces the fundamental properties of droplet/particle transition,
from skin formation to the final shape of the dry particle, properties such as
internal flow, sol–gel transition, and the mechanical properties of the solid film.
These phenomena occur in a complex system submitted to different gradients:
temperature, surface tension, and solute concentration. Investigation of these pro-
cesses is crucial for the understanding of how they influence the shape of the
particle and the physicochemical composition of the skin, which would have an
impact on the final powder.

4.1 Transport mechanisms

The transport mechanisms of micro- and nanoparticles occurring during evaporation of
the droplet have been widely investigated with the sessile droplet method. Competition
between various physical mechanisms such as Deegan flow, Marangoni flow, and
evaporative flux may occur inside the sessile droplet during evaporation (Fig. 5).
Investigations of such flows have been reported in the literature (Majumder et al.
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2012; Maki and Kumar 2011; Manukyan et al. 2013; Monteux and Lequeux 2011;
Zhang et al. 2008).

Deegan flow is a radial outward flow which appears to compensate for the faster
evaporation of the thin liquid layer formed at the contact line of the sessile droplet
(Deegan et al. 1997). It results in an accumulation of solutes by capillary action from
the center to the contact line, forming a solid deposit at the droplet periphery known as
a “coffee ring.” The ring formation has been reported for a wide range of systems from
model suspensions (Hampton et al. 2012) to biological ones (Gorr et al. 2012). Strong
modifications of the coffee ring effect have been reported by controlling key parameters
such as the contact angle of the droplet (Chen and Evans 2010), the characteristic of the
solutes (Zhang et al. 2008), and the nature of the solvents or the drying environment
(Majumder et al. 2012; Zhang et al. 2008).

At the air–liquid interface, fluctuations in temperature and solute concentration
generate a gradient of surface tension and usually result in Marangoni instability.
Convection rolls occur inside the droplet, dragging solutes along the surface to the
center. This phenomenon has been widely investigated by experimental and numerical
analysis (Ha and Lai 2002; Hu and Larson 2005; MacDonald and Ward 2012; Maki
and Kumar 2011). Marangoni in addition to Deegan are two important flows occurring
in the droplet evaporation. Marangoni flow is known to counterbalance the Deegan
effect by inducing solute circulation towards the droplet center rather than the edge (Hu
and Larson 2006) and leading to a skin formation at the droplet surface (Brutin et al.
2011; Maki and Kumar 2011). Several papers focused on how to facilitate Marangoni
flow during droplet evaporation to provide a uniform deposit more desirable for
specific applications such as inkjet printing (Sefiane 2014).

The evaporation of water at the droplet surface induces a diffusional flux of solutes
from the free surface toward the center. The diffusion coefficients of solutes are
estimated using Stokes–Einstein’s equation and depend on the internal liquid criteria
such as solution viscosity, solute radii, and temperature:

D ¼ kT

6πηrc
ð8Þ

where k is the Boltzmann’s constant (kB=1.38×10
−23 J.K−1), T the temperature (K), η

the dynamic viscosity (Pa.s), and rc the component radius (m).
Kim et al. (2003) have estimated different diffusion coefficients of milk components

to understand the repartition of solutes inside the particle after droplet drying (Kim et al.

Gravity
Deegan

Marangoni

Evaporation

Brownian

Fig. 5 Transport mechanisms occurring inside a sessile droplet
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2003). After the chemical analysis of the surface of the dry particle by using X-ray
photoelectron spectroscopy, these authors observed a majority of larger solutes located
at the surface such as fat globules and proteins that agree well with the theoretical
difference between solute diffusivities.

Finally, two other mechanisms, i.e., the gravitational force and Brownian motion,
may also be involved in the droplet evaporation (Fig. 5). Despite the fact that the
consequences of these movements are less important than capillary and Marangoni
flow ones, these may take place in specific cases.

Gravitational force should be considered when the droplet is large enough to be
deformed by gravity, and the solution is a dispersion of solutes which might aggregate
during evaporation. Gravity deforms the droplet if its radius is larger than the capillary
length:

lc ¼
ffiffiffiffiffiffiffiffi
γ
gρL

r
ð9Þ

where γ is the surface tension of the liquid–air interface (N.m−1), g the gravitational
acceleration (g=9.81 m.s−2) and ρL the density of the liquid (kg.m−3).

A few authors focused on the influence of the gravity during the evaporation of
a single droplet (Hampton et al. 2012; Sandu and Fleaca 2011; Sommer 2004; Zhu
et al. 2010). For droplets large enough (around 1 mm), they reported that gravity
can contribute to the droplet deformation. Additional to the other flows taking
place inside the droplet, gravity can influence the solute segregation and thus the
final deposit.

Brownian motion produces random movements of the solute and may influence
solute movement inside the droplet. Such random movement results from interactions
between the solute and the liquid molecules, driven by the temperature effect.
Brownian motion should be taken into account when the droplet liquid is made up of
sub-micro solutes. Brownian flow was mentioned by Marín et al. (2011) in the
investigation of the solute dynamics during the evaporation of a sessile droplet
(Marín et al. 2011). The authors reported different solute layouts according to the flow
rate. When the speed is slow, solutes have time to arrange by Brownian motion and
form an ordered phase while high-speed solutes are jammed into a disordered phase.
However, Brownian motion is often neglected in evaporation system because this latter
is widely weaker compared to other transport mechanisms (Rakers et al. 1997; Zhang
et al. 2008).

4.2 Skin formation

The scientific community has long paid attention to the surface formation process.
Investigating the way that the skin of a powder is formed includes two stages, (i)
understanding the way that a concentration gradient can be established from the droplet
center to the surface and then (ii) the behavior of components that are over-concentrated
at the interface. Three main hypotheses originating from theoretical and experimental
studies (Kentish et al. 2005; Kim et al. 2003; Wang and Langrish 2009) have been
suggested to explain the occurrence of concentration gradients:
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– The first assumption was proposed by Charlesworth and Marshall (1960). They
hypothesized that the droplet evaporates in a homogenous way at the beginning of
drying due to sufficient transport of water from the interior of the droplet to the
surface to maintain saturated conditions (Charlesworth and Marshall 1960). At a
critical point, water is lacking at the droplet surface to ensure saturated conditions
and a solid phase appears then develops and forms the final skin.

– A second hypothesis was suggested by Meerdink and van’t Riet (1995): a water
gradient generated by evaporation establishes a component gradient in the opposite
direction, from the surface of the droplet to the center. Segregation of components
can be explained by different transport velocities depending on the concentration
gradients of the components and on the diffusion coefficients of each component
(Meerdink and van’t Riet 1995). The skin would thus be expected to be composed
of higher molecular weight components such as proteins rather than low molecular
weight components such as sucrose.

– The last hypothesis was proposed by Fäldt and Bergenståhl (1994). They observed
that the more active surface components accumulate at the air–liquid interface and
dominate the surface composition of the final powder (Fäldt and Bergenståhl
1994). They therefore assumed that preferential accumulation should occur at the
surface with regard to the active surface properties of each component, leading to
over-representation of proteins in the composition of the powder skin compared to
the bulk composition and to less active surface components (e.g., lactose and fat).
These hypotheses are complementary, and all three provide key answers to the way
that components are driven to the interface. In addition, the question of skin
formation also implies a rheological change of the interface. The nature of the
skin is still a matter of debate, it can be defined as a specific region with
viscoelastic behavior, a layer of soft gels, or a film of glassy polymers (Okuzono
et al. 2006). However, it is accepted that when the volume fraction of components,
Φi, reaches a critical volume fraction, Φg, a gel or a glassy phase occurs and then
three phases coexist at the interface: a gelled skin as a barrier between the liquid
core and the surrounding gas. Some studies have proposed that the skin may be
promoted by weak diffusion (Maki and Kumar 2011) related to convective evap-
oration flow, a phenomenon which is usually studied in terms of the Peclet number
(Baldwin et al. 2011; Manukyan et al. 2013; Vehring et al. 2007). The Peclet
number reflects the extent of convection in relation to diffusion and is commonly
expressed by:

Pe ¼ Jh0
D

ð10Þ

where h0 is the initial height of the droplet, J the evaporation flux estimated
from the loss of volume, V, per area unit, A, at the beginning of the drying
process J=−(1/A)dV/dt, and D is the solute diffusivity (Eq. 8) according to
solute size and the viscosity of water.

For a low Peclet number, the diffusion dominates, inducing low concentra-
tion gradients at the interfaces, while for a high Peclet number the convection
dominates and the vertical gradients of solutes are more pronounced (Maki and
Kumar 2011). Okuzono et al. (2006) demonstrated that the formation of the
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skin depends on two parameters, i.e., the initial volume fraction of components,
Φi, and the Peclet number (Fig. 6) (Okuzono et al. 2006). When Φi is near Φg

and Pe is high, the skin layer appears easily during drying, whereas no skin is
observed for Φi much smaller than Φg and a low Pe value (Ozawa et al. 2006).

4.3 Mechanical properties of the skin

When the sol–gel transition is reached at the droplet surface, the skin formed is
submitted to considerable capillary stresses induced by the loss of water occurring at
the surface. According to the internal properties of the skin, mechanical instability may
occur at the surface whatever the drying configuration. For droplets suspended from a
capillary, Hassan and Mumford distinguished two kinds of mechanical evolution of the
surface (Hassan and Mumford 1996). On the one hand, a smooth, flexible shell is
progressively formed during drying: its elasticity allows the particle to undergo infla-
tion or expansion cycles and shrink even after the skin has formed. On the other hand, a
more porous and rigid skin crust may be formed, with lower resistance to vapor
diffusion. The skin thickens to form a crust, and particles then keep their shape and
size until the end of drying. As they cannot expand to resist the internal pressure,
fracture formation may occur at the surface resulting in brittle particles.

The final particle shape is governed by the capacity of the skin to deform: for
example buckled and collapsed shapes for levitated droplets as reported by Tsapis et al.
(2005) who considered that buckling instability is a viscoelastic response of the skin to
capillary forces occurring as the water evaporates. The beginning of drying consists of
isotropic shrinkage of the droplet, inducing concentration of solutes and increase in
surface viscosity. When the skin starts to bulk, these authors hypothesized that the
surface would change to an elastic shell.

Identical surface instability may be observed for sessile droplets. Pauchard and
Allain (2003) described shape distortions after the sol–gel transition or glassy transition
for colloidal and polymer droplets (Pauchard and Allain 2003). They described the
occurrence of such mechanical instability and the degree of deformation as a function

Pe

Skin formation :

Fig. 6 Skin formation in relation to Peclet number and volume fraction
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of the physicochemical conditions. On the other hand, Sobac and Brutin (2011)
identified the nucleation of cracks for a critical concentration of solutes, leading to a
typical distribution of fractures around the particle (Sobac and Brutin 2011).

Overall, particle formation seems to be governed by two main factors: the rheolog-
ical evolution of the material and the occurrence of surface distortions (Pauchard and
Allain 2003). These spatial and temporal distortions result from the skin’s ability to
withstand internal stresses. These mechanical properties of the material thus strongly
contribute to the final shape of the particle (Fig. 7).

5 Single-droplet studies: control of particle features

The aim of the following section is to provide a brief overview of how experimental
conditions can influence particle formation and its physical properties such as the size
and shape of particles.

5.1 Influence of bulk

Several factors related to the bulk properties have been reported to have strong
influences on the quality of the resulting particles.

A pioneering investigation into the impact of the material was undertaken by Walton
and Mumford (1999a, b) by means of the drying of a single-droplet system (Walton and
Mumford 1999a). In this study, three categories of particle (crystalline, skin forming,
and agglomerate) were distinguished according to their drying behaviors and their final
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Fig. 7 Diagram showing different ways of particle deformation
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particle shapes. The authors also reported a good agreement between the single particle
attributes and those produced by industrial spray drying. In addition, the properties of
the solvent have a key role both in determining the drying behavior of the components
and in the final structure of particles (Carver and Snyder 2012; Raula et al. 2004; Wan
et al. 2013). Moreover, the feed concentration and the viscosity are known to affect
particle size. Larger particles are observed for high concentrations, due to the formation
of larger droplets induced by a more viscous concentrated solution (Elversson and
Millqvist-Fureby 2005; Walton and Mumford 1999b). In addition, the feed concentra-
tion and density may also have a strong influence on the shell thickness. A thinner and
more flexible shell can be expected for lower concentrations, while a thicker and thus
more rigid shell is more likely to be produced with higher feed concentrations (Tsapis
et al. 2005). Particles with thicker shells are not able to collapse, as reported by Rogers
et al. (2012) for monodispersed droplets and by Fu et al. (2013) for suspended droplets
(Rogers et al. 2012; Fu et al. 2013).

The respective intrinsic properties of each component strongly influence the properties
of the resulting particles. For example, different crystallization propensities lead to hollow
particles in the case of amorphous carbohydrates while porous particles are obtained with
crystalline carbohydrates (Elversson and Millqvist-Fureby 2005). The glass transition
induces strong rheological modifications which can be manifested through skin formation
(Adhikari et al. 2004; Shrestha et al. 2008). Similarly, Werner et al. (2008) related the
mechanical stress of the skin at the glass transition temperature to the temperature and the
water content of the droplet surface (Werner et al. 2008). Surface activity of components is
also known to affect particle shape (Kawakami et al. 2010). Because they are attracted to
air–liquid interfaces, surfactants tend to reduce internal movements and modify surface
properties. Thus, highly surface-active solutes are likely to induce the formation of
spherical and hollow particles (Maa et al. 1997; Paramita et al. 2010).

Also very important are the effects of solubility, molecular weight, and diffusivity of
solutes. The importance of solubility on particle size has been reported (Elversson and
Millqvist-Fureby 2005; Lin and Gentry 2003). Both studies reported the production of
the smallest and most dense particles by the most highly soluble solutes. Moreover,
molecular weight has been shown to have a key role in the composition and topography
of the particle surface (Kim et al. 2002; Kim et al. 2003). Solutes of high molecular
weight have more limited mobility and diffuse more slowly toward the droplet center.
Consequently, high molecular weight solutes tend to concentrate at the surface, induc-
ing the earlier formation of a shell at the droplet surface (Fäldt and Bergenståhl 1996).
In contrast, minerals are found to be mainly located at the center of the droplet due to
their higher diffusivity and their absence of tension-active properties (Gaiani et al.
2006). Finally, the ability of components to bind to water may also affect the drying
kinetics and thus influence particle characteristics (Ameri and Maa 2006).

5.2 Influence of process parameters

Drying kinetics is of major importance in the particle formation process. Drying
kinetics can be managed through various process parameters such as the drying
temperature, humidity, droplet size, and feed and air flow rates, all independently.

The influence of the drying temperature in particle formation represents an important
focus of research, and many investigations have been carried out (Fang et al. 2012;
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Gaiani et al. 2010; Kim et al. 2009; Maas et al. 2011; Vignolles et al. 2010). It is well
known that higher drying temperatures involve faster water evaporation rates at the
droplet surface, resulting in rapid component precipitation and crust formation fixing
the droplet as soon as it is formed. This has a direct influence on particle size, with the
formation of larger particles at higher temperatures and smaller particles at lower
temperatures. As for particle shape, the evolution of droplet distortion throughout the
drying process was recorded by (Alamilla-Beltrán et al. 2005). The authors reported a
greater degree of shrinkage at lower temperatures and inflation and breakage phenom-
ena at higher temperatures for maltodextrin droplets. These temperature particle shape
relationships were reported both for suspended droplets (Fu et al. 2013) and for
monodispersed droplets (Fang et al. 2012). The strong relationships between the
composition of the particle surface and drying temperatures have been widely investi-
gated (Fäldt and Bergenståhl 1996; Kim et al. 2002; Murrieta-Pazos et al. 2012; Nijdam
and Langrish 2006). It has been shown that lower temperatures allow the diffusion
process to occur in the droplet with a redistribution of components according to their
own characteristics (molecular weight, solubility) and affinity (surface activity). In
contrast, higher temperatures tend to fix the system through rapid shell formation and
maintain the initial component dispersion unchanged. Moreover, according to the heat
sensitivity of each component contained in the bulk, a given temperature can induce
specific mechanisms such as protein denaturation, leading to the formation of insoluble
material (Fang et al. 2012) or crystallization of carbohydrates (Chiou et al. 2008; Maas
et al. 2011), all affecting the final surface and shape of a particle.

The way that the droplet is generated represents another key factor. Indeed, droplets
of different sizes can be produced according to the characteristics of the spray device,
thus affecting their drying kinetics and hence their final particle features (Walzel 2011).
For example, a high rotation speed of the rotating wheel and a lower feed concentration
result in smaller particles (Littringer et al. 2012b). Smaller particles and faster drying
avoid any movement of solids and mostly result in spherical particles. In contrast,
atomization of the air flow may be reduced or the nozzle orifice diameter may be
increased in order to obtain larger particles (Elversson et al. 2003). As previously
described, the formation of the droplet may be strongly influenced by the viscosity, the
surface activity of components, and the concentration of solids independently of the
spray device.

Finally, the design of the drying system may also affect the drying kinetics. Many
investigations have been carried out into interactions between process parameters and
particles (Birchal et al. 2005; Chow et al. 2007; Maa et al. 1997; Okuyama and Wuled
Lenggoro 2003; Paudel et al. 2013; Vicente et al. 2013). For example, the feed flow rate
influences the residence time of a particle in the system and thus governs its drying
history, taking into account the relative humidity and the outlet air temperature (Paudel
et al. 2013). Increasing the breaking strength of particles has been reported for high
feed flow rates (Littringer et al. 2012a). The choice of the type of atomization gas and
air flow rate contributes to the formation of specific particle attributes, as reported by
Islam and Langrish (2010). These authors observed different crystallization behaviors
according to the type of drying gas (Islam and Langrish 2010).

In conclusion, bulk properties and process parameters are intercorrelated fundamen-
tal variables in particle attributes as illustrated in Fig. 8. These relationships may be
evaluated through the Peclet number and by the diffusivity to evaporation rate ratio,
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mainly governed by the extent of the drying stress. High diffusivity of solutes results in
the free migration of components in the droplet, and the surface reaches saturation near
the end of drying. This leads to full, solid particles. On the other hand, early surface
saturation may be induced by rapid water evaporation from the surface and low
diffusivity of solutes. Solutes do not have time to crystallize, and a skin appears
instantaneously due to the increase in viscosity at the surface. Different particle shapes
may be formed such as hollow, porous particles or collapsed, wrinkled particles
according to the mechanical properties of the shell (Vehring 2008; Vicente et al. 2013).

6 Single-droplet studies of expected functionality of particles

The above studies showed that both material properties and process parameters are
important in determining the drying behavior of the material and the size and shape of
particles. Controlling particle features is a major challenge for powder performance in
many industrial fields, ranging from food and dairy processing, ceramics, paints,
fertilizers, and detergents to the pharmaceutical industry (Paudel et al. 2013). This last
section sets out the three main areas currently involved in particle engineering and
describes the main applications of these controlled shape particles.

6.1 Nanotechnology

In material processing, spray drying allows the production of nanoparticles (1 to
100 nm) of metals, semiconductors, and oxides. Spherical silica particles are usually
defined by a controllable mesostructure and mesopore size. This represents a
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fascinating intellectual challenge for potential applications in the production of cata-
lysts, low dielectrically constant chromatography fillers, pigments, microelectronic, and
electro-optic elements (Amelia et al. 2012; Iskandar et al. 2007; Okuyama et al. 2006;
Okuyama and Wuled Lenggoro 2003).

6.2 Pharmaceutical applications

In the pharmaceutical industry, spray drying is used as a particle-tailoring technique for
drug delivery. Drug particles consist of a solid pharmaceutical dispersion of active
ingredients in an inert carrier matrix (Paudel et al. 2013) such as microspheres for long-
acting delivery (Ameri and Maa 2006), fine powders for pulmonary delivery (Chow
et al. 2007), and vaccine powders for intradermal delivery (Sou et al. 2011). To ensure
efficacy of a drug, development has focused on particles designed with specific
aerodynamic features such as particle size, density, porosity, surface roughness, and
surface energy (Kawakami et al. 2010). With their reduced size and hence their larger
specific surface area, nanoparticles make it possible to increase the absorption rate of
principle active ingredients, improve their bioavailability, and permit their diffusion to
the target (Arpagaus 2012). Dispersibility of inhaled particles is essential for aerosol
systems, and this depends on the physical properties of the particles and their potential
interactions with others (Raula et al. 2004). For example, corrugated particles with an
irregular surface lower the area of contact between particles and limit powder cohe-
siveness (Chew and Chan 2001) and lower density particles are more likely to travel
along airstream lines and reach deep into the lung for effective deposition (Maa et al.
1999). On the other hand, from a manufacturing point of view, compaction and
dispersion of powders are very important to ensure successful calibration of tablets
and capsules. These properties can be improved by particle size enlargement, increased
particle density, or else monitoring the particle morphology.

6.3 Food industry applications

Spray drying is widely used in food technology to extend the stability of a product,
make its storage easier, and create new ingredients. Research is being carried out on the
properties of food powders, including studies to improve their handling and transport
during the manufacturing process by controlling the size and density of particles
(Barbosa-Cánovas and Juliano 2005; Fitzpatrick and Ahrne 2005; Sharma et al.
2012). Another focus of current development involves the relationships between
particle surface composition and powder properties. The influences of surface compo-
sition have been established on wall deposition during spray drying (Adhikari et al.
2000; Wang and Langrish 2009), particle agglomeration during storage, and the
rehydration ability of powders (Fang et al. 2012). Moreover, in the food industry, there
is considerable interest in developing agglomerated, coated, and encapsulated particles
by spray drying. The ingredient of interest is totally enveloped by an inert coating
material and preserved in the core of the particle. These “smart” particles are used to
reduce the reactivity of the “core” with the environment, control the release of the
ingredient, mask the core taste, and promote easier handling (Gharsallaoui et al. 2007).

Finally, spray drying techniques offer various factors key to controlling particle
formation, thus resulting in a wide range of particles of defined size, shape, surface
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properties, and density and providing aerodynamic characteristics which are valuable
for many prospective applications. Powder science and technology are making consid-
erable progress by creating new opportunities to enhance material performance by
means of particle engineering.

Spray drying represents a one-step method for producing complex formulations with
specific particle characteristics. Spray drying can serve not only as an effective research
tool but can also aid a manufacturing on large scale.

7 Conclusion

Spray drying is a unit process operation that has been demonstrated to be very valuable
in the development of high added value products. Understanding the process of droplet/
particle transition and identifying the key factors governing the final particle features
are essential to achieving optimal properties. Current and potential applications of
controlled particle properties are discussed in this review that presents the major
challenges with regard to spray drying technology and the research and development
opportunities involved. However, full understanding of drying phenomena and expla-
nation of particle formation are still issues that are not easy to solve on an industrial
scale. This review aims to illustrate that a multi-scale approach to spray drying may
provide key elements, with the scaling down to a simple system such as single-droplet
drying. The main experiments in the drying of single droplets from sessile droplets to
free-flying droplets are reported in this paper. In particular, the single-droplet system
has contributed extensively to fundamental and applied understanding of drying
(evaporation) phenomena. Finally, investigation of a single droplet may represent a
key approach to spray drying in order to improve understanding of the chemical and
physical mechanisms involved in particle processing and govern the properties of the
final particle.
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