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Abstract: The spray drying technique is suitable for different kinds of liquid dispersions and can be
easily optimized to produce solid particles with tailored properties. The spray drying technique is a
complex process. As an example, it is difficult to track drying kinetics, shape, and morphological
changes on the scale of a single droplet. To better understand the effect of drying process variables on
dried particle formation, it is useful to observe the drying of single droplets. Fundamental processes,
such as mass and heat transfer, can then be easily monitored and compared with theoretical models.
Acoustic levitation enables droplet/particle suspension in the air without any mechanical contact.
Experiments in the acoustic levitator can be used to mimic the drying process in the spray dryer. The
drying kinetics of single droplets of PEG6000 into solid particles was studied. Droplets with an initial
polymer concentration (PEG6000 aqueous solution of 5%, 10%, and 15% (w/w)) were investigated at
different gas drying temperatures. The size of the droplet, moisture content, and the shape evolution
of the droplet/particle during the drying process were studied. The experimental drying curves were
compared with the Reaction Engineering Approach (REA). The REA models were shown to provide
a very good agreement for drying behavior, with a relative error of about +3% between the initial
and predicted droplet mass. This model can be implemented into the large-scale modeling of spray
drying using Computational Fluid Dynamics (CFD).

Keywords: PEG; REA model; single droplet drying; acoustic levitation; microspheres; solid dispersions

1. Introduction

Polyethylene glycol (PEG) is a versatile polymer with many applications, especially in
the pharmaceutical field. It is used to modify drug release and enhance the dissolution rate
of poorly soluble drugs. In solid dispersions (SD), PEG can prevent drug crystallization,
and thus increase the dissolution rate [1-3].

Polyethylene glycol 6000 (PEG6000) is a polymer that is widely used in pharmaceutical
formulations, and it has a low glass transition temperature. PEG6000 is employed in solid
dispersion manufacturing [4,5]. Solid dispersions with high PEG6000 concentrations
usually have the best dissolution profiles. Lu et al. [6] used spray drying to prepare
microparticles of PEG6000 embedded with a weakly soluble drug in water, then used tables
to compare its dissolution properties. They demonstrated that formulation by spray drying
maintained the crystallinity of the drugs during preparation and throughout the shelf life,
having comparable dissolution profiles.

Particulate solids and powders are produced via the spray drying technique. The
polymer carrier and the drug material are dissolved in a suitable solvent. Then, the
suspension is spray-dried into solid particles [7,8].

The spray dryer is able to produce solid microparticles in a continuous and quick
manner; it is also a scalable production process [9]. Spray drying has been widely utilized
to produce solid microparticles in the chemical industry [10], food industry [11], and
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pharmaceutical industry [1,12]. Spray drying is a well-established preparation method for
Amorphous Solid Desperations (ASD), which is an efficient method to overcome the weak
solubility of drugs in water [2,13].

Spray dryers can produce micro- or nano-size particles in a very short time, ca. a
few milliseconds. The wide range of operational parameters, such as the temperature of
heated gas, gas flow rate, feed solution, and various nozzles types, make spray drying a
very efficient technique for transforming solutions into powder with tunable physical and
chemical properties [14,15].

As illustrated in Figure 1, the spray drying process involves a few sequential steps.
A nozzle injects the feed solution or suspension into the drying chamber. The atomized
droplets generated by the nozzle come into contact with the hot gas stream, co-current, or
counter-current. Typically, the residence time for droplets in a spray dryer is a function of
the process parameters and the size of the equipment, and can last for a few seconds. The
liquid then evaporates from the droplet surface. Finally, a powder of dry particles is formed.

Feed Heated Air
| — Humid Air
I

N y v
! Dried Material

Figure 1. Schematic of spray drying unit.

Drying Chamber
Cyclone

Atomization produces a large number of micron-size droplets. The larger the surface
area of these droplets, the higher is the rate of drying. The spray drying process and the
characteristics of the generated powder rely critically on heat and mass transfer rates.

Drying rates can influence the amorphization of dissolved pharmaceuticals. Drying
kinetics is one of the factors that determine whether the molecule is fully crystallized or
not. Moreover, the exposure time of the particles in the spray dryer is critical for materials
sensitive to high temperatures.

To successfully formulate an engineered particle and design production units, various
process parameters, such as air temperature, aspiration ratio, droplet flow interaction
with air, heating and evaporation during spray transport, drying kinetics, and particle
separation, are of utmost importance [16,17].

It is often difficult to investigate all steps of the drying process experimentally; for
example, the atomization of the liquid through the nozzle generates a large number of
small droplets. Each undergoes morphological change due to the drying kinetics occurring
on the surface and inside the droplet. Tracking the temporal evolution of droplet size
and shape in spray drying for a single droplet is impossible. One alternative is to use a
device that mimics spray drying on a scale of one droplet using a single droplet drying
device. Therefore, an effective method for examining the drying kinetics of single droplets
is to suspend them in an acoustic levitator [18-21]. Furthermore, use of an ultrasonic
levitator to suspend single droplets or particles has been demonstrated as a well-proven
experimental approach for investigating transport processes at the surface of the droplet. It
allows tracking of the droplet shape during the drying process [20,22,23].

Researchers have attempted to model the drying kinetics of a single droplet containing
either dissolved or insoluble particles. Modeling drying kinetics is achieved by solving cou-
pled heat and mass diffusion equations. Different approaches have been used to describe
the dynamics of the drying process. Mutual diffusion coefficients are commonly used.
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Solute concentration, solvent activity, and droplet temperature are crucial to determine the
diffusion coefficient at each time point [24-27].

Another approach that utilizes reaction kinetics principles is called the Reaction
Engineering Approach (REA). Several researchers have succeeded in modeling single
droplet drying kinetics using the REA model [18,28-30]. In this model, the moisture
must overcome an energy barrier to depart from the droplet surface. The REA model has
been used to model the resistance of moisture migration on both internal and external
surfaces. Furthermore, the REA has been used to model binary solutes and binary solvent
solution [31].

This study aimed to investigate, theoretically and experimentally, the drying of
PEG6000 aqueous suspension droplets. The drying kinetics of aqueous PEG6000 droplets
are not available in the scientific literature. The modeling of drying kinetics is implemented
based on the Reaction Engineering Approach (REA). The major contribution of this study
is the development of a new correlation to predict the drying kinetics of aqueous PEG6000
droplets, which can easily be embedded to simulate spray dryers, utilizing Computational
Fluid Dynamics (CFD).

2. Materials and Methods

Polyethylene glycol 6000 was purchased from Sigma-Aldrich. Distilled water was
used to prepare the sample solution. Drying experiments on a single droplet of PEG6000
solutions were conducted in an acoustic levitator. Three different initial concentrations were
tested, specifically, 5%, 10%, 15% (w/w). The initial volume of the droplet was 1.0-1.2 pL.
The drying of PEG6000 aqueous solution was investigated under air drying temperatures of
30 °C and 50 °C. For each process condition, experimental trials were repeated in triplicate.

2.1. Experimental Method and Procedure

A single droplet can be held in the air using the acoustic force of the levitator. A drying
chamber that is temperature- and humidity-controlled isolates the suspended droplet. The
droplet can be continuously observed inside the chamber during the drying process via a
glass window.

Inside the levitator, ultrasonic sound waves are generated at a frequency of 58 kHz by
an emitter (piezo crystal and flanges). The sound wave is reflected by a concave reflector
forming the so-called standing wave. The acoustic radiation pressure that results from the
droplet in the acoustic field generates the required acoustic force to suspend the droplet
against the gravity force [32].

The acoustic levitator was modified to include two chambers (see Figure 2b): the
double-wall heating chamber (red) and the cooling chamber (blue). The heating chamber
was heated with hot air. The heated air flows inside internal pipes. The temperature
is controlled via a thermocouple fitted inside the hot chamber and connected to a PID
temperature thermostat controller. The upper part of the transducer, including the piezo
crystal, was isolated from the cooling chamber’s heated zone. Keeping the piezo crystal
temperature at around 30 °C in the cooling chamber provides stable droplet levitation
and protects the piezo crystal from high temperatures, which may cause damage to the
piezo crystal.

The droplet is continuously observed during the drying experiment via the mounted
CMOS camera (1280 x 1024 pixels). The long-distance macro lens is adjusted to provide
a sharp image, and is calibrated for the required magnification. A white LED source
illuminates the droplet from behind, allowing for the collection of sharp images of the
droplet’s outer contours. The shadow images of the droplet are captured at a pace of
0.5 Hz. The in-house developed image processing software enables online processing of
the captured images. The volume equivalent diameter is determined using the major and
minor axes, which are extracted from each image.
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Figure 2. Sketch of the experimental setup: (a) the ultrasonic levitator, the video camera (CMOS
MQO013xG-ON, XIMEA GmbH), and long-distance macro lens. (b) Backlighting LED source and the
drying chamber, which consists of heating and cooling chambers.

The interaction between the incident standing wave and the liquid droplet causes
acoustic streaming around the droplet surface once it is placed into the acoustic field. This
acoustic streaming process was defined by Schlichting [33]. The acoustic streaming can be
divided into two types of flow, a thin layer located near the droplet surface, called the inner
acoustic streaming, which is responsible for the convective heat and mass transfer from the
droplet into the ambient air. The second type describes the toroidal vortices surrounding
the inner acoustic streaming. These vortices are called outer acoustic streaming, and act
as a trap for the liquid evaporated from the droplet. As the evaporation continues, more
vapor is accumulated, and thus, the vapor concentration around the droplet is altered.
Therefore, one can generate reproducible experimental results that can be used to validate
the theoretical model. The outer acoustic streaming is demolished by inserting an airstream
with defined airflow beneath the droplet. In order to ventilate the droplet, an airflow
of 0.85 L/min was used. This step is necessary to prevent the evaporated solvent from
accumulating around the droplet [34].

2.2. Drying Kinetics Modeling

In spray drying, once the droplet leaves the nozzle, it travels downwards in a hot
gas stream, and the liquid solvent evaporates from the droplet surface. The solvent vapor
is initially transferred from the unbound surface to the surrounding gas. This step is
similar to pure solvent evaporation, where the solvent does not face any resistance to
migrate from the droplet surface. This period is designated as the constant drying rate
stage [35]. As the drying process proceeds, more solvent is evaporated. Hence, the solute
concentration increases in the layers beneath the droplet surface. The solids load in the
droplet influences the solvent evaporation at this stage. The solvent faces extra resistance
to leave the droplet surface.

The drying kinetics can be described by implementing the REA model. The solvent
evaporation in this approach is assumed to be an activation process similar to the reaction
process. The REA model assumes that the solvent leaves the droplet surface if it overcomes
an energy barrier [36]. As the solute concentration increases inside the droplet, the energy
barrier becomes more prominent, i.e., more resistant to solvent evaporation.

The temporal change of the solvent mass is expressed as in [18]:

mA:A D

(pas — PAoo)ﬁ 1
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where D is the binary diffusion coefficient of the moisture in the air, and is estimated
using Fuller’s equation [37]. It is worth mentioning that, for dilute systems, p >> p 45, and
therefore, Equation (1), is reduced to:

ma=A Ny (0as — PAco) )

The convective mass transfer coefficient /,, can be defined as:

_ D,Sh
D

him ®)

The temperature gradients are negligible inside the droplet, and temperature is as-
sumed to be uniform throughout the cross-section of the droplet. The energy balance
resulting from convective heat flux and the latent heat enables one to calculate the temporal
evolution of the temperature of the droplet [24,34]:

a1y
dt

C A by (T—Ty) 4 AT @)

my-C
d">pd dt

where It is the convective heat transfer coefficient, m is the mass of liquid inside the
droplet, and A is the latent heat of vaporization.
The vapor mass concentration on the droplet surface is correlated with saturated vapor
density (07,):
Pas = IPPZS ®)

The transfer resistance of solvent vapor from the droplet surface to the surrounding
ambient gas medium is expressed by the fractionality coefficient, ¢. The saturated vapor
density (0%,) is calculated as:

B MwAP z;kap,s

Pas= "R

where Pj,, (Ts) is the vapor pressure at the droplet’s surface temperature.
The Arrhenius equation is used as the main postulate of the REA model in order to
correlate activation energy (AE,) [38,39]:

v =ew (-5 7)

where R is the universal gas constant. The activation energy acts as a barrier during
evaporation and moisture removal. The vapor mass flow rate is then found by substituting
Equations (5) and (7) into Equation 1 and solving for AE;:

(6)

g/ (A ) + P
it a /(A - ha)-2 4 gy

AE,=—RTIn (8)

It can be derived from Equation (8) that the activation energy estimation depends
on the solids content inside the droplet, the convective mass transfer coefficient, and the
drying temperature of the droplet [39].

The average moisture content on a dry basis (X) can be linked to the normalized
activation energy, as follows:

AE,
AEyye

Physical properties of the drying air, such as the relative humidity (RH,) and tempera-
ture, can be used to calculate the “equilibrium” activation energy (AEy):

= f(X—Xe) )

A Eye = —RTgIn(RHy) (10)
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The moisture-to-solids ratio (X) is defined as:

mgy(t) —ms
X(t) = o (11)
where m; is the mass of the polymer inside the droplet, and m; is the total mass of the
liquid and the dissolved polymer.

The exerted vapor pressure on the droplet surface is calculated using Equation (5). The
fractionality coefficient (1) is linked to the activation energy via the well-known Arrhenius
equation [39]. The activation energy (AE;) is estimated from Equation (8), and depends on
gas temperature and initial polymer concentration.

The activation energy is then used to determine the moisture content on a dry basis (X):

The acoustic boundary layer surrounding the droplet controls the evaporation process
in the acoustic field. The convective mass and heat transfer coefficients calculated from
Sherwood and Nusselt numbers developed by Yarin et al. [40] are used:

Sh=2K—B
(QACZDS)7

Nuy=2K—B
(QAC"‘g)7

(13)

where ()4, is the angular frequency of the incident sound wave. The gas particle velocity
B = Age/(pgvs) depends on sound pressure amplitude Ag,, which can be calculated as [41]:

SPL = 201log,, Ag. + 74 (14)

A piezoelectric pick-up sensor embedded inside the reflector is utilized to measure
the sound pressure level (SPL) [32].

3. Results and Discussion
3.1. Drying Curves of Aqueous PEG Droplets at a Different Initial Solids Content

The PEG6000 solutions were used in drying experiments conducted at initial solids
mass fractions of 5%, 10%, 15% (w/w), and performed under air drying temperatures of
30 °C and 50 °C. The drying curves in terms of the dimensionless droplet surface area are
depicted in Figure 3. The drying rates and the size reduction of the droplet are faster at a
higher temperature. The driving force of evaporation increased due to the increased vapor
pressure at the droplet surface. The drying curves follow the well-known D?-law in the first
drying period. The polymer concentration on the surface increases as the drying goes on
and a polymer layer forms. Thus, the evaporation of the solvent is decreased dramatically.
Initially, a constant drying rate is accompanied by a steep decrease in droplet size, the slope
of the curve stays constant, then bends slightly.

Finally, a particle of constant size is evolved (Figure 4). Solvent evaporation continues
in this stage. However, a higher resistance to evaporation exists due to the formation of the
polymer layer. Figure 5 depicts the experimental drying curve of 15% (w/w) PEG solution
and air drying temperature of 50 °C. The rendered surface area evolution of the droplet
shows a decrease in the droplet size with time. Initially, the solvent evaporates once the
droplet is inserted into the acoustic field. The evaporation at this stage is similar to that of a
pure liquid droplet. The drying curve follows a linear trend described by the well-known
D? law [34]. The evaporation rate of the moisture depends on the temperature gradient
between the surrounding gas medium and the droplet surface, as well as the humidity of
the drying gas.
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Figure 3. Dimensionless droplet surface evolution, initial PEG600 mass fractions in the levitated
droplet were (a) 5%, (b) 10%, and (c) 15% (w/w).

o

Figure 4. Images of dried PEG6000 particles under the scanning electron microscope (SEM) show the
evolved particle structure at the end of the drying process. (a) T = 50 °C, 10% (w/w) and (b) T = 30 °C,
15% (w/w).
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Figure 5. Experimental drying curve plotted in terms of the dimensionless droplet surface for 15%
(w/w) initial PEG concentration, the air drying temperature was set at 50 °C. The droplet’s relative
vertical position in the acoustic field is plotted in blue.

The solvent vapor leaves the droplet surface easily in the first drying stage, i.e., the
constant rate period. The vapor then migrates into the bulk gas stream, resulting in
convective mass transfer driven by the inner acoustic boundary layer. The droplet surface
temperature takes an equilibrium value, called the wet-bulb temperature.

The diameter of the droplet decreases as more solvent is evaporated and is also
accompanied by weight reduction of the droplet. The rate of mass change can be calculated

from the drying experiments as:
dm ) AV
— = —Pd—H (15)
( dt const At

where p; is the average droplet density, and AV represents the volume difference between
two consecutive time points.

The PEG6000 concentration increases inside the droplet upon drying, leading to a
change in the droplet density and viscosity [42]. A skin forms on the surface of the droplet
as it begins to solidify. Therefore, the droplet/particle volume is seized, which signifies that
the end of the constant rate period has been reached. In Figure 5, the normalized evolution
of the surface area of the droplet is plotted. The shadow image of the droplet was analyzed
to estimate the diameter. During the drying course, the polymer content increases, which
increases the droplet viscosity. The droplet surface eventually solidifies, preventing the
solvent from escaping. As a result, the drying kinetics shift from a constant to a falling
rate stage, and the particle size remains constant until the drying process is completed. A
decrease in the drying rate accompanies the falling rate period.

The content of the solids determines how fast the solvent evaporates into the gas
medium. The solvent must diffuse through the solid particle surface. The higher the
thickness of the solid layer, the greater the solvent evaporation resistance. Unfortunately,
the shadow imaging method cannot determine the loss of the solvent from the droplet,
and Equation (15) cannot be applied. In order to calculate the mass loss of the particle
per time, the properties of acoustic levitation to suspend a droplet were utilized [43]. The
force balance between the gravity force and the acoustic force enables the levitation of the
droplet. As the particle volume stays constant, the loss of the solvent leads to a decrease in
the particle weight. Thus, the acoustic force pushes the particle up due to the force balance.
Figure 5 depicts the temporal evolution of the vertical position of the center of the particle.
The rise of the particle vertically in the acoustic field can be used to estimate the weight of
the particle. It must be mentioned that this method requires a constant particle size, and
the only physical property that can change is the density of the particle. In the first period
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of drying, both the density and the volume change, and a fall in vertical height is observed.
Therefore, the vertical location of the droplet in the acoustic field can only be connected
to particle density once the particle volume is constant (second stage), which would then
permit the estimation of the droplet mass loss.

Once the constant rate period ends, the mass of the droplet can be estimated. The
temporal mass of the particle, 1, can be calculated during the falling rate period as:

A
ma (1) = F L2

= ~<vert.pos(t) — vert.pos (tf())) +mg, fo (16)

where ty is the time when the falling rate period begins, vert.pos(f) is the time-dependent
vertical location of the particle, my, 7o is the mass of the particle at the beginning of the
falling rate period, estimated by subtracting evaporated mass, in first period, from the
original mass. The quantities Amif 5, and Ay, uq, represent the maximum differences in
the particle mass and vertical distance, respectively.

3.2. Modeling of PEG600 Drying Behavior via the REA Model

The drying kinetics of PEG6000 aqueous solutions was modeled using the REA method.
Equation (8) is the primary step for evaluating the activation energy from the experimental
drying curves. The drying step is analogous to chemical reaction kinetics. The required
resistance for the solvent to depart the droplet surface is represented by the activation
energy [36]. Therefore, the higher the resistance for evaporation, the more hindrances
encountered in the evaporation process. For example, the crust/skin formation on the
droplet surface hinders the evaporation step. The skin thickness increases as more solvent
evaporates. Liquid solvent must now diffuse through the pores in the crust, which adds
extra internal resistance. Other parameters such as humidity, gas temperature, and initial
solids content, also play a crucial role in determining the drying kinetics of the droplet. The
activation energy represents drying-related dynamics during the drying process, with a
lumped value that can be easily estimated from the drying experiments.

The normalized activation energy was related, via a power law, to moisture content
on a dry basis (X):

AE,
AEv,e

where the factors 4, b, and c are correlated to the initial polymer load and the gas drying
temperature via a multiparametric fitting analysis.

The drying course may be modeled by combining Equations (12) and (17) without
the need to define a transition point between drying stages; i.e., constant and falling
rate periods.

The experimental drying curves modeled by REA are depicted in Figure 6. There is a
good agreement between the model and the experimental data. In terms of initial droplet
weight, comparing experimental data with the REA model reveals a deviation error of
about £3.0%.

Activation energy is a key factor in the implementation of the REA model. It is
calculated by lumping together multiple process variables, such as gas drying temperature
and solid content. The activation energy was estimated with the help of Equation (8). The
power law correlation of the activation energy, as a function of the experimental dry basis
moisture content (X), was obtained from drying experiments, the coefficients a, b, and c are
estimated via a multiparametric fitting (fitnlm, MATLAB 2021a):

= a-exp(—b(X — X)) (17)

a = —2.352-10"2T — 17.72wsyig + 0.3695T -wqypig + 1.942, R? = 0.91
b = 1.667-1072T + 6.320wyjig — 0.245T g — 0.624, R* = 0.96 (18)
¢ = —3.237-1072T — 9.055w,jig — 7.350-102T-wsyig + 4.109, R* = 0.98

where T is the temperature of the drying gas and wy,;4 is the initial polymer content.
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Figure 6. The drying curves of PEG600 in terms of dry mass content (X) versus time, and the
corresponding REA model (solid lines). The initial polymer mass fractions are (a) 5%, (b) 10%, and
(c) 15% (w/w). The temperature of the drying gas is 30 °C and 50 °C.

The experimental drying curves are connected to the REA model via Equations (8) and
(17). The REA model is very attractive because it can be expressed as ordinary differential
equations [36]. The REA model is material-specific, and can be tested for any required
set of parameters, such as temperature, initial concentration, or type of solution. A spray
drying process model based on the REA can be used for large-scale modeling, such as
computational fluid dynamics (CFD) simulations [7,44,45].

4. Conclusions

Simulations of single droplets have great potential for analyzing drying steps of
various materials. The experiments require only small amounts of material. A single droplet
drying device was used to examine the drying kinetics of aqueous PEG6000 solutions. Two
process parameters were studied for their influence on the drying rate; the initial polymer
concentration and the drying gas temperature. The results show that the volume of the
droplet shrinks faster at higher drying temperatures. An REA model was developed to
simulate the drying curves. A power law fit was found to be the most suitable way to
represent the experimental drying curves. It was found that the parameters of the power
law fit depending on the air temperature and the initial loading of the polymer. In this
study, experimental results were compared with the model’s predictions, and showed
good agreement.

The acoustic levitator enables researchers to observe droplets individually throughout
the drying process. The drying kinetics predicted for PEG6000 single droplets in the
presented study can be helpful in large-scale modeling of the spray drying process.
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Nomenclature

A (m?) the surface area of the droplet
Age (Nm~2) sound pressure amplitude

B (ms™1 gas particle velocity

D (m) droplet diameter

Dy (m) initial droplet diameter

Ey (J mol—1) activation energy

hm (ms1) mass transfer coefficient

ma (kg s~ the mass flow rate of A

my (kg) the total mass of the droplet

mr (kg) mass of the liquid inside the droplet
ms (kg) mass of the solids inside the droplet
Nu ) Nusselt number

RHg ) relative humidity of drying air
Sh ) Sherwood number

SPL (dB) sound pressure level

T k) temperature

Us (ms1) sound velocity

X (kg kg™ dry basis moisture content

Greek symbol

ag (m?s71h) thermal diffusivity of the gas

A Jkg™) latent heat of vaporization

0 (kg m~3) mass concentration of the droplet
0 As (kg m~3) vapor mass concentration at the droplet surface
Ohs (kg m~3) saturated vapor mass density

Pg (kg m~3) the density of the air

Dg (ms~2) diffusion coefficient of vapor

wa ) mass fraction of the vapor

Weolids ) mass fraction of the solids

Qac (Hz) angular frequency

VP ) fractionality coefficient
Subscripts

e equilibrium

8 gas

L liquid

s surface of droplet
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