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Spray drying is widely applied in many industries, such as the pharmaceutical, food, deter-

gents, polymers, to convert liquids in solid particles. However, it still requires continuous

innovation in order to provide more sophisticated particles, which are difficult to design by

using only empirical approaches. In this context, a steady-state mathematical model for a

co-current spray dryer is developed to give a more phenomenological insight in the pro-

duction of inhalable particles. The model includes mass, energy and momentum balances

for  both particulate and gaseous phases. Particularly, and as a model inhalable compound,

ciprofloxacin hydrochloride (CIP) aqueous solutions are studied. Several experimental data,

obtained in a Mini-Spray Dryer B-290, BÜCHI, were available. In addition, droplet size mea-

surements were carried out by using laser diffraction. The effect of the binary nozzle

operating conditions on the mean droplet size was analyzed and a correlation to predict

the  mean Sauter diameter was established. The experimental data are used to fit and val-

idate  the proposed model. The validated model is used to perform parametric studies in

order to evaluate the effect of the main process variables on the final product properties

(e.g., particle size and density, powder moisture content) and to track key powder attributes
for  pulmonary administration.

© 2018 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
.  Introduction

ithin the process industry, it is common to find unitary
perations involving particulate systems, such as drying, gran-
lation, grinding, mixing, crystallization, size classification,
tc. They are part of a wide range of industries, from fertilizers
nd food production to pharmaceutical and mineral process-
ng (Balliu, 2005; Christofides et al., 2007). Although about 60%
f the chemical industry produces products in the form of
articulate solids (Boukouvala et al., 2013; Christofides et al.,
008), these processes still operate with less efficiency than

hose that handle gases and liquids and, therefore, with little

∗ Corresponding author.
E-mail address: icotabarren@plapiqui.edu.ar (I.M. Cotabarren).

ttps://doi.org/10.1016/j.cherd.2018.01.012
263-8762/© 2018 Institution of Chemical Engineers. Published by Elsev
control of the product attributes because there are only few
laws that can govern and describe their behaviour (Bell, 2005;
Dobry et al., 2009). Recognized this lack of understanding,
there is currently a large research activity worldwide, although
concentrated in a small number of groups, tending to generate
fundamental knowledge that allows the development of par-
ticles with defined properties and continuous improvement of
the production processes.

Currently, the production of particulate solids with desired
characteristics (among others, size, morphology, fluidity) is
based on previous experience. The design of the units is
mainly done by trial and error, while the control of processes is
limited to the ability of operators (Burggraeve et al., 2013; Fung
et al., 2006; Halstensen et al., 2006). This, almost exclusively,

empirical approach involves not only laborious experiments
with high development times, high costs, large waste gen-

ier B.V. All rights reserved.
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Nomenclature

A parameter in Walzel’s correlation (Eq. (1)) [–]
Aa area of the nozzle annulus [m2]
A′ parameter in Eq. (25) [–]
ALR air to liquid ratio [kgair/kgliquid]
B parameter in Walzel’s correlation (Eq. (1)) [–]
cpa air heat capacity [J/kgair K]
cps solid heat capacity [J/kgsolids K]
cpv vapour heat capacity [J/kgvapour K]
cpv average vapour heat capacity [J/kgvapour K]
C parameter in Walzel’s correlation (Eq. (1)) [–]
CD drag coefficient [–]
d32 Sauter mean diameter of droplets/particles [m]
d43 volumetric mean diameter of droplets/particles

[m]
daer particle aerodynamic mean diameter [m]
dair boundary layer thickness of the surrounding air

[m]
dL diameter of the liquid orifice [m]
dp droplet/particle mean diameter [m]
dp0 droplet mean diameter at z0 [m]
dv chamber wall thickness [m]
Dc chamber diameter [m]
Deff diffusion coefficient of water vapour in the air

[m2/s]
Fat atomization air volumetric flowrate [NL/h]
Fl liquid feed flowrate [m3/s]
k ideal gas compressibility constant [–]
ka air thermal conductivity [W/m K]
kv glass thermal conductivity [W/m K]
ms mass of dry solids in the droplet [kgsolids]
ṁv rate of evaporation from the droplet

[kgwater/m2 s]
Ṁa dry-air mass flowrate (drying and atomization

air) [kgair/s]
Ṁad drying dry-air mass flowrate [kgair/s]
Ṁaat atomization dry-air mass flowrate [kgair/s]
Ṁl liquid feed mass flowrate [kgliquid/s]
M̃a air molecular mass [kgair/mol]
M̃w water molecular mass [kgwater/mol]
Nt total number of droplets that enter the chamber

[–]
Nu Nusselt number [–]
Oh Ohnesorge number [–]
P atmospheric pressure [Pa]
Pv vapour pressure [Pa]
Pr Prandt number [–]
Q0 gas volumetric flowrate upstream the nozzle

exit [m3/s]
R universal constant of gases [–]
Re Reynolds number [–]
RH relative humidity [–]
T0 temperature of the atomization gas upstream

the nozzle exit [K]
Ta air temperature [K]
Ta0 air temperature at z0 [K]
Tad drying air inlet temperature [K]
Tamb ambient temperature [K]
Tout outlet air temperature [K]
Tp droplet/particle temperature [K]
Tp0 droplet/particle temperature at z0 [K]
U global heat transfer coefficient [W/m2 K]

va air velocity [m/s]
vp droplet/particle velocity [m/s]
vp0d droplet/particle velocity at z0 [m/s]
Vp0 droplet initial volume [m3]
We  gas Weber number [–]
Wp mass of water by mass of solids in the droplets

[kgwater/kgsolids]
Wp0 mass of water by mass of solids in the droplets

at z0 [kgwater/kgsolids]
Wpc critical moisture content [kgwater/kgsolids]
Wpeq equilibrium moisture content [kgwater/kgsolids]
Xw droplet water mass fraction [kgwater/kgdroplet]
Yb relative humidity of the bulk air, dry basis

[kgwater/kgair]
Yb0 relative humidity of the bulk air at z0, dry basis

[kgwater/kgair]
Ysat maximum amount of liquid that can be

absorbed by the surrounding air, dry basis
[kgwater/kgair]

zp axial distance from the nozzle [m]
z0 axial position of the nozzle [m]

Greek symbols
˛  heat transfer coefficient [W/m2 K]

 ̌ mass transfer coefficient of water vapour
through air [kgair/m2 s]

�L liquid surface tension [kgwater/s2]
�Hev water latent heat of vaporization [J/kgwater]
�a air viscosity [kgair/m s]
�L liquid viscosity [kgliquid/m s]
�a air density [kgair/m3]
�L liquid density [kgliquid/m3]
�p droplet/particle density [kgdroplet/m3]
�p,R particle relative density [–]
�p0 droplet/particle density at z0 [kgdroplet/m3]
�s solid density [kgsolid/m3]
�w water density [kgwater/m3]
eration and operations distant from the optimal points, but
also considerable difficulties in ensuring the quality of the
product (Vehring, 2007). Indeed, the particles final proper-
ties depend on the formation phenomena that occur in the
production processes, which involve both operating and for-
mulation variables (Patel and Chen, 2005; Vicente et al., 2013).
Consequently, it is expected that the development of knowl-
edge that provides a theoretical framework for particle design
will contribute greatly to obtaining particulate products with
controlled attributes.

Among the numerous existing processes for obtaining par-
ticulate materials, spray drying is used frequently and in a
wide variety of industries, predominantly food and pharma-
ceutical, for its simplicity, ease of operation, feasibility of
scaling and the ability to produce in one step and contin-
uously, particulate systems containing various compounds
(Sosnik and Seremeta, 2015). According to the application, it
allows obtaining micro and nanoparticles, generally spheri-
cal and monodisperse, as dense, hollow, porous, encapsulated,
etc. particles (Handscomb et al., 2009a). Despite the flexibility
offered by this technology, control of particle size and mor-

phology is critical (Vicente et al., 2013). Indeed, regardless
of the application, proper tuning of numerous process and
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ormulation variables is required to achieve the desired char-
cteristics (Vehring, 2007). The adjustable parameters of the
pray-drying technique are related to the process, the liquid
eed and the equipment (Handscomb et al., 2009a; Zbicinski,
017). The main ones are the following: flowrate of liquid
eed and drying gas, gas inlet temperature, concentration,
iscosity, density, surface tension of the liquid feed, solvent
oiling point, co-current or counter-current flow and atom-

zer geometry (Sosnik and Seremeta, 2015). Changes in these
arameters lead to variations in particle size, process yield,
articles morphology, crystalline state, moisture content and
ensity, among others (Kemp et al., 2016; Sosnik and Seremeta,
015).

Within the pharmaceutical industry, spray drying is used
n the preparation of solid dispersions, manufacture of excip-
ents, drying or encapsulation of active ingredients and, more
ecently, in the production of particles to be administered
y inhalation (Lyu et al., 2017). Indeed, the particle size that
emand inhalable products is at the lower limit of the spray
rying technology (Kemp et al., 2013; Maltesen et al., 2008;
atel et al., 2014). However, only scarce information is available
n how to control the formulation and operating variables to
chieve given product properties, specifically a desired particle
ize distribution (PSD) (Kemp et al., 2013).

In this context, the aim of this work is to contribute to
he design of inhalable particles produced by spray drying
nd to a more  robust operation by combining process mod-
lling and simulation with experimentation. Particularly, and
s a model inhalable compound, ciprofloxacin hydrochloride
CIP) aqueous solutions are studied. The CIP is an antibi-
tic of the fluoroquinolones group used in the treatment of
umerous infections (MedlinePlus, 2017) including respiratory

nfections in cystic fibrosis, anthrax and chronic obstruc-
ive pulmonary disease (COPD). Although frequently given
s oral and injectable forms, the inhalation route could be
n interesting alternative to direct CIP to the site of action
local therapy) or absorption (systemic therapy), minimizing
ts adverse effects (Adi et al., 2010a,b). The CIP solutions
ere dried by using a Mini Spray Dryer B-290, BÜCHI (Flawil,
witzerland) equipped with a high performance cyclone and

 design of experiments was implemented to evaluate the rel-
tive importance of the process parameters and the accuracy
f the proposed model.

.  Mathematical  model

pray drying is a common method for drying a liquid stream
solution or suspension) by a hot drying medium (usually air),

hich provides the liquid with sufficient energy to evaporate
he solvent (preferably water) in order to obtain a particu-
ate product of commercial interest. As shown in Fig. 1a, the
pray drying in a co-current scheme involves the following
tages: atomization of the liquid feed in the drying chamber
1) together with the drying air (2), contact between the atom-
zed droplets and the gas to allow solvent evaporation (3) and
eparation of the particles from the drying gas (4, 5 and 6)
Kuriakose and Anandharamakrishnan, 2010).

Spraying is done by means of an atomizer where the fluid
eed is broken into a large number of small droplets. There are
ifferent types of atomizers, the pressure and binary nozzles

also known as two-fluid or pneumatics nozzles) are the most
sed in the pharmaceutical industry for their simplicity, easy

leaning, flexibility and the ability to atomize various feeds
Vicente et al., 2013). Binary nozzles, where the liquid to be
atomized circulates by a central channel and the atomizing gas
(often air) through the surrounding annulus (see Fig. 1b), are
preferred to produce fine particles (i.e., below 20 �m)  (Kemp
et al., 2013). Atomization is a key step and experimental evi-
dence shows a high correlation between droplet and particle
size (Vicente et al., 2013).

Within the drying chamber, the droplets are subjected to
a wide variety of phenomena, which combine to define the
quality of the final product (Schmitz-Schug et al., 2016). In
general, the drying process of the droplets can be divided into
two stages. In the first drying stage, the droplets contact the
hot gas and gain sensible heat that leads to evaporation of
the solvent and a subsequent droplet contraction. The second
drying stage begins with the formation of a crust on the sur-
face of the droplets, which become wet particles (Mezhericher
et al., 2008). If a rigid crust is formed, the particles will not
further shrink during drying, although they may become frag-
mented. If the crust is flexible, the particle size may decrease
further or even increase if the liquid is heated above its boiling
point. Consequently, and according to the droplets morphol-
ogy (solution and/or suspension, nature and concentration
of the constituent materials) and the operating conditions of
the drying process (that govern the ratio between the solvent
evaporation rate and the solute mass transfer by diffusion),
particles of various morphologies can be obtained (Bück et al.,
2012; Handscomb et al., 2009b; Kemp et al., 2013; Pinto et al.,
2014; Seydel et al., 2006; Vehring, 2007). A micro-scale model
able to describe all the variety of morphologies that the par-
ticles can take after drying does not exist (Tsotsas, 2015);
however significant progress in modelling has been achieved,
as recent literature shows (Mezhericher et al., 2010; Tran et al.,
2017; Vehring et al., 2007). Independently of the used micro-
scale model, an important feature is the ability to connect
the results of the solid-phase formation process (e.g. particle
porosity) to process variables (Tsotsas, 2015).

The spray-dryer model proposed in this work includes a
mathematical representation of the liquid feed atomization in
order to obtain a relationship between the droplets mean size
and operating parameters, and a one-dimensional model con-
sidering variation in the axial direction to describe the drying
of the formed droplets inside the unit chamber.

2.1.  Atomization  model

As previously mentioned, the droplet size distribution from
the two-fluid atomizer is key on the spray drying process, but
cannot be predicted from first principles (Pinto et al., 2014).
In this type of nozzles, the ratio of the mass flowrates of the
atomizing gas (usually, air) and liquid feed, air to liquid ratio
(ALR), is often used as a characterization parameter (Hede
et al., 2008; Kemp et al., 2013). Actually, by appropriate manip-
ulation of the atomization conditions (mainly ALR and liquid
feed properties) it is possible to achieve reasonable control
over particle size (Maltesen et al., 2008).

Numerous correlations have been reported to estimate the
mean droplet diameter, although relatively few for binary noz-
zles (Kemp et al., 2013). Typically, the Sauter mean diameter
d32, is predicted. For binary nozzles (Fig. 1b), Walzel (1993)
proposed the following semi-empirical relationship (Pacheco
et al., 2016; Walzel, 2012):

[ ]B
d32 = A dL
We(

1 + 1
ALR

)2
(1 + C Oh) (1)
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b) Co

(

Fig. 1 – (a) Schematic representation of a spray dryer. (

Two important dimensionless numbers, which are widely
used in droplet size characterization studies, appear in Eq.
(1): the gas Weber number, We  = v2

a�adL/�L, given by the ratio
of air dynamic pressure to liquid capillary pressure and the
Ohnesorge number, Oh = �L/

√
�L�LdL, that accounts for the

relative importance of stabilizing viscous forces to surface ten-
sion ones (Pacheco et al., 2016). Therefore, the Sauter mean
diameter estimated by Walzel’s correlation depends on the
diameter of the liquid orifice (dL), the atomization air velocity
and density (va and �a), the liquid surface tension, density and
viscosity (�L, �L and �L), the ALR and three fitting parameters
(A, B and C).

The gas velocity through the annulus is calculated from
the upstream volumetric flowrate, by considering the com-
pressibility of gases. By assuming a one-dimensional, stable
and isoentropic process, and that air behaves like an ideal gas,
mass and energy balances can be combined with thermody-
namic relationships to obtain (Smith et al., 1997):

va = Q0

Aa

[
1 + M̃a(k − 1)

2RkT0

(
v2

a − Q2
0

A2
a

)]1/(k−1)

(2)

where Q0 is the gas volumetric flowrate upstream the nozzle
exit, Aa the area of the annulus, M̃a the air molecular mass,
k the compressibility constant, R the universal constant of
gases and T0 the temperature of the atomization gas upstream
the nozzle exit (it is assumed that the temperature does not
change considerably). If va is higher than the speed of sound,
it is instead computed by Eq. (3), valid for a Mach  number of 1
(Smith et al., 1997):

va =
√

2RkT0

(k + 1)M̃g

(3)

2.2.  Drying  model

The model proposed in this contribution considers the follow-
ing assumptions:
(a) The drying medium is preheated air and the solvent of the
sprayed solution is water.
nfiguration of an externally mixing two-fluid nozzle.

(b) The drying air and the atomized liquid are co-current.
(c) Steady-state for both, the air and the droplets/particles

phases.
(d) Plug flow for both, the air and the droplets/particles

phases (i.e., variations in the radial direction of mean
droplet/particle size, droplet and air temperature, droplet
and air moisture and droplet and air velocity are neglected)
(Edrisi Sormoli and Langrish, 2016).

(e) Droplets are spherical.
(f) The driving force for evaporation is the difference between

the air humidity considering saturation at the droplet
surface (by neglecting the CIP content) and the relative
humidity of the bulk air (Negiz et al., 1995).

(g) Moisture and temperature profiles inside the droplets are
neglected.

h) Agglomeration and breakage of droplets are neglected.
(i) Heat transfer between droplets and air is considered.
(j) The spray dryer exchanges heat with the surrounding air

through the chamber wall.
(k) The chamber is considered to be a cylinder (the actual

spray-dryer geometry is more  complex, see Fig. 1a).

2.2.1.  Solid  phase  balances
The humidity balance in the droplet (Wp, dry basis) is given
by:

dWp

dz
= −

�d2
pṁv

vpms
, Wp(z0) = Wp0 (4)

where z is the axial distance from the nozzle, ms is the mass of
dry solids in the droplet, vp and dp are the velocity and diame-
ter of the droplet, ṁv is the rate of evaporation from the droplet
by unit of surface area and Wp0 is the mass of water by mass of
solids in the droplets at the nozzle, estimated from the droplet
initial composition (Wp0 = Xw/(1 − Xw), being Xw the droplet
water mass fraction). The rate of evaporation is a function
of the mass transfer coefficient of water vapour through air
(ˇ) and the driving force for the mass transfer, which is given

by the difference between the relative humidity of the air at
the droplet temperature (Ysat, dry basis, maximum amount of
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iquid that can be absorbed by the surrounding air) and the
elative humidity of the bulk air (Yb, dry basis):

˙ v = ˇ(Ysat − Yb) (5)

sat = PvM̃w

(P − Pv)M̃a

(6)

here P corresponds to the atmospheric pressure, Pv is cal-
ulated through Antoine’s equation and  ̌ is estimated as a
unction of the heat transfer coefficient (˛):

 = ˛�aDeff

ka
(7)

ith Deff as the diffusion coefficient of water vapour in the air
nd �a and ka as the density and conductivity of air, respec-
ively. For the heat transfer coefficient, the correlation stated
y Ranz and Marshall (1952) for a single droplet or isolated
article was used (Negiz et al., 1995; Pinto et al., 2014):

u = ˛dp

ka
= 2 + 0.6Re0.5Pr0.33 (8)

ith

e = �adp

�a
(vp − va) (9)

r = cpa�a

ka
(10)

eing �a, cpa and va the viscosity, specific heat capacity and
uperficial velocity of the air, respectively. The air velocity is
stimated from the total air mass flowrate (Ṁa), the chamber
ross sectional area and the air density. All properties of the
ir are calculated as a function of the air temperature (Ta) and
stimated from Welty et al. (2008), as well as the Deff that is
omputed at 298 K.

Eq. (4) is evaluated until the particle reaches the equilib-
ium moisture content (Wpeq), which is the minimum amount
f water that the particle can contain at the prevailing drying
onditions. Beyond this point the rate of evaporation becomes
ero and Wp = Wpeq. As it will be explained later, Wpeq is typi-
al of each material, has to be determined experimentally and
epends on the drying air relative humidity.

The energy balance for a droplet of mass ms is:

dTp

dz
=

�d2
p[˛(Ta − Tp) − ṁv�Hev]

vpms(cps + Wpcpw)
,  Tp(0) = Tp0 (11)

here Tp is the droplet temperature, �Hev and cpw are the
ater latent heat of vaporization and the heat capacity of liq-
id water, respectively (both estimated as a function of Tp from
elty et al. (2008)) and cps is the heat capacity of the solid.
Regarding the droplet diameter (dp) and density (�p), both

ariables are subjected to change due to the different stages in
he evaporation process. In the first stage the droplet shrinks
nd the density increases as the rate of evaporation is bal-
nced with the transfer of moisture from the centre to the
urface of the droplet. The second drying stage starts when the
roplet reaches its critical moisture content (Wpc) and turns

nto a wet particle, initiating the formation of a dry porous
rust at the droplet surface. In this second stage, moisture

s still evaporated from the interior of the droplet, but the
iameter of the created particle remains constant and the den-
sity starts to decrease. From this point onwards, and until the
moisture content reaches the Wpeq, the transport of water from
the inner of the drying droplet to its outer surface becomes the
rate-limiting step (Negiz et al., 1995).

Consequently, when Wp ≥ Wpc:

ddp

dz
=

dp0ṁv�d2
p

3msvp

(
�p0 − �w

�p − �w

)−2/3(
�p0 − �w

�p − �w

)2

�s

1 − �s
�w

(
1 + �s

�w
Wp

)2
, dp(0) = dp0 (12)

d�p

dz
= −

ṁv�d2
p�s

msvp

1 − �s
�w(

1 + �s
�wWp

)2
, �p(0) = �p0 (13)

when Wpeq < Wp < Wpc:

ddp

dz
= 0 (14)

d�p

dz
= − 6ṁv

dpvp
(15)

and when Wp < Wpeq:

d�p

dz
= 0 (16)

�p0 is estimated from the solid density (�s) and water density
(�w) taking into account the liquid feed solid concentration,
and dp0 constitutes the droplet mean size estimated from Eq.
(1). Regarding the rate of evaporation, it is estimated by means
of Eq. (5), which is acceptable as the critical moisture content
is close to the equilibrium one (see Section 4).

The change in the velocity of the droplet (vp) is estimated
through its momentum balance. The net forces acting on the
droplet constitute the downward gravity force, the upward
friction and buoyancy forces. The resulting net force is bal-
anced with the acceleration of the droplet giving:

dvp

dz
= g

(
�p − �a

�pvp

)−3/4

− 3
4

CD�a

dp�pvp
(va − vp)2, vp(0) = vp0 (17)

where g is the acceleration of gravity and CD is the drag coef-
ficient, that for laminar regime and a spherical droplet is
estimated as follows:

CD = 24
Re

(18)

2.2.2.  Gas  phase  balances
The mass balance for the air moisture content is given as:

dYb

dz
= Nt

ṁv�d2
p

Ṁavp

, Yb(0) = Yb0 (19)

The initial moisture content (Yb0) is estimated from the
ambient air relative humidity, Ṁa represents the dry air mass
flowrate (drying and atomization air) and Nt is the total num-
ber of droplets that enter the chamber, which can be calculated
as:
Nt = Ṁl

Vp0�p0
(20)
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(

where Ṁl is the liquid feed mass flowrate and Vp0 represents
the droplet initial volume, estimated from Eq. (1) considering
an spherical droplet.

The energy balance for the drying medium is given as:

dTa

dz
= −

Nt�d2
p(ṁvcpv + ˛)(Ta − Tp)

vpṀa(cpa + Xbcpv)
+ U(Ta − Tp)�Dc

Ṁa(cpa + Xbcpv)
,

Ta(0) = Ta0 (21)

U represents the global heat transfer coefficient, which
accounts for the loss due to conduction through the chamber
wall:

1
U

= dv

kv
+ dair

ka
(22)

here dv is the chamber wall thickness, kv and ka the glass and
air thermal conductivity respectively, and dair is the bound-
ary layer thickness of the surrounding air, which as cannot be
measured is a fitting parameter of the model (Grasmeijer et al.,
2013). The initial air temperature Ta0 is estimated considering
the inlet temperature of both, drying and atomizing air, Dc is
the diameter of the chamber and cpv is the heat capacity of
vapour evaluated as:

cpv = 1
Tp − Ta

∫ Tp

Ta

cpvdT (23)

3.  Materials  and  methods

3.1.  Spray  drying  experimental  design

In order to test the validity of the proposed model, a series
of experiments were carried out. In particular, aqueous solu-
tions of ciprofloxacin hydrochloride were dried by using a
Mini Spray Dryer B-290 (BÜCHI, Flawil, Switzerland) equipped
with a high performance cyclone. A standard 0.7 mm two-fluid
nozzle was used. The drying air volumetric flowrate was set
at 100% of aspiration for the totality of the performed runs.
The remaining process parameters were set according to the
selected factorial design.

The design of experiments used was a 24−1 fractional
factorial design with central point. The statistical analysis
was carried out with the assistance of Design Expert soft-
ware  (version 7.0.0). Based on the results of preliminary trials
and data reported in the literature, the selected factors were
ciprofloxacin hydrochloride concentration (C, mg/mL), drying
air inlet temperature (Tad, ◦C), feed volumetric flowrate (Fl,
mL/min) and atomization air volumetric flowrate (Fat, NL/h).
Each factor was studied at a low, medium and high level, as
listed in Table 1. All the runs were performed in duplicate and
in a randomized manner to eliminate any unknown possible
sources of bias.

During each run, the outlet temperature sensed by the
spray-dryer thermocouple was registered (located in the con-
nection between the drying cylinder and the cyclone, see
Fig. 1a) as well as ambient temperature (Tamb) and relative
humidity (RH). Furthermore, the following determinations
were carried out for characterizing the atomizing solution and
the dried product:
(a) CIP solutions kinematic viscosity, density and surface ten-
sion.
The viscosity was determined at 25 ◦C, using a capillary
Cannon Flenske Routine-type viscometer (Tube size 100,
IVA, Cannon Instrument Company, State College, United
States). Density was calculated by using a 25 mL pycnome-
ter, also performed at 25 ◦C. Surface tension was measured
with a ring Krüss tensiometer (Krüss GmbH, Hamburg,
Germany) at room temperature. All determinations were
carried out in triplicate.

(b) Moisture content.
The moisture content of the obtained particles was deter-
mined by using a halogen moisture analyzer (MB45, Ohaus,
Pine Brook, United States). Around 500 mg  of sample were
heated up to 80 ◦C until the weight change was less than
1 mg  in 90 s. These determinations were carried out imme-
diately after the spray drying process.

(c) Particle size analysis.
The particle size distribution of the spray-dried particles
was determined by laser diffraction on the LA 950V2,
Horiba (Kyoto, Japan). Particles were dispersed in lactose
(lactose:sample 4:1) to improve the powder flow from the
feed hopper to the measuring cell (Ceschan et al., 2015).

d) Skeletal density determination.
The sample or skeletal density of the spray-dried parti-
cles was determined by nitrogen adsorption (Nova 1200e,
Quantachrome Instruments, Florida, United States). 1 g
sample was placed in a precalibrated cell and its volume
was determined by nitrogen intrusion. The sample density
was calculated as the solid mass divided by the volume
of the particles excluding the open pores. Therefore, for
non-porous particles or open porous particles the sample
density can be assumed to be close to the solid density
(�s), while for particles with internal porous the sample
density represents the particle density (�p) (Ceschan et al.,
2015).

(e) Estimated aerodynamic diameter.
The particle size of drugs for inhalatory applications is
critical for its efficient deposition in the lower airways. In
fact, the efficacy of the drug product is determined by the
amount of drug with aerodynamic particles sizes of a par-
ticular size range (i.e., typically <5–10 �m and is usually
referred to as the respirable dose) (Van Oort, 1995). The
aerodynamic diameter (daer) of each sample was estimated
from its respective d43 (mean volumetric diameter) and
particle relative density (�p,R), as follows (Ceschan et al.,
2015):

daer = d43
√

�p,R (24)

where �p,R = �p/(1000 kg/m3).

3.2.  Droplet  size  measurement

In order to determine the droplet size generated in the spray-
dryer nozzle, different atomizing experiments were carried
out using pure water and aqueous solutions of CIP of 10 mg/mL
and 50 mg/mL. The nozzle used for atomization was the exter-
nally mixing two-fluid nozzle provided with the spray dryer
B-290 that has a 0.7 mm liquid orifice diameter (dL), a 1.1 mm
liquid outer diameter (dL,ext) and a 1.5 mm gas orifice diame-
ter (dair). The liquid to be atomized was transported up to the
atomizing system by means of a peristaltic pump (Masterflex

easy-load 7518-00, Cole Palmer). The air flowrate was deter-
mined by a rotameter (Brooks Instruments, The Netherlands)



Chemical Engineering Research and Design 1 3 2 ( 2 0 1 8 ) 1091–1104 1097

Table 1 – Process variables used in the experimental design.

Factors Low (–) Medium (0) High (+) Units

CIP concentration 10 30 50 mg/mL
Inlet temperature 110 145 180 ◦C
Feed volumetric flowrate 3.0 4.5 6.0 mL/min
Atomization air volumetric flowrate 667 1020 1374 NL/h

e set up for the droplet size measurement.
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Fig. 3 – Mean droplet diameter for pure water and
50 mg/mL  CIP solution.
Fig. 2 – Schematic representation of th

nd the pressure was registered with a manometer installed
n the rotameter (see Fig. 2).

The droplets size was measured by laser diffraction with
n Insitec Spray device (Malvern, United Kingdom), having a
article size range of 0.1–2500 �m.  It allows in situ, real-time
article size measurement for sprays and aerosols. The nozzle
as positioned perpendicular to the laser beam, as shown in

ig. 2. The distance between the nozzle exit and this latter was
et to 10 cm.  The software RT Sizer (Malvern, United Kingdom)
as used to register the data and calculate the Sauter mean
roplet diameter.

All the experiments were carried out at ambient condi-
ions, with the same nozzle and at constant liquid feed rate
Ṁl). The air feed flowrate (Ṁa) was varied in order to test the
ependence of the droplet size with the ALR.

.3.  Determination  of  the  drying  air  aspirator
erformance  curve

n order to determine the aspirator performance curve and
btain the relationship between the aspirator setting and the
rying air mass flowrate, different experiences were carried
ut by measuring the velocity of the air at the sprayer exit
ith a pitot tube connected with a manometer of double read-

ng (CEM Instruments, Shenzhen, China). By registering the air
elocity, pressure and temperature at different aspirator set-
ings it was possible to build the performance curve (i.e., mass
owrate versus aspirator setting).

.4.  Determination  of  heat  transfer  coefficient  for
onduction  losses

ccording to the proposed energy balance for the air phase
Eq. (21)), it is necessary to determine the thickness of the
oundary layer of the surrounding air (dair). To this end, differ-
nt experiments were carried out in the spray dryer varying
he temperature of the drying air (Ta0) within the range of the
xperimental design. All other variables were kept constant:
he aspirator setting was established in 100%; the atomiza-

ion air flowrate and the liquid feed were set in intermediate
alues, 1052 NL/h and 3 mL/min, respectively. Pure water was
atomized as a model system, taking into account that it is
one of the most common solvents. During each run, the out-
let temperature sensed by the spray-dryer thermocouple was
registered as well as ambient temperature (Tamb) in order to
further perform the parameter fitting.

4.  Results

4.1.  Atomization  model

As described in Section 3.2, different atomization runs were
carried out in order to determine the best fit of Eq. (1). Three
runs were performed with pure water, one run with an aque-
ous CIP solution of 10 mg/mL and one run with an aqueous CIP
solution of 50 mg/L. In each run, the ALR was varied from 0.5
to 2.5 approximately, according to the capacity of the rotame-
ter and peristaltic pump available for the experiments. As an
example, Fig. 3 shows the d32 evolution for one run with pure
water and one with the most concentrated CIP solution. As it
can be seen, both runs present similar mean droplet size vs.
ALR trends, indicating that the Sauter diameter is almost inde-

pendent of the CIP concentration. This is expected because, as
shown in Table 2, CIP aqueous solutions have values of density,
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Table 2 – Water and CIP aqueous solutions density,
viscosity and superficial tension.

�L (g/mL) �L (mm2/s) �L (mV/m)

Water 0.997 1.415 69.6
CIP 10 1.000 1.464 65.8
CIP 50 1.013 1.579 63.0
viscosity and surface tension very similar to water. Therefore,
Eq. (1) becomes only dependent on the ALR settings since the
liquid orifice (dL) is the same for all runs and the air prop-
erties do not vary. It is important to note that for high ALR
values, the mean droplet diameter evolves asymptotically to
a constant value.

According to these observations, two runs performed with
water were used for parameter fitting and the remaining
run with water and the two runs with CIP solutions were
saved for validating the model. Because of the constant liquid
properties, the Oh number is the same for all the performed
experiments, therefore the parameters to be fitted in Eq. (1)
can be reduced to two: A′ and B, where A′ = 1 + C Oh and Eq. (1)
becomes:

d32 = A′dL

[
We(

1 + 1
ALR

)2

]B

(25)

Eqs. (25), (2) and (3) were implemented in the gPROMS
Environment (gPROMS, 2016) and the fitting parameters were
estimated from experimental data using the inbuilt param-
eter estimation tool. As a result, A′ = 0.3771 and B =−0.3487,
which are within the ranges reported for this type of nozzles
(Walzel, 2012). Furthermore, Table 3 presents the statistical
analysis performed by gPROMS, showing a t-value much larger
than the reference t-value that indicates high accuracy of the
estimated parameter, and a weighted residual smaller than �2

value, which indicates that a large amount of the variance in
the data can be explained by the model (gPROMS, 2016).

In order to test the validity of the correlation in systems
that were note used for the parameter fitting, Fig. 4 shows
the predicted d32 together with the experimental measure-
ments for one run performed with pure water and the two
runs with CIP solutions. As it can be seen, the predictions are
in reasonable accordance with the experimental observations.

4.2.  Heat  transfer  coefficient

In order to obtain dair the experiments shown in Table 4 were
performed. The first three runs were used to estimate dair,
which resulted in a value of 8.97E−4 m.  Due to its simplic-
ity, the parameter estimation was performed by means of the
Excel Solver tool. With the remaining tests, the validity of
the model was evaluated considering that a different liquid
flowrate was assayed. As it can be seen, the coefficient of deter-
mination is equal to 0.95, showing a reasonable prediction.

4.3.  Drying  model

4.3.1.  Parameter  fitting
The validity of the proposed model was tested by simulat-
ing the experimental runs described in Table 1. On overall,
9 experiments with their replicates were simulated (i.e., 18

experiments). The spray-dryer model was implemented in
the gPROMS Environment considering as input for each run
the data presented in Table 1 (i.e., CIP concentration, dry-
ing air inlet temperature, feed flowrate and atomization air
flowrate), the ambient temperature and relative humidity, the
mean droplet size correlation presented in Section 4.1 and
the heat transfer coefficient fitted in Section 4.2. The model
also requires as inputs the particles’ critical and equilibrium
moisture content as well as CIP properties.

Regarding the Wpeq (minimum amount of water that the
particle can contain at the prevailing drying conditions) it
was determined from the dynamic vapour sorption (DVS)
isotherms of spray-dried ciprofloxacin hydrochloride per-
formed by Ong et al. (2011) and Adi et al. (2008). As stated
by the authors, each sample was dried at 0% RH before being
exposed to 10% RH increments at 25 ◦C. Equilibrium mois-
ture content at each increment was determined by dm/dt of
0.002% min−1. Fig. 5a presents a cycle of sorption and desorp-
tion obtained from these authors. Specifically, CIP particles
had a large hysteresis between the sorption and desorption
cycles. As stated by Young et al. (2014): “during the first sorp-
tion cycle, an increase in mass of ≈11% was observed, between
0 and 60% RH, before water was expelled at 70% RH, indicating
an amorphous-crystalline transition. The mass loss on des-
orption did not return to 0% but rather 4%,  indicating that
significant water was retained in the crystallized sample”.

Strictly, Wpeq has to be determined from desorption cycles
as the process under study is a drying operation. However,
according to our experimental evidence: (a) CIP particles leave
the spray dryer with a moisture content between 1.21 and
4.57 (wt%) and (b) X-ray Diffraction tests indicate that particles
both in amorphous and crystalline state have been produced.
Taking into account these facts and in order to allow Wpeq to
reach even the lowest moisture content values experimentally
found, Wpeq was obtained from the sorption isotherm. Fig. 5b
presents the equilibrium values (kg of water/kg of CIP) from
which a correlation to estimate Wpeq as a function of the air
RH was obtained: Wpeq = (% w/w)/100.

With respect to the Wpc (moisture content for the formation
of a dry porous crust at the droplet surface), its determination
is quite more  challenging as it depends on the particle drying
kinetics and is usually set as a model fitting parameter (Negiz
et al., 1995). For this contribution, and taking into account that
in a drying process Wpc is higher than Wpeq, the critical mois-
ture content was assumed as 30% higher than the equilibrium
one.

Both Wpc and Wpeq are function of the drying air RH. Since
this air is changing its temperature along the dryer, the RH,
which in the model is estimated through Eq. (26), also varies:

RH = 1
1

YB

M̃w

M̃a
+ 1

P

Pv(Ta)
(26)

This change is considered until Wp equals Wpeq, from this
point onward the RH is kept in its last value.

Regarding the ciprofloxacin properties, its heat capacity
was set in cps = 56.8 J/kg K (Zhang, 2005) and the solid density
was  inferred from the obtained skeletal values. Taking into
account the measured particle moisture content and assum-
ing that the highest value of skeletal density corresponds to a
particle that either has all the porous connected to the sur-
face or the minimum experimental porosity, �s was set as
1300 kg/m3.

Once all the input variables were determined, the

simulation results were compared with the experimental
measurements. Among all the variables that define product
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Table 3 – Statistical information for the mean droplet size fitting.

Parameter Final value 95% t-value Std. dev. Ref. t-value (95%) Weighted residual �2 value (95%)

A 0.3771 9.4 0.0187 1.7612 17.929 23.685
B −0.3487 9.1 0.0179

Fig. 4 – Predicted and experimental d32 for pure water and CIP solutions of 10 mg/mL  and 50 mg/mL.

Table 4 – Heat transfer coefficient experimental data and coefficient of determination.

Fl, (mL/min) Ṁad (kg/s) Tad (◦C) Tout (◦C) Tamb (◦C) Ṁaat (kg/s) Ta0 (◦C) Tout pred. (◦C) R2

3 8.5E−3  110 57 27.2 3.9E−4  106.35 56.11 0.99
3 8.5E−3  145 69 27.1 3.9E−4  139.81 70.16
3 8.5E−3  180 85 27.1 3.9E−4  173.26 83.39
4.5 8.5E−3  110 48 27.2 3.9E−4  106.35 52.43 0.95
4.5 8.5E−3  145 64 27.1 3.9E−4  139.82 66.74
4.5 8.5E−3  180 79 27.2 3.9E−4  173.27 80.33
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Fig. 5 – (a) CIP DVS from Ong et al. (2011) and

uality, particle size, particle density, moisture content and
utlet temperature are the ones that the proposed model
llows to predict.

Regarding the particle size, Fig. 6a shows the values pre-
icted by the model against the experimental data. Firstly, it

s good to note that the experimental information is highly
eplicable as the highest value for the standard deviation is
E−7  m (i.e., low error bars). As it can be seen in Fig. 6a, the pre-
icted mean size follows quite well the experimental ones: the
ighest experimental values (runs 3 and 7) are also the highest
redicted values; the lowest experimental values (runs 2, 4 and
) are within the lowest predicted ones, except for predicted
un 1. From Fig. 6b, it can be seen that the manipulated vari-
bles that more  influence the predicted values (and possible,

he experimental ones) are the droplet size and solid concen-
ration. Runs 3, 5, 6 and 7 present the highest droplet size,
et al. (2008). (b) Correlation to estimate Wpeq.

although run 5 and 6 present the lowest concentration giving
a smaller predicted (and experimental) particle size. Runs 1,
2, 4 and 8 present the lowest droplet size, consequently the
predicted and experimental particle size are within the lower
ones, except that runs 2 and 8 present the highest concen-
tration and therefore, their predicted size are higher than the
other two. Run 9 presents and intermediate combination and,
consequently, predicted and experimental particle sizes are
midway.

Fig. 7 presents the experimental and predicted particle (or
skeletal) density. It can be seen that although the simulated
density is always overestimating the experimental data, it fol-
lows the behaviour between runs, with errors smaller than
6.4%. The fact that the experimental values are smaller than

the predicted ones can be indicating that the particles are
porous inside and, therefore, their density is smaller than
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Fig. 6 – Experimental and predicted particle size.

d pr
Fig. 7 – Experimental an

the solid one. The model (as it is presented in this contri-
bution) does not include the prediction of particle porosity;
this should be taken into account in future improvements of
this simulation tool. In fact, previous authors have described
solid formation inside droplets by the solution of population
balances. Seydel et al. (2006) described the crystallization pro-
cess and the distribution of particles (and voids) in the drying
of solution droplets. Handscomb et al. (2009b) and Bück et al.
(2012) used the same approach to model aggregation of nano-
particles when drying single suspension droplets. Regarding
the experimental particle density values, it is noted that the
replicates present small variations between them, with stan-
dard deviation values smaller than 21.21 kg/m3.

Fig. 8 shows the predicted and experimental values (as
water mass fraction) for the particle moisture content after
the spray drying. Unlike the particle diameter and density, the
moisture content presents more  variability between replicates
(high error bars), with standard deviations lower than 0.013%
(wt/wt). For all runs, except run 3, the predicted moisture con-
tent underestimates the experimental value. This could be

related to the estimation of the equilibrium particle mois-
ture (Wpeq) by means of the sorption isotherm instead of the
edicted particle density.

desorption one. Moreover, it could be a consequence of the
model hypothesis (f) and of considering plug flow for the air
and droplet’s phases which implies a higher residence time
that the one observed by other authors (Pinto et al., 2014).
Nonetheless, the highest difference between model predic-
tions and experimental values is 2.4% (wt/wt) with an average
deviation of 1.1% (wt/wt), which can be considered reasonable.
Besides, it also should be taken into account that the moisture
content experimental value is highly dependent on the qual-
ity of the measurement. Although the determinations were
carried out immediately after the spray drying process, there
might be some effect related to ambient moisture intake by
the particles.

Fig. 9 presents the predictions of the air outlet temperature
against the experimental values. As it can be seen, the model
captures very well the real process. The predicted values show
the same behaviour between runs as the experimental ones. In
fact, the highest error is 12% with an average value of 7%. Devi-
ations between replicates in each run are reasonable, being the
highest 8.8 ◦C.
On overall, the predictions made by the model are satisfac-
tory taking into account that the droplet size distribution and
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Fig. 8 – Experimental and predicted particle moisture content.

redicted outlet air temperature.
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Table 5 – Experimental and predicted aerodynamic
diameter.

Run daer (�m)
experimental

daer (�m)
predicted

1 6.35 5.04
2 5.13 7.94
3 8.18 12.26
4 5.50 4.85
5 6.76 7.32
6 4.95 6.63
7 7.53 11.05
8 7.58 8.37
9 7.19 8.11
Fig. 9 – Experimental and p

he convective heat loss are the only variables that present
tted parameters and have been determined for the specific
ozzle and spray dryer used in this contribution but for a com-
on  system as pure water.
In order to identify if the particle size and density can be

mproved by better estimating the Wpc, a sensitivity analysis
ith respect to this variable was performed. Run 3 was chosen

s the base case for the sensitivity analysis since it presents
he worst prediction of the particle size. Fig. 10 shows the evo-
ution along the spray drier of the described variables for the
ase case, a simulation with Wpc twice the base case and a
imulation with Wpc ten times the base case. As it can be seen
n Fig. 10a, the particle size increases as the critical moisture
ontent increases, which makes sense since the point of crust
ormation is at shorter lengths. These results are worse than
he prediction obtained for the base case in Run 3. Indeed, it
s expected that all the particle size predictions increase their
alues as the Wpc increases. Comparing with Fig. 10b, the effect
f changing Wpc on the particle density is much pronounced.
s the critical moisture is reached at shorter distances from

he nozzle, the second stage of drying is longer, and therefore,
vaporation continues with a constant particle diameter. This
isturbance leads to a lower particle density than the base
ase. Consequently, a higher Wpc can result in better predic-
ions of the particle density. From Fig. 10c and d it can be seen
hat changes in Wpc do not affect the evolution of the parti-
le and air temperatures as well as the particle final moisture
ontent, which depends on the equilibrium moisture content.
From the sensitivity analysis it can be inferred that the Wpc

stimation can be critical in improving the prediction of the
particle density. Nonetheless, as afore-mentioned, the model
needs to be updated in order to take into account that the
particles can have internal porous. In contrast, the particle
size is more  susceptible to a good prediction of the droplet
size than to the estimation of the critical moisture content.

Finally, for the produced particles to be used as inhalable
powder, the aerodynamic diameter needs to be below 10 �m.
Table 5 presents the daer calculated by Eq. (24) from the exper-
imental and predicted data. For the experimental data, it is
verified that in all cases the particles are below the maximum
allowable diameter. For the predicted data, as the particle den-
sity is over-predicted and in some cases the particle size too,
runs 3 and 7 fall outside the limit. Nonetheless, this result
implies that the developed model can be used with confidence
to determine the combination of operating variables that allow

the production of inhalable particles by spray drying.
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Fig. 10 – Wpc sensitivity analysis.
5.  Conclusions

In this contribution and with the aim of providing a simulation
tool for the design of inhalable particles, experimentation and
modelling were combined to represent a spray dryer opera-
tion. The model, that describes variations in the axial direction
of mean droplet/particle size, droplet and air temperature,
droplet and air moisture and droplet and air velocity, involves
the determination of unknown fitting parameters associated
with the mean droplet size generated in the dryer nozzle and
the heat transfer to the environment. These were determined
through experiments based on a simple system like pure
water, providing a model capable of predicting satisfactorily
the main operating variables and product quality parameters.
Furthermore, the proposed model was validated with data
provided by a design of experiments that allowed proving its
performance in a wide range of operating and formulation
conditions.

The results suggest that the predictions of particle density
could be improved if the porosity of the particles and their
changes throughout the drying process are considered. On
the other hand, the predicted final moisture content of the
particles could be optimized by performing DVS assays under
conditions similar to those in the spray-drying operation. It
was also demonstrated that a good prediction of droplet size is
critical for simulating and controlling the particle diameter. As
the minimum particle size is limited by the critical moisture
content, the evaporation that takes place during the second

drying stage does not affect the final particle size. Therefore,
if a different product particle size is required, the droplet size
and/or solid concentration should be modified. These changes
can be achieved by manipulating the atomization air flowrate
and the concentration of the feed solution.

Finally, further work will involve, besides the modelling of
the intra-particle phenomenon in order to estimate porosity,
the inclusion of a droplet size distribution generated in the
nozzle as a way to track different fractions of particles along
the unit (i.e., fraction of respirable particles, fines recovery)
and the evaluation of other process parameters such as yield.
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