Particuology 115 (2026) 91-105

Contents lists available at ScienceDirect

d Particuology
EILSEVIER journal homepage: www.elsevier.com/locate/partic
Fine-tuning particle coatings: A comparative study of liquid atomization R
methods in fluidized bed processes Skl

Serap Akbas™ , Maksim Mezhericher”, Torsten Hoffmann?, Nikolay Razorenov®, Zehao Pan’,
Evangelos Tsotsas”
? Thermal Process Engineering, Otto von Guericke University, Universitdtsplatz 2, 39106, Magdeburg, Germany

Y Mechanical and Aerospace Engineering, Princeton University, Princeton, NJ, 08544, USA
¢ Mechanical Engineering, Shamoon College of Engineering, Beer Sheva, 84100, Israel

HIGHLIGHTS GRAPHICAL ABSTRACT

o A newly developed three-channel coax-
ial nozzle was applied in fluidized bed
particle coating.

Coating roughness

=

particles were coated using an aqueous
sodium benzoate solution.

e The new nozzle generates droplets b :
s g Fluidized Particle Coating Process yield
brid, th b |
~10 pm, bridging the gap between ith ‘1
aerosol generators and conventional a New Three-Channel |
nozzles. Coaxial Nozzle :
I
= _ Exhaust gas 1
e Non-porous glass and porous y-Al,O3 /1\ )
I
1
1
\

e Process yield, coating coverage, coating

thickness, and surface roughness were 4
Atomizing air |
evaluated. N"i&-[ : Coating coverage
e The new nozzle shows strong potential " !
as an alternative to conventional nozzles ( ) |
. 3 Syringe pump |
by producing finer droplets. e = |
1 5 )
/ Chaing e ickosss ]
//
ARTICLE INFO ABSTRACT
Keywords: This study compares the performance of a new three-channel coaxial nozzle with a conventional Schlick nozzle in

Fluidized bed

fluidized bed particle coating. The new nozzle produces droplets with a Sauter mean diameter of around 10 pm,
Coating particles

offering a middle ground between aerosol and conventional nozzles. Yields of processes, coating coverages of

::gcn:szsa;‘;'d particles, coating thickness and surface roughness were compared for the same experimental conditions of these
Coverage nozzles. Non-porous glass particles (mean diameter 653 pm) and porous y-AlyO3 particles (mean diameter
Layer thickness 610 pm) were used as cores, with an aqueous sodium benzoate (NaB) solution as the coating liquid. A scanning
Coating surface roughness electron microscope (SEM) was utilized to capture images of the particles after each experiment. To analyze the

coverage on the particle surfaces, MATLAB image processing was applied to SEM images of coated particles.
Moreover, these images were used to determine the surface roughness of the coating. In addition to manual
measurements of coating thickness on particles by image processing, some coated y-Al,Os particles were
sectioned to measure the coating thickness by ImageJ. The manual thickness measurements were supplemented
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by results obtained by laser scattering. The coating process by means of the new nozzle was also compared with
an aerosol coating process which has droplet size with a mean diameter of around 1 pm, in terms of process yield,
product coating coverage and thickness. The new nozzle acts as an intermediate between the aerosol generator
and the conventional Schlick nozzle in terms of droplet size. These findings suggest that the new nozzle has
significant potential for use in fluidized particle coating, as an alternative to conventional nozzle, offering smaller

droplet size.

1. Introduction

For many industrial applications, the process of coating particles has
importance. Some of the industrial purposes can be listed as battery
material stabilization, active ingredient release control for drugs,
encapsulation of catalysts, taste/odor masking, adding protective layers
to seeds in agricultural industry, etc. (Bérengere Guignon & Dumoulin,
2002; Capece & Dave, 2011; Culver et al., 2019; Kleinbach & Riede,
1995; Turton et al., 1999; Wan & Lai, 1991; Werner et al., 2007; Zuo
et al., 2023). Particle coating in conventional spray fluidized beds (SFB)
is an established industrial process that is continuously being enhanced
through the growing availability of advanced mathematical models and
experimental techniques (Kieckhefen et al., 2019; Pietsch et al., 2019;
Rieck et al., 2016, 2020; Sondej et al., 2016). However, the coating
layers provided by SFB are generally coarsely structured and thick (in
the range of 20 to 150 pm, with a typical mean droplet size of 40 pm)
(Akbas et al., 2023, 2024; Tsotsas, 2012). Therefore, existing SFB
technologies are inadequate for producing particles with ultrathin,
high-resolution coatings required for several industries such as chemi-
cal, pharmaceutical, biochemical, and biomedical (Mezhericher et al.,
2020). For smaller droplet size (as well as to reduce the coating thickness
at full coverage), alternative atomizers exist like piezoelectric, ink-jet
printing nozzles, but they are constrained by their limited capacity to
handle large throughputs of high solid content liquids (Akbas et al.,
2023). To address this, a new three-channel coaxial nozzle developed at
Princeton University was tested, capable of producing smaller droplets.

With the purpose of producing ultrathin and high-resolution coating,
Mezhericher et al. (2020) proposed a transition from conventional spray
to aerosol fluidized bed (AFB) coating using aerosol droplets. In that
study, a new aerosol generator (with a mean droplet diameter of around
1 pm) by Mezhericher et al. (2017, 2019) was used. The coating thick-
ness with sodium benzoate (NaB) was measured as 2.7 pm on the surface
of y-Al;03 particles (with a mean diameter of 638 pm) at the end of 1 h
coating time. The same aerosol generator was later used in the study of
Akbas et al. (2023) to investigate island growth on fluidized particle
surfaces (in early-coating stage) as a result of preferential deposition of
aerosol droplets on already occupied spots on the particle surface. In
that study, the particles were not yet fully covered at the end of 1 h
process time. Process conditions’ impact on aerosol coating coverage
and process yield was investigated in detail in the study of Akbas et al.
(2024) by performing AFB experiments and comparing results with
Monte Carlo simulations. Additionally, those authors increased the
process time until 6 h to obtain fully covered particles by aerosol
droplets. After 3 h, y-Al,O3 particles were fully covered. Coating thick-
ness was found to range from 0.7 to 2.8 pm in SEM pictures of cut
y-Al,O3 particle after 3 h process time; after 6 h process time, it was
measured to range from 1.5 to 6.4 pm.

There is a gap between the coating thickness obtained by using
aerosol droplets when full coverage is attained (around 1 pm (Akbas
et al., 2024)) and coating thickness provided by a conventional nozzle
(in literature, ranging from 20 to 150 um (Akbas et al., 2023; Akbas
et al., 2024; Tsotsas, 2012)). As in the study of Akbas et al. (2024), it is
possible to get thicker coatings also with the aerosol generator, by
simply performing the coating process longer. However, it is time
consuming (around 6 pm coating thickness after 6 h of process time)
because of the smallness of the aerosol droplets as well as the lower
process yield compared to two-fluid nozzle processes. Therefore, in the
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current study, the main aim was to fill the gap between coating layers
using aerosol droplets and using spray provided by a conventional
nozzle, by performing coating experiments with a newly developed
three-channel coaxial nozzle from Princeton University. The new nozzle
creates droplets with a Sauter mean diameter of around 10 pm (for the
specific experimental conditions in this study) that is indeed bigger than
aerosol droplets (typically Sauter mean diameter of 1 pm) and smaller
than the droplets from a conventional Schlick nozzle also used in this
study with Sauter mean diameter of 20 pm (typically, mean diameters of
around 40 pm are reported in literature for conventional nozzles (Akbas
et al., 2023; Akbas et al., 2024; Tsotsas, 2012)).

For a same process yield and same amount of sprayed coating solids,
population-averaged coating thickness remains constant, regardless of
spray droplet size. However, the coating thickness when full coverage is
reached is greatly influenced by droplet size, as the time required to
achieve full coverage depends on the droplet footprint area. Droplet size
also impacts coating surface roughness, or the intra-variability of
coating thickness. Smaller droplets result in lower surface roughness, as
they form building blocks (BB) of smaller height after drying of depos-
ited droplets. In contrast, larger droplets are more likely to create larger
voids between building blocks during droplet deposition, increasing
both the average porosity and surface roughness of the coating layer.
Consequently, the new nozzle is expected to produce a thinner and
smoother coating layer when the full coverage is reached compared to
conventional nozzles. The new nozzle was also expected to achieve a
higher process yield compared to the aerosol generator. The primary
reason for the reduced yield in the aerosol generator process was the
premature drying of small aerosol droplets before they could deposit on
the particles (Akbas et al., 2023). This effect can be reduced by pro-
ducing larger droplets with the new nozzle, which may lead to an
improved coating process yield.

Firstly, the experimental setup for different atomization methods
(the aerosol generator, the new nozzle, and the conventional nozzle), the
experimental plan, and post-processing steps are explained in the
following paper. Subsequently, process yields and coating coverages
provided by these three atomization methods are compared, and coating
structures are evaluated. Finally, coating thicknesses of particles from
different experimental conditions are manually obtained and compared,
additionally supported by laser scattering measurements.

The use of the new nozzle has been previously proven for spray
drying of pharmaceutics (Poozesh et al., 2024). The present study is
intended as a proof-of-concept to evaluate the feasibility and coating
performance of this newly developed three-channel coaxial nozzle for
fluidized bed particle coating applications. The main objective is to
understand how droplet size affects coating properties under controlled
experimental conditions, rather than to perform a full aerodynamic
nozzle characterization or design optimization. The results provide a
first step toward developing a more detailed and comparative investi-
gation in future work.

2. Experimental setup, materials and characterization
2.1. Fluidized bed setup
All the coating experiments and post processing analysis were per-

formed at Otto von Guericke University. A laboratory-scale fluidized bed
(GPCG 1.1, Glatt Ingenieurtechnik GmbH, Weimar, Germany), which is
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the same bed as in the studies of Akbas et al. (2023, 2024), was used for
the coating processes in this study. The cylindrical fluidization chamber
(plexiglass, with access windows at the side for the experiments with
aerosol generator) was changed to another plexiglass chamber of same
size without windows. It has an inner diameter of 150 mm and height of
450 mm. The mean pore size of the sintered metal gas distributor plate is
100 pm.

2.1.1. Atomization methods

In this study, to atomize the coating solution, two different nozzles
were used: the new nozzle, which was recently developed, and a con-
ventional two-fluid nozzle (Diisen Schlick GmbH, type: 970/0 S4, with
an orifice diameter of 0.8 mm). The new three-channel coaxial nozzle
was developed at Princeton University and is commercialized by Inae-
dis, Inc. Due to intellectual property considerations, detailed geometric
specifications (e.g., internal dimensions, orifice geometry) are not dis-
closed in this publication. However, the nozzle is characterized in this
study by its operating conditions and resulting performance. In opera-
tion, it is mounted centrally in the fluidized bed analogous to the con-
ventional nozzle. While the external connections are similar to standard
industrial two-fluid nozzles, the internal geometry is designed to
generate fine droplets (Sauter mean diameter ~10 pum) at low liquid
flow rates without the clogging often associated with conventional
nozzles operated in this regime. The working principle of the new nozzle
is based on the atomization of a thin liquid film by bilateral gas shear, as
described in the recently published international patent application
(Mezhericher et al.,, 2025). Unlike conventional two-fluid nozzles
(including the Schlick nozzle used in this study) where liquid exits
through a central orifice and is sheared by a surrounding gas flow from
one side only, the new nozzle employs a three-channel coaxial archi-
tecture. Liquid is fed through a middle annular channel, forming a thin
film, while gas flows simultaneously through both an inner channel and
an outer annular channel. This bilateral gas shear acts on both surfaces
of the thin liquid film, disintegrating it into fine droplets. The relevant
aerodynamic Weber number for this geometry is We = p,v25/61, where
§ is the characteristic thickness of the liquid film, v is the relative
gas-liquid velocity, pg is the gas density, and oy is the liquid surface
tension. Because the liquid is pre-formed into a thin annular film, the
characteristic length 6 is inherently smaller than the orifice diameter of a
conventional two-fluid nozzle. Since droplet diameter scales with film
thickness (thinner films produce smaller ligaments and consequently
smaller droplets), this geometry directly yields finer atomization at
comparable operating pressures. Combined with bilateral shear
enhancing breakup efficiency, the new nozzle produces Sauter mean
diameters of approximately 10 pm (Fig. 2) compared to approximately
20 pm for the Schlick nozzle under the same operating conditions. The
underlying atomization physics of thin liquid film disintegration by gas
jets was originally demonstrated by Mezhericher et al. (2017), further
characterized using a semi-empirical model by Mezhericher et al.
(2019), and theoretically formalized (including atomization diagrams
based on first principles) by Mezhericher & Stone (2022). Previously, in
the study of Poozesh et al. (2024), the new nozzle of the current study
was used as an atomizer in the laboratory-scale prototype of the novel
Rapid Room-Temperature Aerosol Drying (RTAD) technique for the
production of biopharmaceuticals. Here, in the current study, the same
innovative two-fluid nozzle is used to produce droplets to coat particles
inside of a fluidized bed. The droplet production mechanism is not the
main focus of this study, but the resulting performance in fluidized bed
particle coating processes.

Fig. 1 shows the experimental setup used either with the new or with
the conventional Schlick nozzle to atomize the coating liquid.

For the fluidized bed coating experiments, the new nozzle and the
conventional Schlick nozzle were located at the center of the fluidized
chamber with same height (15 cm) from the distributor plate. Although
Fig. 1 schematically illustrates a top-spray configuration in which the
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Fig. 1. Experimental setup for the experiments with new nozzle and conven-
tional nozzle.

nozzle appears isolated from the bed for clarity, the actual fluidized bed
exhibits complex heterogeneous particle motion, including bubble for-
mation and bubble bursting. As a result of these hydrodynamic fluctu-
ations, particles intermittently reach the nozzle region during
operations. A syringe pump was used to feed the coating solution to the
nozzles with stable and constant volume flow rate. The maximum ca-
pacity of the used syringe was 60 mL, the largest available option.

After having been filled with core particles, the process chamber was
closed and fluidization air flow started. After the stabilization of fluid-
ization air temperature, the coating solution was provided (by the sy-
ringe pump) to the nozzle in the upper side of the fluidization chamber.
The experiment was completed when the total amount of coating solu-
tion in the syringe (60 mL) had been sprayed to the fluidized particles.
Continuation of the coating process by refilling the syringe would
require a pause in the process, which could lead to drying of the coating
solution in the new nozzle and consequently block the nozzle tip due to
its sensitive structure. To avoid this issue, experiments were conducted
up to the total solution capacity of the syringe, without pausing the
process for refilling. Additionally, to prevent crystallization of the
coating material inside the nozzle and protect the nozzle, deionized
water (60 mL) was sprayed through the nozzle at the end of each
experiment for internal cleaning. This washing step was performed after
removing the coated product from the fluidized bed.

The droplet size distributions produced by the new nozzle were
characterized at Princeton University using a laser diffraction system
(Spraytec, Malvern Instruments, 2015). Measurements were conducted
at the same solution flow rates and atomizing pressures used for the
experiments at Otto von Guericke University (explained later in Section
2.2). The system is equipped with a 5 mW Helium-Neon laser emitting at
a wavelength of 632.8 nm with a beam diameter of 10 mm. The Malvern
Spraytec device has a nominal measurement accuracy of better than
+1% for the median droplet diameter. Its performance was verified by
the manufacturer using reference droplet sizes of 1 pm and 9 pm,
showing measurement errors of less than +0.3%. To minimize the in-
fluence of background light on measurement accuracy, all measure-
ments were conducted in a dark room. Additionally, to eliminate the
“beam steering” effect (an incorrect interpretation of scattered light
signals due to refractive index gradients in the gas phase) the
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recommended procedures from the Malvern Spraytec manufacturer and
relevant literature (Dumouchel et al., 2009; Liu et al., 2012; Sivakumar
etal., 2015; Zhang et al., 2011) were followed. The spray was generated
for 1-3 min under quasi-steady state conditions for each run of droplet
size distribution measurement. The laser beam was positioned perpen-
dicular to the droplet flow, and measurements were conducted at the
nozzle outlet.

Number-based and volume-based droplet size distributions obtained
with the new nozzle for the respective experimental conditions, together
with the corresponding number median diameter, Dn(50), and Sauter
mean diameter, D[3, 2], are shown in Fig. 2.

The Sauter mean diameter (D[3, 2]) was determined to be 12.5 pm
for a solution flow rate of 1.3 mL/min at an atomization pressure of 1.5
gauge bar, and 7.07 pm for a solution flow rate of 8.5 mL/min at 4 gauge
bar atomization pressure. The number median (Dn(50), Fig. 2a,c) and
the Sauter mean diameters (D[3, 2], Fig. 2b,d) of the droplets produced
by the new nozzle decreased as atomization pressure increased. These
values additionally vary with the liquid feed flow rate to the nozzle,
which is though not the focus of this study. Similar trends have been
reported by Mezhericher et al. (2017, 2019, 2020) in studies charac-
terizing aerosol droplet behavior.

The Schlick nozzle can generate droplets ranging from 10 to 50 pm in
size, depending on the experimental conditions. Manufacturer-provided
data specific to the nozzle type and the experimental parameters of this
study were used for reference. These manufacturer-provided measure-
ments were conducted at a liquid flow rate of 1 L/h, the lowest tested
rate. The reported Sauter mean diameters were approximately 22 pm
and 12 pm at atomizing pressures of 1.5 and 4 gauge bar, respectively. In
this study, the solution flow rates were lower than 1 L/h, which likely
resulted in smaller droplet sizes compared to those provided by the
manufacturer. This happens because, at lower flow rates, the atomizing
air has a stronger effect on breaking up the liquid into droplets, leading
to finer atomization. However, the smallest droplet size achievable with
the Schlick nozzle is still limited to around 10 pm.

To compare the particles (products) coated by using droplets from
the new nozzle and the conventional Schlick nozzle with particles coated
by means of aerosol droplets, some experimental data from the study of
Akbas et al. (2024) was used. In that study, aerosol droplets to coat
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particles were created by the aerosol generator by Mezhericher et al.
(2017, 2018, 2019) (for the experimental setup see Fig. 3). The Sauter
mean diameter of aerosol droplets generated under the specified
experimental conditions (later in Table 1) was measured using laser
diffraction (Spraytec, Malvern Instruments) and found to be approxi-
mately 1 pm (Akbas et al., 2024; Mezhericher et al., 2020).

The main part of the aerosol generator was an elastic polyvinyl
chloride (PVC) tube (8 mm inner diameter, 12 mm outer diameter,
220 mm length, bent to a circle). The tube had in total 144 orifices (4 in a
cross-section (equidistant), 36 perforated cross-sections).

The aerosol inlet was placed on the side of the fluidization chamber
about 45 mm high from the air distributor plate, unlike the location of
nozzles in this study.
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Fig. 3. Experimental setup with aerosol generator (Akbas et al., 2024).
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Experimental plan.
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Droplet Experiment  Core Mass of core Volume flow rate of ~ Atomizing air Fluidization air mass Process Sauter mean
production material particles [g] solution [mL/min] pressure (gauge) flow rate [kg/h] time [min] droplet diameter
method [bar] [um]
Aerosol AG Glass 1000 1.3 1.5 65 40 0.9
generator
(Akbas et al.,
2024)
New nozzle NN1 Glass 1000 1.3 1.5 50 46 12.5
NN2 Glass 1000 8.5 4 50 7 7.07
NN3 7-Al,03 600 1.3 1.5 40 46 12.5
NN4 7-Alz03 600 8.5 4 40 7 7.07
Schlick nozzle CN1 Glass 1000 1.3 1.5 50 46 ~22
CN2 Glass 1000 8.5 4 50 7 ~12

2.1.2. Core particles and coating solution

For the coating experiments, two different types of core materials
were used in this study: spherical glass (soda lime) particles (Cerablast
GmbH, Lochgau, Germany, same as in (Akbas et al., 2023, 2024)) and
spherical porous y-Al;03 (Sasol GmbH, Hamburg, Germany, same as in
(Akbas et al., 2024)). In (Akbas et al., 2024), it has been shown that
washing the y-Al;O3 particles with distilled water before performing a
coating experiment has an affect on aerosol droplet deposition. There-
fore, it needs to be noted that in the present study fresh (not washed)
y-Al;0O3 particles were used for the experiments with the new nozzle.

The glass and y-Aly,O3 particles had mean diameters of 653 pm
(measured with CAMSIZER in (Akbas et al., 2023)) and 610 pm (as
supplied by the manufacturer), with respective densities of 2500 kg/m>
and 1280 kg/m°.

In literature, several studies have reported the use of sodium ben-
zoate (NaB) solutions for particle coating, employing both conventional
spray nozzles (Rieck et al., 2015; Sondej et al., 2016) and aerosol gen-
erators (Akbas et al., 2023, 2024; Mezhericher et al., 2020), as NaB
adheres well to both porous and non-porous surfaces. In the study by
Rieck et al. (2015), the simulated particle size distributions of
NaB-coated particles obtained using a heat and mass transfer model
showed good agreement with the experimentally measured data for both
glass and y-AlyO3 core particles. The structure of the NaB coatings on
both glass and y-Al,O3 particles is attributed to the crystallization of NaB
during the drying process, where the resulting porosity can be influ-
enced by the process parameters (Rieck et al., 2015; Sondej et al., 2015).
Similar porous structures have also been reported for dried sessile NaB
droplets on flat surfaces in the literature (Janocha & Tsotsas, 2022;
Sondej et al., 2018). These findings indicate that the crystalline structure
of such coatings on fluidized particles originates from the drying and
crystallization behavior of NaB itself, rather than from mechanical
breakage of smooth NaB layers during fluidization. Sodium benzoate
possesses antibacterial properties and is commonly used as a preserva-
tive in the food industry, making it a coating material of practical in-
dustrial relevance. As described in Section 2.2, the experimental design
of this study was based on our previous work involving aerosol droplet
coating. In that earlier study (Akbas et al., 2024), it was showed that NaB
solution can effectively coat particles without the use of any additional
binder or polymer solution (such as HPMC or PVP), and that it adheres
well to particle surfaces even when using droplets as small as 1 pm in
diameter. For this reason, the NaB solution was retained in the present
study to ensure a meaningful comparison with the previous aerosol
coating results. Furthermore, the addition of a polymer would increase
the risk of agglomeration (which we aimed to prevent) and could
potentially cause damage to the newly developed nozzle. Therefore, a
30 wt% aqueous solution of sodium benzoate (NaB, C;HsNaO,, Trigon
Chemie GmbH, Schliichtern, Germany) was utilized as coating liquid
throughout all experiments.
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2.2. Experimental plan

The starting point of the experimental plan was coating with the
aerosol generator. For this, experiment E1 from Akbas et al. (2024)
(which was in that study performed twice to check the reproducibility)
was used as a reference. To this, fluidized particle coating processes
using two different droplet production methods (the new nozzle and the
conventional Schlick nozzle), two different volume flow rates of solution
(1.3 and 8.5 mL/min), as well as different core materials (glass and
y-Al,03) have been conducted. The operating parameters are listed in
Table 1.

In the current study, the coating experiments were performed with
1000 g glass cores (same as in the study of Akbas et al. (2024)) but with
50 kg/h fluidization air mass flow rate (instead of 65 kg/h in (Akbas
et al., 2024)). This adjustment was made to reduce particle transport
toward the nozzle caused by bubble bursting, and thereby minimize
particle-nozzle interactions that may lead to cluster formation due to
localized over-wetting. Here, the term “over-wetting” refers to localized
wetting near the nozzle tip rather than global bed over-wetting caused
by insufficient drying. Particles entering the nozzle vicinity may be
exposed to an intense spray and subsequently adhere to the nozzle tip
after rapid solvent evaporation, promoting cluster formation. Such
behavior is related to localized particle-nozzle interactions in the spray
region and not to nozzle malfunction. Since the glass particles used in
this study have a density of 2500 kg/m>, whereas the y-Al,O5 particles
have a density of 1280 kg/m?, if the same particle mass were used for
both materials in a fluidized bed of identical dimensions, the y-AloO3 bed
would contain approximately twice as many particles. This would result
in a larger total surface area to be coated in the bed chamber. To ensure
comparable coating conditions and a similar total particle surface area
across experiments, the mass of y-Al,03 particles was therefore reduced
to 600 g, instead of the 1000 g used for the glass particles. This
adjustment also considers the slightly smaller mean particle diameter of
the y-Al;03 particles (610 pm) relative to the glass particles (653 pm).
The fluidization air flow rate was set to 40 kg/h for the y-Al,O3 particles.
This adjustment was implemented to minimize the risk of cluster for-
mation and to ensure comparable bed heights for both particle types
during the coating experiments. The fluidization air was supplied in a
dry state. Its temperature was kept constant as 50 °C to ensure that all
droplet sizes experienced the same evaporation flux. The expanded bed
height was around 6 cm for all of seven experiments in Table 1.

Based on the saturation humidity at 50 °C, the dry fluidization air has
a theoretical moisture removal capacity in the range of 0.40-3.74 kg of
water under the operating conditions listed in Table 1. In contrast,
approximately 0.046 kg of water is introduced through spraying of the
30 wt% NaB solution. This corresponds to only 1-11% of the moisture
removal capacity of fluidization air. Even under the most demanding
condition (NN4: highest spray rate and lowest fluidization air velocity),
the process operated at approximately 11% of the saturation capacity.
These results indicate that the experiments were conducted well below
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the drying limit and that sufficient evaporation capacity was available
throughout the experiments. For each experiment, the drying enthalpy
can be calculated as ery = Myir ¢p (Tin — Twp), where Tj, =50 °C and Ty,
is the wet-bulb temperature of the fluidization air. The spray enthalpy
requirement is Qpry = Mwater AHyap. The 1atio Qury/Qupray>>1 for all ex-
periments, confirming that the process is globally energy-balanced. The
spray rates and the drying capacity ratios of the experiments are listed in
Table 2.

The minimum fluidization velocities were 0.728 and 0.583 m/s for
the experiments with glass and y-Al;O3 particles, respectively. Consid-
ering that the entrainment velocities of such small droplets are lower
than the respective fluidization velocities, one may expect the droplets
to be entirely carried out of the chamber and captured by the filters
without depositing on the particle surfaces, leading to an unsuccessful
coating process. However, the droplet deposition mechanism inside a
fluidized chamber is complex. Deposition of droplets onto particle sur-
faces does not depend completely on whether droplets are introduced in
the chamber based on simple settling or entrainment criteria. Several
mechanisms contribute to deposition including inertial impaction,
interception, Brownian diffusion, and electrostatic forces (Kraemer &
Johnstone, 1955; Peters et al., 1982; Qian et al., 2004; Ushiki & Tien,
1984). Therefore, it is not sufficient to assess deposition efficiency (and
thus process performance) using only rough entrainment calculations.
Previous studies (Akbas et al., 2023, 2024; Mezhericher et al., 2020)
demonstrating successful fluidized particle coating using aerosol drop-
lets further support this observation.

The experiments were designed to maintain equivalent spray rates
across the different atomization methods to ensure a consistent basis for
comparison. Since the reference experiments was particle coating with
aerosol (AG), to be able to compare the results from the experiments
with the new nozzle and the Schlick nozzle, the volume flow rate of
solution was set to 1.3 mL/min (NN1 and CN1), which was also the
volume flow rate of solution from the aerosol generator with given
atomizing air pressure and coating solution. The used aerosol coating
experimental data (Akbas et al., 2024) had 2 h process time and 20 min
sampling intervals. Therefore, to compare the results precisely, the
aerosol-coated samples after 40 min were used, since at that time the
consumed solution was 52 mL, which is the closest value to 60 mL
(which is the total solution amount used for the experiments with the
Schlick and the new nozzle, explained in Section 2.1.1).

Additionally, to observe its effect on particle coating, the volume
flow rate of the coating solution was increased to 8.5 mL/min (NN2 and
CN2). The atomizing air pressure was also increased accordingly from
1.5 bar to 4 bar to prevent cloggage in the nozzles and also produce
precise spray inside of the fluidization chamber. Moreover, to observe
coating by the new nozzle on different cores, additional experiments
with y-Al,03 cores were conducted with 1.3 mL/min and 8.5 mL/min of
coating solution volume flow rate (NN3 and NN4).

It should be noted that during experiments NN2 and NN4, cluster
formation occurred on the nozzle tip due to sticking of localized over-
wetted fluidized particles. No such cluster formation was observed in
experiment CN2 under the same atomizing conditions. The higher

Table 2
Spray rate and drying capacity ratio for the performed experiments.
Experiment  Sprayrate [g/min  Drying capacity ratio, Operating regime
water] Qury/Qupray [-]
NN1 0.91 ~90 Well below
saturation
NN2 5.95 ~9 Below saturation
NN3 0.91 ~72 Well below
saturation
NN4 5.95 ~7 Below saturation
CN1 0.91 ~ 90 Well below
saturation
CN2 5.95 ~9 Below saturation
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atomization pressure (1.5 — 4 bar) is the primary driver of the reduced
droplet size in NN2 and NN4 relative to NN1 and NN3, consistent with
the expected increase in relative gas-liquid velocity and associated
Weber number. The increase in liquid flow rate (1.3 — 8.5 mL/min)
primarily increases the liquid load in the nozzle region rather than
substantially altering the droplet size. The simultaneous occurrence of
both effects (finer droplets from elevated pressure and higher liquid
loading from elevated flow rate) distinguishes NN2/NN4 from CN2,
where the larger droplet size (longer evaporation time) at the same
pressure and flow rate (Table 1) prevented rapid solid bridge formation.
Furthermore, the Schlick nozzle's 0.8 mm orifice is inherently less sus-
ceptible to partial obstruction by adhered solid particles than the smaller
orifice geometry of the new nozzle. At the lower flow rate (NN1 and
NN3), no cluster formation occurred, demonstrating proper nozzle
function. The experiments were not repeated to prevent potential
damage to the new nozzle. No agglomeration or twinning was expected
for the coating experiments, as the small droplet sizes employed which
minimized the likelihood of particle-particle adhesion during the
coating process, and no additional binder (such as HPMC) was used to
increase the stickiness of the droplets on the particle surfaces.

2.3. Post-processing

2.3.1. Calculation of coating coverage

A scanning electron microscope (SEM, Phenom G2 Pro) was used for
taking pictures of 10 randomly selected particles out of samples at the
end of each experiment. Same magnification value was used for all of the
particle pictures. To detect coated parts on the surface of particles pre-
cisely, the contrast and the light were set individually. After taking the
SEM pictures of particles, coverage percentages were calculated by
considering the curvature effect, as in the studies of Akbas et al. (2023,
2024). This effect needs to be considered, since in reality the particles
are spherical but the SEM pictures are planar. First, blurred parts near
the edge of particles were removed, then 3D relative coverage of par-
ticles was calculated using a curvature index (Akbas et al., 2023). Cor-
rections and calculations have been conducted using MATLAB image
processing.

2.3.2. Manual measurements of coating surface roughness and thickness
using SEM pictures

As explained in Section 1, for the same amount of sprayed solid and
process yield, the droplet size matters for the coating thickness distri-
bution and surface roughness when full coverage has been reached.
Therefore, after the calculation of coating coverage of experiments, the
coating surface roughness and thickness measurements of coated par-
ticles were performed only for those with a coating coverage of more
than 90% which are nearly fully coated (at the end of experiments NN1,
NN2, NN3, CN1, and CN2, results in Section 3.2).

For each experiment, three SEM pictures of particles from the final
sample were randomly selected for coating roughness evaluation. To
calculate the surface roughness of a particle, its diameter was measured
36 times using ImageJ by rotating the measurement angle in 5° in-
crements to 180° (180°/5° = 36 measurements per particle). To save
time, the measured diameters were divided by two, assuming symmetry
in the coating structure on both the upper and lower halves of the par-
ticle for intraparticle coated radius distribution.

The average coated surface roughness (R,) of each particle was
calculated as

@

where 7 is the measured average radius of the coated particle and r; is the
coated particle radius for the respective rotation angle. The average
surface roughness of each experiment was then calculated by averaging
the calculated surface roughness values (R,) of the three coated
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particles. The results will be discussed later in Section 3.3.

To measure the coating thickness of the particles, 20 random parti-
cles were selected from the sample at the end of the experiments only
from those with a coating coverage of at least 90% (as like for the surface
roughness investigation). After taking SEM pictures of these 20 particles
individually, they were soaked into water (in 20 different cups, one for
each particle) for 24 h to remove the coating material (NaB) from the
surfaces. Then, they were dried into a laboratory oven for 24 h to get just
the core particles. The SEM pictures of the core particles were taken.

To calculate the average coating thickness of particles, four diameter
measurements by ImageJ (for 0°, 45°, 90° and 135°) were used instead
of 36, as measuring the diameter 36 times for each particle was highly
time consuming. To validate the reduced sampling for the calculation of
coating thickness, results for the same particle were compared between
the two sampling approaches (sampling of 4 and 36 diameters per
particle). Measurement errors were calculated for the sampling of 4,
taking the measurements by sampling of 36 as the real (correct) mea-
surement. The errors of 0.45%, 0.57% and 4.79% were obtained for
coated particle diameter, core particle diameter and coating thickness,
respectively. As all error values are below 5%, the smaller sampling size
(4 measurements) was sufficiently representative for calculating the
average thickness of the products across the experiments (for 20 parti-
cles per experiment).

Fig. 4 shows SEM pictures of one of the coated particle at the end of
experiment CN2 and the core of the same particle.

The coating thickness of the particle was calculated as half the dif-
ference of coated and core particle average diameters. To evaluate the
average coating thickness for each experimental conditions, the
measured average coating thickness of these 20 particles at the end of
each experiment were used. All the results will be discussed in Section
3.4.1.

2.3.3. Cutting the y-AlxOs3 particles for thickness investigation

For comparison with the manual coating thickness measurements
explained in Section 2.3.2, individual particles with at least 90%
coverage were selected and cut in half at their midpoint manually using
a sharp knife to determine the coating thickness. This method was only
applied successfully for y-AloO3 particles, since it was not possible to cut
coated glass particles. SEM pictures of the equatorial planes of cut
y-Al,O3 particles were taken, and ImageJ was used for the direct mea-
surement of the coating thickness from these SEM pictures.

2.3.4. Measurements of coating thickness using laser diffraction
For the validation of the manual coating thickness measurement of
coated glass particles (explained in Section 2.3.2), measurements by
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laser diffraction were performed, since glass particles could not be cut. A
laser scattering particle size distribution analyzer (HORIBA Ltd., LA-
960, Japan) was used to this purpose. For each experiment (NN1,
NN2, CN1, CN2), an adequate quantity of particles from the final sample
(at the end of the experiments) was provided to the analyzer. Mea-
surements were conducted three times for each experiment, and the
average of these three measurements was used to compare the particle
sizes generated by different atomization methods.

To calculate the coating layer thickness, the size distribution of the
glass cores (prior to the experiments) was also measured. The mean
coating layer thickness for each experiment was calculated as half the
difference between the mean size of the coated particles at the end of
respective experiment and the mean size of the uncoated glass core
particles.

Before using the device, refractive indexes of particles’ surfaces were
set. The refractive indexes were 1.51 and 1.45 for the measurement of
glass (soda lime) cores and NaB-coated particles, respectively.

According to ISO 13320, the tolerances of the measurement for d;,
dsp and dgg are 3%, 2.5% and 4%, respectively. The device meets and
exceeds these specifications, as confirmed by the manufacturer.

2.3.5. Measuring process yield

To inquire the effect of different atomization methods on the particle
coating, process yield was calculated for the experiments with glass
cores. The measuring method was the same as in the studies of Akbas
et al. (2023, 2024). At the end of the experiments, the product was split
into five sample cups. Each cup was placed in a laboratory oven to dry,
after which the dry mass of the coated particles was measured.
Following this, the particles were soaked in distilled water for 24 h to
remove the coating from the surface. Post-washing, they were dried
again in the oven for 24 h to prepare for measuring the mass of the core
particles. The yield for each sample was calculated, after upscaling to the
total holdup, by dividing the actual coating mass deposited on the
particles by the initial coating mass introduced into the fluidization
chamber. The process yield for each experiment was then obtained by
averaging the five individual yield values.

In the study by Akbas et al. (2024), measuring process yield was
challenging for experiments using fresh y-Al,Oj3 particles as cores. After
washing the coated product with distilled water to remove the coating,
the measured mass of the core particles was higher than their initial
mass, leading to negative yield values, which are physically impossible.
It was shown by Lefevre et al. (2002) that there are three products of
y-Alp03 hydration reaction: bayerite ($-Al(OH)3), gibbsite (a-Al(OH)3)
and boehmite (y-AIOOH) that affect the surface stability and reactivity
of y-Al,03 particles. In the study of Akbas et al. (2024), the fresh y-Al,03

()

(b)

Fig. 4. SEM picture of (a) one of the coated glass particles at the end of experiment CN2, (b) the core of the same coated glass particle after washing. Scale

bars: 200 pm.
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particles were washed with distilled water and used as cores (after
drying) for coating experiments to observe how the hydration affects
aerosol droplet deposition. These experiments showed that hydration of
fresh y-AlpO3 particles before coating has a definite effect on aerosol
droplet deposition and coating coverage, as well as on zeta potential of
particles. Therefore, process yields were measured only for the experi-
ments performed with glass cores (NN1, NN2, CN1, CN2), since the
y-Al;03 cores were fresh (unwashed) in this study.
In Section 3.1, all the measured process yield values are presented.

3. Results and discussion
3.1. Process yield

The process yields were calculated (as explained in Section 2.3.5) for
each coating experiment with the new nozzle and the Schlick nozzle. As
expected, no agglomeration or twinning was observed in any of the
experiments. For comparison, the process yield of the experiment with
the aerosol generator (AG in Table 1) was taken from the study of Akbas
et al. (2024). All the calculated process yields are shown in Fig. 5.

The yields of the experiments with the new nozzle (NN1 and NN2)
are higher than the process yield of the aerosol coating experiment (AG).
The main reason of coating material loss in aerosol coating experiments
is that droplets dry early, before their deposition onto the particle sur-
face, due to their smallness (0.9 pm mean diameter, see Table 1). This
fact caused the aerosol droplets to be carried away as dust, so called
overspray (Akbas et al., 2024). Therefore, less overspray with the new
nozzle (since the droplet size provided by the new nozzle is bigger than
the droplet size from the aerosol generator, Table 1) may be one of the
reasons behind the higher process yield. Another reason might be the
inlet position of the coating solution to the fluidization chamber. The
aerosol droplets were introduced to the fluidized particles from the side
of the fluidized bed ((Akbas et al., 2024), see also Fig. 3). However, with
the new nozzle, they were supplied from the middle top of the fluid-
ization chamber (see Fig. 1). This change might have influenced depo-
sition efficiency as well as process yield. In total however, the new
nozzle offers a clear advantage over aerosol generators by delivering
higher process yield.

The yield of the new nozzle coating experiment with 1.3 mL/min
solution flow rate (NN1) is similar to that of the conventional Schlick
nozzle coating experiment with the same solution flow rate (CN1). The
process yield was expected to increase with increasing volume flow rate
of solution (as it happens from CN1 with process yield of 68.5% to CN2
with process yield of 91.2%) since atomizing air pressure was also
increased accordingly (see Table 1). Previous studies of Mezhericher
et al. (2017, 2019, 2020) show that the flow rate of droplets increases
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Fig. 5. Yields of experiments.
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and the mean size of droplets decreases when the atomization air
pressure rises (as also shown in the current study, Fig. 2). With increased
flow rate, higher momentum of the droplets (i.e. more inertia) may lead
to more deposition of droplets on the particle surface even if the droplet
size decreases (which would mean higher process yield). In contrast,
however, droplets of smaller size follow better the airflow due to
reduced inertia, which could lead to lower droplet deposition and yield.
Moreover, as droplet size decreases, it becomes more challenging to
overcome surface potentials that would otherwise prevent deposition
onto the particles (Akbas et al., 2024). The cluster formation on the
nozzle tip during experiment NN2 (see Section 2.2) can also have
affected the yield negatively. Therefore, when the flow rate increases to
8.5 mL/min with the new nozzle (NN2), the yield decreases to 35.9%.

It should be noted that, in our current process, recycling is not
implemented. However, the overspray dust (consisting entirely of
coating material) can in principle be collected, recycled, and reintro-
duced into the fluidized chamber to coat the particles. This recycling
would significantly increase the overall process yield. Consistent with
literature (Chiang & Tien, 1982; Paretsky et al., 1971; Pendse & Tien,
1982; Tien, 1982) showing that packed beds and fluidized beds can act
as efficient dust collectors, the process yield can also be improved by
increasing the particle inventory (Akbas et al., 2024).

3.2. Coating coverages produced by different atomization methods

After the calculation of coating coverages of 10 particles for each
experiments (as explained in Section 2.3.1), average and standard de-
viations of coating coverages were calculated. The average coverage
values of products at the end of each experiment and their standard
deviations are shown in Fig. 6. For the aerosol coating experiment (AG),
the average coverage value at the end of 40 min process time was taken
from the study of Akbas et al. (2024) (as explained in Section 2.2).

It can be observed from Fig. 6 that the coverage percentage at the end
of the experiment with the new nozzle (NN1) was higher than the
coverage with the aerosol generator (AG). This result was expected since
the process yield of experiments with the new nozzle (NN1 and NN2)
was higher than the process yield of the aerosol coating experiment (AG,
see Fig. 5). Additionally, the footprint area of deposited droplets is
bigger with the new nozzle, since those are bigger than aerosol droplets,
which may lead to more coverage on the particle surface. It is, though,
important to note that there is a 6-min difference in processing time
between the aerosol-coated particles and those coated using the new
nozzle (see Table 1). If samples had been taken after 46 min of aerosol
coating, the coverage results would have been much closer (experiments
AG and NN1). The coating coverage in the experiment with the new
nozzle (NN1, 98.3%) was slightly higher than the coverage with the
conventional Schlick nozzle (CN1, 95.0%), that has similar process
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Fig. 6. The average coating coverage percentages on particle surfaces with
standard deviations at the end of the experiments.
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yield.

Similar to the study of Akbas et al. (2024), the coverage on fresh
y-Al,O3 particles (NN3 and NN4) was less than the coverage on glass
particles (NN1 and NN2) for the same sypraying conditions because of
the different zeta potential of core particles (—23.2 mV for glass parti-
cles, 17.3 mV for fresh y-Al;O3 particles (Akbas et al., 2024)). With fresh
y-Aly03 cores, the coverage seems to be larger than in (Akbas et al.,
2024) by aerosol droplets. The main reason is the different atomization
methods. The new nozzle in this study produces bigger droplets than the
aerosol generator. Smaller droplets from the latter (as in (Akbas et al.,
2024)), can more easily be affected from the surface charge of the core
particles negatively, that may impede deposition on the core particle
surface. When the droplet size gets bigger (as in this study with the new
nozzle), inertia becomes dominant. That may cause droplets to over-
come the electrostatic forces and, therefore, more easy deposit on par-
ticle surface (which means more coverage). However, the zeta potential
of core particles has still an effect on the droplet deposition even the
droplet size is bigger in this study, since the coverage on fresh y-Al,O3
particles (NN3 and NN4) is less than the coverage on glass particles
(NN1 and NN2), with approximately same number of particles (common
total surface area to be coated) inside of the fluidization chamber for all
experimental settings (experiments with glass particles: 1000 g bed mass
with 2500 kg/m? particle density, with y-Al,05 particles: 600 g bed mass
with 1280 kg/m® particle density).

Surface roughness of core particle is another parameter that may
influence droplet deposition, and consequently, coating coverage.
Numerous studies in the literature have examined the relationship be-
tween core surface roughness and droplet behavior upon deposition. For
instance, Quetzeri-Santiago et al. (2019) explored the impact of surface
roughness on the splashing dynamics of droplets, while Wenzel (1936)
investigated the resistance of rough surfaces to wetting. Similarly, Cassie
and Baxter (1944) analyzed the effect of surface roughness on contact
angles, showing that rough surfaces tend to increase the contact angle
between the solid surface and the deposited droplet. As a result, rough
surfaces lead to a smaller droplet footprint area compared to smoother
ones. In the present study, the average surface roughness (R,) of glass
particles ranged from 35 nm to 45 nm, as provided by the manufacturer.
Based on literature findings, the surface roughness of y-Al,O3 particles is
likely within the high nanometer to low micrometer scale (Jahanshahi
et al., 2023; Sharma et al., 2019), indicating that the porous y-Al,O3
surface is rougher than that of the glass particles. Previous studies
conducted in our department, which measured the contact angles of
pure water and aqueous HPMC solutions on both glass and y-AlpO3
particles, demonstrated that the contact angle is not significantly
influenced by the concentration of dissolved solids, even when
compared with pure water (Terrazas-Velarde, 2010). Instead, the results
showed that the contact angle is primarily determined by the surface
characteristics of the substrate. Smooth surfaces exhibit smaller contact
angles, whereas rough surfaces exhibit larger ones. The measured con-
tact angles were approximately 40° for glass particles and 60° for
y-AlbO3 particles (Terrazas-Velarde et al., 2009, 2011a), in good
agreement with values reported in the literature (Chunsheng et al.,
2008; Mao et al., 1997; Redon et al., 2005). Since no correlation was
observed between contact angle and solute concentration, and the NaB
solution used in this study is water-based, the expected contact angles
for droplets in our experiments are approximately 40° on glass and 60°
on y-AlyOg particles. Consequently, due to the reduced footprint area of
droplets (bigger contact angle) on the rougher y-Al;O3 surface, a higher
coating coverage may be expected on the smoother glass particles (apart
from the affect of zeta potential of core materials on droplet deposition),
given the same number of deposited droplets.

The zeta potential of the particles influences droplet deposition ef-
ficiency, particularly for small droplets. It affects the overall process
yield, the particle coverage, and even the storage stability after coating
(Akbas et al., 2024). When the droplets become larger, inertial forces
dominate, and the effect of zeta potential on droplet deposition becomes
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negligible. While electrowetting (manipulating contact angles by
applying voltage) has been studied for several liquids and surfaces
(Mugele & Baret, 2005; Teng et al., 2020), to our knowledge no study
has systematically investigated the influence of droplet or substrate
electrostatic charge on the contact angle (or the footprint area) of NaB
droplets on glass or y-AlyO3 surfaces. Conceptually, if a droplet and
deposited surface carry the same charge, the repulsive electrostatic
forces during drying could lead to an increase in the final droplet height
and a reduction in the footprint area. Conversely, if they carry opposite
charges, attractive forces during drying may decrease the dried droplet
height and increase the footprint area. However, a detailed and sys-
tematic investigation would be necessary to draw certain conclusions
about the specific influence of zeta potential on the drying behavior of
deposited droplets especially for small sizes used in this study. On the
other hand, there was a cluster formation on the new nozzle when the
solution flow rate was increased (Section 2.2) that affects the coating
process as well as the coverage negatively.

For experiments with both glass and y-Al,O3 particles, when the
solution flow rate increased form 1.3 mL/min (NN1 and NN3) to 8.5 mL/
min (NN2 and NN4) the standard deviation of the particle coverage got
bigger (see Fig. 6), which means that the coating became interpartically
uneven. The atomizing air pressure was increased from 1.5 to 4 bar
when increasing the solution flow rate from 1.3 to 8.5 mL/min (see
Table 1). Therefore, this increased atomizing pressure leads to a
decrease in the angle of the nozzle spray, thus leading to a narrower
spray zone for particles inside the fluidization chamber. As a result of
this fact, at the end of experiments NN2 (for glass particles) and NN4 (for
y-AlyO3 particles) interparticle uniformity of coating was worse than in
the experiment NN1 (for glass particles) and NN3 (for y-Al;O3 particles),
respectively, even if the particles were continuously mixed during the
fluidization inside of the chamber. The cluster formation on the nozzle
during experiment NN4 (see Section 2.2) may additionally have
contributed to interparticle non-uniformity of coating. This effect is also
visible in Fig. 6, where NN4 shows a high standard deviation. Addi-
tionally, the process time at increased solution flow rate was dramati-
cally shorter (7 min) than the process time with slow flow rate of
solution (46 min). Consequently, particles experienced fewer exposures
to droplets in the narrower spray zone under higher solution flow rates
during the 7-min process compared to the exposures in the wider spray
zone at slower flow rates during the 46-min process, especially as par-
ticles travel from the fluidization chamber wall to the center of the
fluidized bed while mixing. The combination of the narrower spray zone
and the reduced process time with the increased flow rate resulted in
more uneven coating coverage among particles.

It was not possible to see this effect for the coating experiments with
the Schlick nozzle since all the particles were fully (100%) coated at the
end of the experiment with increased flow rate of solution (CN2).

3.3. Structures of coating produced by different atomization methods

After measuring coated particle diameters 36 times, as explained in
Section 2.3.2, radius values at the respective rotation angles were
graphed alongside with corresponding radii of their cores. Exemplarily,
Fig. 7 shows such results for one of the evaluated particles with a coating
coverage more than 90% at the and of each of in total five experiments.

The surface roughness of the coated particles is determined by the
building block (BB) height, which corresponds to the height of a dried
droplet on the particle surface. After deposition, each droplet forms a
wet spherical cap. The cap height is a function of the contact angle and
initial droplet size. According to the literature (Terrazas-Velarde et al.,
2011a, 2011b), for droplets of identical size, the BB height depends on
several parameters. These parameters include the deposited wet height,
temperature, fluidization velocity (through the mass transfer coeffi-
cient), contact angle, droplet solution, and fluidization gas properties
(Terrazas-Velarde et al., 2011a). Larger droplets produce greater
spherical cap heights for the same contact angle. Therefore, under
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Fig. 7. Graph of surface structure of a glass particle at the end as well as at the beginning of experiment (a) NN1, (b) NN2 with the new nozzle; (c) CN1, (d) CN2 with

the conventional Schlick nozzle; (e) a y-Al,O3 particle from experiment NN3.

identical conditions, the resulting BB height is larger compared to that
formed by smaller droplets. Even in the case of extremely rapid drying
(very short drying time), the BB height remains limited by the spherical
cap height. Therefore, smaller droplets will still produce smaller BB
heights and thus smoother surfaces even if drying occurs very quickly. In
the present study, regarding drying kinetics, the only parameters that
could influence the dried height of droplets of equal size are the fluid-
ization velocity and the contact angle, as the temperature (50 °C),
coating solution (NaB), and fluidization gas properties were identical
across all experiments. The fluidization gas flow rates ranged from
40 kg/h to 50 kg/h. However, this variation has a negligible effect on the
BB height, since the fluidization velocity influences it only indirectly
through the mass transfer coefficient. Therefore, the contact angle is the
primary parameter governing the BB height for the droplets of same size
in this study. With contact angles of 40° and 60°, far away from complete

100

wetting, the spreading time is considered to be very small. Conse-
quently, the coarsening effect by droplets that dry before they could
spread is considered to be small. Due to the larger contact angle on the
y-Al,O3 surface (60°) compared to that on the glass surface (40°), a
rougher coating surface was expected on the y-Al;O3 particles for the
same droplet size, resulting from the formation of higher BB structures.

The surface structure of a single dried droplet (a single BB) indeed
influences the final coating roughness. When NaB solution is used as the
coating liquid, the surface of an individual BB is expected to be rough
due to crystallization during drying, compared to a polymeric coating.
However, given the very small droplet sizes employed in our coating
process, the dominant factor determining the overall coating roughness
is the BB height rather than its fine scale surface texture. For the same
droplet size and particle surface (the same contact angle (Section 3.2),
and consequently the resulting BB height), would be similar for both
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polymeric and NaB solutions. Therefore, when larger droplets are used,
the BB height increases, leading to a rougher coating surface, even if a
polymeric solution is used instead of NaB.

The reason polymer coatings appear smooth is that the process
temperature is brought above the so-called film formation temperature
(either intentionally increased during coating or in a subsequent post-
processing step), which corresponds to the glass transition tempera-
ture of the polymer. At this temperature, the coating material softens
and can flow, producing compact and uniform coatings even from
coatings that initially have been rough and non-uniform (Sondej et al.,
2015).

The average coating roughness of each experiment was calculated for
three particles as explained in Section 2.3.2, and its variation across
experiments is shown in Fig. 8. The vertical lines represent the ranges of
measured coating roughness, while the dot markers indicate the mean
values.

Experiment CN1 with the Schlick nozzle exhibits the highest coating
roughness range (1.40 pm to 3.65 pm), suggesting a relatively rough and
uneven coating. When the atomizing pressure increased in experiment
CN2 (with a Sauter mean droplet diameter of around 12 pm), the range
became narrower compared to CN1 (with a Sauter mean droplet diam-
eter of around 22 pm), due to smaller droplets.

Experiment NN2 with the new nozzle and increased atomizing
pressure (Sauter mean droplet diameter of 7.07 pm) has the lowest range
of coating roughness values (0.82 pm to 1.88 pm), indicating a smoother
coating structures compared to other experimental conditions. At
smaller atomizing pressure, NN1 (Sauter mean droplet diameter of
12.5 pm), the coating became rougher, due to bigger droplets than in
NN2. When the core material changed from glass (NN1) to y-Al,O3
(NN3) under same spraying conditions, the range got wider indicating
rougher coating on y-Al;O3 cores. As explained in Section 3.2, rough
surface of y-AlyO3 cores (compared to glass cores) leads to reduced
footprint area of deposited droplets, therefore increased height of
building blocks. This fact causes the coating surface roughness increase
on y-Al,03 cores, as observed in the current study.

For the same experimental conditions, the mean coating roughness
provided by the new nozzle (NN1 and NN2) was smaller than the one
provided by the Schlick nozzle (CN1 and CN2), aligning with their wider
roughness ranges. With the lower mean and narrower range of rough-
ness values, the new nozzle can produce intrapartically and interparti-
cally more homogeneous coated products compared to the conventional
Schlick nozzle. The findings align with our expectations.

While detailed aerodynamic analysis using dimensionless groups (e.
g., Weber number, air/liquid ratios) typically requires explicit nozzle
geometric parameters which are proprietary in this case, the measured
droplet size distributions reported here serve as the primary quantitative
basis for the analysis. The results demonstrate a direct correlation be-
tween the reduced droplet size achieved by the new nozzle and the

. -+

§ 35¢

" 3

% 2.5

O

£ 2f

2

o 15

—

g

g 05

- 0

NNI NN2 NN3 CNI1 CN2
Experiment
Fig. 8. Variation of coating roughness across experiments.
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resulting surface roughness and coating thickness (Section 3.4), inde-
pendent of the internal nozzle design mechanics.

3.4. Interparticle coating thickness distributions

3.4.1. Manual measurements

Following the manual measurement of the coating thickness (20
particles for each experiment, 4 diameters measured for each particle, as
detailed in Section 2.3.2), cumulative normal coating thickness distri-
bution functions based on the number of particles were plotted (by using
the mean and standard deviations of the 20 particles’ average coating
thickness) for the experiments NN1, NN2, NN3 (using the new nozzle),
and CN1, CN2 (using the Schlick nozzle) as shown in Fig. 9.

The mean coating thickness on glass particles from the experiments
with small volume flow rate of solution (1.3 mL/min) was 6.85 pm for
the new nozzle (NN1, Sauter mean droplet diameter of 12.5 pm) and
19.0 pm for the conventional Schlick nozzle (CN1, Sauter mean droplet
diameter of around 22 pm). When the flow rate increased to 8.5 mL/min,
the mean coating thickness decreased to 2.96 ym for the new nozzle
(NN2, Sauter mean droplet diameter of 7.07 pm) and to 6.54 pm for the
conventional Schlick nozzle (CN2, Sauter mean droplet diameter of
around 12 pm). With the smaller droplets by increased atomizing air
pressure, resulting in thinner coating layers on the nearly fully coated
particles in the higher flow rate experiments (NN2 and CN2). The
coating thickness of y-Al,O3 particles (NN3) was similar to that of glass
particles (NN1) under the same experimental conditions.

Under identical fluidized bed operating conditions, the new nozzle
produced significantly smaller droplets (~10 pm) compared to the
conventional Schlick 970/0 S4 nozzle (~20 pm) as shown in Table 1 and
Fig. 2. This performance demonstrates that the new nozzle bridges the
capability gap between ultrafine aerosol generators (~1 pm, low
throughput) and standard commercial two-fluid nozzles (20 to 40 pm),
allowing for thinner and smoother coatings while maintaining process
feasibility.

The coating thickness by aerosol ranges from 1 to 6 pm for particles
that are fully (100%) coated (Akbas et al., 2024; Mezhericher et al.,
2020). In the current study, the coating layer thicknesses generated by
the new nozzle (NN1 and NN2) are comparable to those of aerosol
coated particles. However, it is important to note that the particles
coated with the new nozzle, in this study, are not exactly 100% coated
(see Fig. 6, more than 90% coated). If it was possible to perform the
experiments for the new nozzle with a larger amount of solution or a
longer process time, the particles would have exhibited thicker coatings
with 100% surface coverage.
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3.4.2. Measurements by using laser diffraction

In addition to the manual coating thickness measurements, the
coating layer thickness for each experiment with glass cores was
determined using laser scattering. The cumulative particle size distri-
butions measured by laser diffraction (as detailed in Section 2.3.4) and
calculated layer thicknesses are presented in Fig. 10.

The coating layer thickness on the glass particles from the experi-
ment using the new nozzle with 8.5 mL/min solution flow rate (NN2,
Sauter mean droplet diameter of 7.07 pm) was measured as 8.88 pm,
which is the thinnest layer measured. Similar coating layer thicknesses
were measured for the experiment using the new nozzle with 1.3 mL/
min solution flow rate with a Sauter mean droplet diameter of 12.5 pm
(NN1, 11.5 pm mean layer thickness) and the experiment using con-
ventional Schlick nozzle with 8.5 mL/min solution flow rate with a
Sauter mean droplet diameter of around 12 pm (CN2, 10.7 pm mean
layer thickness). The thickest coating layer on the glass particles was
obtained from the experiment using the Schlick nozzle with 1.3 mL/min
solution flow rate with Sauter mean droplet diameter of around 22 pm
(CN1, 13.3 pm mean layer thickness).

The layer thickness trends acquired from laser scattering match the
manual thickness measurements with some numeric differences. As
explained in Section 2.3.4, the used laser scattering particle size distri-
bution analyzer has tolerances. In Fig. 10, the blue and red shadows
around the cumulative curves represent the error zones (according to
the tolerance values of the analyzer, see Section 2.3.4) of the size
measurement of glass cores and coated glass particles, respectively. For
example, the mean size of glass cores was measured as 615 pm with laser
scattering. This differs from the value measured by CAMSIZER
mentioned in Section 2.1.2, since the used HORIBA laser scattering
device measures particle size distributions first based on volume of
particles and then converts the measurement into number based particle
size distribution. Therefore, there may be some differences between size
measures from CAMSIZER and HORIBA. With the 2.5% tolerance for dsq
(Section 2.3.4), the size measurements of HORIBA might range in
615 + 15 pm. In that case, the used laser scattering device may not
determine the size enlargement caused by coating layers that has a
7.5 pm thickness and below, since these coating thickness values are in
the tolerance range of the device. As it may be observed from Fig. 10, the
tolerance ranges of core glass particles and coated particles are over-
lapping. This situation makes the manual measurements more reliable
for such thin coating layers.

Other than the tolerance range of the device, the fact that the par-
ticles are not fully covered may likely cause an additional error in par-
ticle size measurements with the principle of laser scattering. In the use
of laser scattering, when the particles are not 100% covered yet (which
means different properties partially on the particle surface), additional
measurement error may occur because of the different refractive indexes
(see Section 2.3.4) of the core particle surface (glass) and coating
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material (NaB). Moreover, the particle surface roughness (Fig. 8) may
create an additional effect of multiple light reflections that interfere with
laser beam scattering and result in measurement error. Therefore, the
particle size measurement error of laser scattering with those not 100%
coated particles is likely above 2.5% (provided by the manufacturer),
and the roughness of particles introduces additional uncertainty.

3.4.3. Coating thickness evaluation for y-Al,03

The coated y-Al;O3 particles were cut through their center, as
explained in Section 2.3.3, to obtain the thickness of coating layer.
Exemplary pictures are shown in Figs. 11 and 12 from the experiments
using y-Al;O3 cores with 1.3 mL/min (NN3) and 8.5 mL/min (NN4)
solution flow rate, respectively.

By cutting the particles, it is possible to retrieve intraparticle coating
layer thickness distributions. However, it needs to be noted that the here
given layer thickness values are only indicative and intraparticle layer
thickness distributions have not been investigated in the present work.

As seen in Fig. 11, the coating layer is not uniform. Although the
particles are not fully coated yet (Fig. 6), the preferential deposition on
already occupied areas of the particle surface, as investigated by Akbas
et al. (2023), plays a role in creating a wavy structure of the coating
layer. The indicative measured coating thickness values are 3.5 and
1.6 pm. The manual thickness measurements of NN3 (with a Sauter
mean droplet diameter of 12.5 ym) ranged from 1 pm to 11 pm, with an
average thickness of 5.67 pm (Fig. 9). The indicative coating thickness
obtained from cut particles was, thus, consistent with the manually
measured thickness values.

Although the average coverage at the end of the experiment NN4 was
only 59.8%, one of the most covered y-Al,O3 particles (that had around
90% coverage, the coverage range can be observed from Fig. 6) was
selected from the sample at the end of the experiment NN4 to be cut for
the coating thickness evaluation. The respective SEM picture of the
particle is represented in Fig. 12.

As the solution flow rate increased in NN4 (with a Sauter mean
droplet diameter of 7.07 pm), the indicative coating thickness decreased
to 1.4 pm (Fig. 12) that is closer to the aerosol coating thickness with full
coverage in the study of Akbas et al. (2024). This reduction in coating
thickness is attributed to the smaller droplet size generated by the
increased solution flow rate and atomization pressure, resulting in
smaller building blocks on the surface and, consequently, thinner
coating layers. Although the measured thicknesses are relatively small
with the new nozzle, it is important to note that the particles were not
fully covered yet. If the process time had been extended, the resulting
layer thickness would have been thicker with full surface coverage.

4. Conclusion

The main purpose of this study was to investigate coated particles by
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Fig. 10. Number based cumulative particle size distribution of core and coated particles at the end of experiments with glass cores (It: layer thickness).
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Fig. 11. SEM picture of a cut y-Al,O3 particle at the end of the experiment NN3. Scale bars: 30 pm and 20 pm.

- - 3 i Vliay

Fig. 12. SEM picture of a cut y-Al;O3 particle at the end of the experiment NN4. Scale bars: 30 pm and 10 pm.

a new three-channel coaxial nozzle, that can produce droplets smaller
than the conventional Schlick nozzle, in terms of the coating coverage,
thickness and surface roughness, as well as yield of coating processes.
Several coating experiments in fluidized bed with these atomization
methods were performed with two different solution flow rates (1.3 and
8.5 mL/min) and atomization pressures (1.5 and 4 bar). The results of
process yield, coating coverage, thickness and coating structures of
particles coated by these different atomization methods were compared.
The coating coverage and process yield results were additionally
compared with aerosol coating experiments performed in (Akbas et al.,
2024).

When the yields of the coating processes with different atomization
methods that have the same solution flow rate and atomizing pressure
are compared, the process yield of the experiment with the new nozzle
(NN1, 69.8%) is similar to the one with the conventional Schlick nozzle
(CN1, 68.5%) and is higher than the one with the aerosol generator (AG,
15.4%). It was expected to have higher process yield when the solution
flow rate increases (as with the use of the conventional Schlick nozzle,
CN2, 91.2%) because of the increased momentum of droplets. This was
not the case with the new nozzle and the process yield decreased to
35.9% due to the cluster onto the nozzle tip that is a result of localized
over-wetted fluidized particles as well as the reduced inertia caused by
reduced droplet size from 12.5 pm to 7.07 pm. It was not possible to
measure the process yield for the experiments with y-Al,O3 cores (NN3
and NN4) since they were fresh (unwashed before the experiments).
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For the same solution flow rate, even if the process yield of the
coating experiment with the new nozzle (NN1, 69.8%) was dramatically
higher than the one with aerosol generator (AG, 15.4%), the difference
in term of coating coverage was not that big (81.7% and 98.3% for
aerosol generator and the new nozzle, respectively), also with 6 min
sampling shortage of the aerosol coating process. With similar process
yields of the coating processes with the new nozzle (NN1) and the
Schlick nozzle (CN1), the coating coverage obtained from the new
nozzle (98.3%) was slightly higher than the coverage with the Schlick
nozzle (95.0%). The coating coverage was lower on the fresh y-Al,O3
particles than on the glass particles in experiments with same conditions
using approximately same number of particles to coat. The main reasons
were the difference in zeta potential and roughness of core particle
surfaces.

In terms of the surface structure of coated particles, under the same
experimental conditions, the mean coating roughness produced by the
new nozzle (NN1 and NN2) was lower than that of the Schlick nozzle
(CN1 and CN2), consistent with their broader roughness ranges. Due to
its lower mean and narrower roughness distribution, the new nozzle can
produce coatings with higher homogeneity compared to the conven-
tional Schlick nozzle.

Manual thickness measurement results show that, with the new
nozzle, it is possible to coat particles thinner (NN1, mean thickness of
6.85 pm) than with the conventional Schlick nozzle (CN1, mean thick-
ness of 19.0 pm) with more than 90% coverage in a quite short process
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time of 46 min. Moreover, with the new nozzle, it was possible to
decrease the mean coating thickness by increasing solution flow rate and
atomizing pressure that leads to decrease in droplet size that the new
nozzle creates. Although the particles were not fully covered (but more
than 90% covered) for the thickness measurements, these results are
representative and certainly give an idea about the coating thickness
with full coverage. Thickness measurements using laser diffraction
support the manual thickness measurements.

In conclusion, proof-of-principle experiments demonstrated that the
new nozzle offers a promising alternative for achieving thinner and
smoother coatings than conventional spray coating by generating
droplets with a mean diameter of approximately 10 pm. This bridges the
gap between aerosol (around 1 pm) and conventional nozzles (around
20 pm, even bigger). With its ability to produce smaller droplets than
conventional nozzles, and provide higher process yield than aerosol
fluidized bed particle coating, the new nozzle shows significant potential
for fluidized particle coating applications particularly for industries
requiring ultrathin coatings such as pharmaceuticals, chemicals, and
biochemicals.

For future works, the present study can be improved in several di-
rections. The experimental setup can be improved to prevent cluster
formation especially for the new nozzle. Experiments should address full
coverage conditions by simply increasing the process time to measure
coating thickness more precisely in future investigations. The fresh
y-Al,O3 cores needs to be washed before performing experiments or
different material cores that has different surface potential can be used
to observe the zeta potential effect when the droplet size is bigger than
aerosol droplets, as like with the new nozzle. Additionally, the influence
of zeta potential on the drying behavior of deposited droplets can be
systematically investigated to evaluate its effect on BB height and
footprint area, particularly for small droplets. Experiments can be con-
ducted at different process temperatures to investigate their effect on the
BB height and, consequently, on the resulting coating surface structure.
A different coating liquid, such as a polymer-based solution, can be used
to investigate how variations in the drying mechanism (polymerization
rather than crystallization) affect the overall coating surface roughness.
Moreover, the experimental results of surface coverage and interparticle
as well as intraparticle coating layer thickness distributions can be
supported by Monte Carlo simulations. Furthermore, the measured
process yield values can be acquired with a continuous model. From an
application standpoint, future studies could also explore the application
of the new nozzle technology in industries where ultrathin coatings are
essential. Potential areas include pharmaceuticals for improved coating
uniformity, energy storage for precise electrode material coating and
functional coatings for catalyst supports in the chemical industry.
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7-Al,03 gamma alumina
B-Al(OH)3 bayerite
a-Al(OH)3 gibbsite
y-AIOOH boehmite
AFB aerosol fluidized bed
AG aerosol generator
BB building blocks
CN conventional Schlick nozzle
1t layer thickness
NaB sodium benzoate
NN new nozzle
PVC polyvinyl chloride
Ra average surface roughness
SEM scanning electron microscopy
SFB spray fluidized bed
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