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I ntroduction

For a high coating quality, agglomeration and esisesevaporation of the coating droplets
during fluidized bed coating process should be deai(1-3). This means that the coating process can
often only be performed within a narrow operatingdow. Consequently, the selection of the process
conditions and the process control are delicafesdte assure a good coating quality.

In spite of being an established technology, tleegss development of a fluidized bed coating
process has often been performed in an empiricgl Whis approach obviously results in a large
experimental program and the interpretation ofréseilts stays far from first principles. In thismmar,

a rapid and continuous process development isditfto be achieved. Process modeling is one of the
methods that can aid the process understandingeaables a comprehensive parametric study of the
involving sub-processes and further can be usedoascess prediction tool once it is validated.

In this study, the physical phenomena occurringingura single droplet drying within a
fluidized bed coater have been modeled, comprisfrige changes in the droplet mass, water fraction,
droplet size and droplet shape in time, before after collision with the core particles. Using the
models, the influence of various process conditioes inlet air temperatures, atomization pressure
and spraying rates could be studied comprehensiVély coatings obtained from the corresponding
processes were characterized using a previous®l@esd quantitative image analysis method (4, 5).
In this way, the relationship between the extenthefdroplet drying and the obtained coating gualit
could be assessed, which makes the model alsoeusslal development tool.

Heat and Mass Transfer Models

Inside a fluidized bed coater, the journey of detpistarts from being atomized from a spraying
nozzle, colliding with core particles, spreadingl darther being dried and leaving deposit on the co
surface as coating layer (3) (Figure 1). The dngogditions (temperature and vapor pressure) of the
droplets were calculated using a mass and heatdmlavhere the total volume of the equipment was
taken as the control volume and steady state nrab®ermergy transfers were assumed. The mass and
heat transfer between a single droplet and thehtotid air can be expressed as Eq. 1. The heat
transfer coefficient h was calculated using thealdshed correlations (6). Different considerations
were given during the modeling, according to tHéedent stages that a droplet undergoes before it i
completely dried.

During droplet’s traveling period, the drying pess of a droplet could be modeled quite
straight-forwardly, assuming a spherical dropleteren only changes in the water retained in the
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droplet and droplet diameter occur in time. Once thoplet hits the core particle, the droplet
spontaneously spreads on the core surface, whielmtedlepends on the impact (inertia spreading) and
the surface energy (wet spreading) (7). Consequehg changes in the droplet forms from spherical
to spherical cap were taken into account in théendrynodel. Due to evaporation, the droplet contact
line is receding (8). This occurs by keeping thataot angle more or less constant. Once the solute
concentration increases to a critical value, pigroccurs. During pinning, the droplet diameter stay
constant, while the droplet height decreases sogmifly (9). The transition between these two
evaporation regimes is to be determined in thidystwhich influences the droplet deposit type dat-

like or ring-like and therefore the coating qualiBgs. 2-4 depict the drying models used to sinsulat
the changes in the droplet mass in time at diffepariods, during i.e. droplet traveling, receding
contact line period, and pinning period, respetyivin these models, shrinking control volume was
assumed and linear correlation between the watmtidn remained and the solution physical
properties. These models were derived by subsigudi set of correlations between droplet properties
and its mass into Eq. 1.
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The critical conditions used for the simulationvdtich the transition between the receding
contact line and pinning regimes occurs were detethusing the thermal gravimetric analysis (TGA)
data. For each evaporation regime, a model was, uwggete the transition between the two regimes
was optimized based on the goodness of the fhetlata to both of the models.




Material and M ethods

Materials

Microcrystalline cellulose/MCC (Avicel PH102, FMC idPolymer) was used as pellet
excipient. Hydroxy-propyl methylcellulose/HPMC (Metcel E5 LV USP/ EP premium grade, Dow)
was used as coating model material. Carmoisine ZEPPmona BV) was used as pigment in the
coating.

Experimental Methods
1 Pellets Production

The pellets were made in a high shear granulatBA(G10, Machines Colette, Belgium), with
impeller and chopper rates of 600 and 3000 rpnpecs/ely. The pellets were made by mixing 5009
of MCC with 5009g of water, which was poured slo\ily 1 minute time) from the top of the GRAL.
The granulation was performed for 20 minutes. Tkégvanules were further dried at 40°C for 8 hours
in the vacuum drier (Elbanton, The Netherlands).

2. Particle Coating

The pellets with size fraction of 800-1000 microeres coated in the fluidized bed coater
(Mycrolab, Hiuttlin, Germany). 150 g of pellets wased for each batch. The coating solution can be
fed either from the bottom or the top of the coluRarthermore, the spray rate, drying temperature,
and atomization pressure were varied. The coatingess was performed until 20% weight ratio of
coating to core was sprayed. The sprayed HPMCisaoluas HPMC (5% w/w water) and carmoisine
(0.1% w/w water) dissolved in cold water.

3. CSLM and Image Analysis

The carmoisine added to the coating fluoresceslieigatine visualization of the coating layer
under the CSLM and differentiate the coating ldyem the core. A Leica inverted microscope DM
IRE2 TCS SP2 (Leica microsystems, Germany) was weedcquire images of coated particles.
Immersion oil type B (Cargille Lab, USA) was addedhe coated particles prior to scanniAgyreen
laser (HeNe 543nm/1.2mW) and a red laser (HeNe r@BBImW) were set at 100% and 37.66%
intensity. The emission of the sample was colle@e®52-716 nm. An HC Plan Fluotar 10x/0.30
objective was used with a zoom factor of 1 or 1€ukeng in scanned area of 15300 x 150@um or
150um x 15Q@m, used to acquire images for the characterizatibrtoating thickness and pore
structure, respectively. Image analysis was pemoron the acquired images, developed previously,
allowing the measurement of the coating thicknéstsiblution around a pellet, coating porosity ahd t
pore size distribution (4, 5).

4, Thermal Gravimetric Analysis (TGA)

The evaporation of a droplet of HPMC E5 solutiofo(Boncentration) was followed using a
TGA equipment (Mettler Toledo TGA/SDTA8%IThe Netherlands) at various the drying tempeeatur
ranging from 40 to 8. For each temperature, the measurement was edoin three-fold. The
droplet was dosed using Gilson micropipettes given® ul volume droplet and it was carefully
dropped into a TGA aluminum 4@ crucible. Continuous dry nitrogen gas flow at 40nin was
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purged above the droplet solution inside the TG&rféd*ming the droplet evaporation in TGA also
simulates a single droplet drying inside a fluidizeed coater to some extent. The obtained polymer
films were visually observed to confirm the drogbaining theory used in this study. Furthermore, th
data was used to derive the critical conditionswaich pinning occurs as a function of drying
temperature.

Results and Discussion

Figure 2 (top) shows the effect of drying tempamaton the obtained coating porosity. Here,
only the results on coating porosity are preserdsd;omparable results were obtained on the coating
thickness and pore size. It is shown that the ogatiorosity decreases with the decrease of intet ai
(drying) temperature used. Using current models, d@ffect of process conditions, in this case the
drying temperature, on the evolution of the dropletperties during drying were able to be simulated
Important characteristics, such as droplet diamdterght, contact angle, water fraction retained,
droplet spreading flux and pinning time could bé&dained, which are relevant to the film formation
and therefore coating quality.

Figure 3 and Figure 4 show the typical evolutidnthee droplet diameter and contact angle
during drying inside a fluidized bed coater. It danseen that initially the droplet size decredsesg
the droplet traveling and then increases seveldldae to the droplet-particle impact and aftersard
decreases again due to further drying. The highedtying temperature used during coating process,
the smaller is the diameter of droplet when it ks core particle. Furthermore, the contact angle
the droplet upon collision with particle is higherhigher drying temperature, which is actually tlue
the impact of the droplet size on the contact arlgl®as also found that at higher drying tempeatu
the pinning occurs earlier. As the wetting diamesehigher, the average polymer concentration is
lower, leading to a ring-like polymer deposit, atiérefore a poor film. On the other hand, if the
pinning is delayed, the droplet will more likelyrfio a dot-like film (9). The findings from our TGA
experiments confirm the plausibility of this theoRurthermore, a lower contact angle also resnlts |
better spreading of the droplet on the core surf@oasidering the effect of drying temperature loa t
characteristics of the droplet drying and the ecmpstructures, it can be implied that the changeke
coating porosity is actually due to the variatiorthe pinning time and the droplet contact angle.

Increasing the atomization pressure reduces thal idroplet size, of which the pinning time is
slightly lower and the contact angle is increasédditionally, lowering the droplet size increases
significantly the droplet spreading flux of the gket on the particle, which was calculated as #ter
between a droplet area on the core surface updisicolmultiplied by the number of droplets sprayed
and divided by the total area of the core partidieshis case, the effect of the increase in tloplet
spreading flux is much more significant on the dso considering also that the reduction in the
pinning time due to the decrease in the droplet gszvery little. As a result, the coating porosity
becomes lower for coating process using high atatioz pressure.

Using a high spraying rate during the coating psscincreases the bed relative humidity and
the droplet size at the same time. This causes @ mwmmplex effect of the spraying rate on the
characteristics of the droplet drying and theretbeecoating quality. While delaying the pinningné,
the increase in the spraying rate also reducesdrty@det spreading flux, which effects on the caogtin
guality are counteracting with each other. Consetiyealtering the spraying rate does not vary tlyea
the coating porosity.



Figure 5 summarizes the effect of the dropletastireg flux and the droplet pinning time on the
coating porosity. It is shown that the coating axois the highest when the droplet spreading 8o
the pinning time are low. At low droplet spreadithgx (due to high spraying rate/low atomization
pressure), a very high pinning time is requiredeiduce the coating porosity. This can be achieyed b
using the lowest drying temperature possible. Ia thgion, the droplet type-deposition significgntl
influences the obtained coating structure. At hdgbplet spreading flux, the influence of the pirgnin
time becomes less significant on the coating ptroghe resulted coating structures in this regare
very much governed by the dispersion of the dreplietough the bed of the core particles. Using the
presented simulations, it is possible to find théable set of process conditions to assure a low
coating porosity, i.e. a good coating quality.

Conclusions

From current droplet drying modeling results, ittn@ortance of the droplet spreading flux and
the droplet pinning time on coating quality hasrbetentified. A delayed pinning time leads to a-dot
like polymer deposition resulting in a better cogtfilm. A high droplet spreading flux allows a hig
distribution of droplets on core surfaces, givitgpaa coating with low porosity. In combinationjst
shown that at low droplet spreading flux, the pnghphenomena of a droplet during drying becomes
critical for the resulted coating structures, whighess significant at high droplet spreading flExom
the given modeling exercises, it has been demdadtthat it is possible using the presented madels
better predict the coating qualities, by deterngrtime droplet characteristics during drying at givgn
process conditions.
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List of Symbols

Droplet area [=] rh

Specific heat capacity [=] J/kgK
Droplet diameter [=] m

Droplet height [=] m

Heat transfer coefficient [=] W/id
Thermal conductivity (of coating solution) [=] WK
Droplet mass [=] kg

Heat [=] J

Time [=] s

Temperature [=] K

Velocity [=] m/s

Specific heat of evaporation [=] J/kg
Viscosity [=] Pa.s

Contact angle (2talf2hy/dy)) [=]
Density [=] kg/ni

Air

Droplet

Inlet air
Maximum
Minimum
Initial

Core particle
Pinning

On core surface
In time

Wet bulb
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Figure 1. Schematic description of a droplet’s journey inad&idized bed coater
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Figure 2. Influence of drying temperature on the characterf@hning time and contact angle of the
droplet upon collision and its impact on the cagstructures.
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Figure 3. Evolution of droplet diameter during drying in aiflized bed coater. Point A: Droplet is
released from the nozzle; B: Droplet hits a comtigla; C: Droplet maximally spreads on a core
surface; C-D: Receding contact line evaporatioimmegD-E: Pinning evaporation regime.
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Evolution of contact angle after cdlision
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Figure 4. Evolution of droplet shape factor (ratio betweeopdiet height and diameter) during drying
in a fluidized bed coater. Point C: Droplet maxilpapreads on a core surface; C-D: Receding contact
line evaporation regime, D-E: Pinning evaporatiegime.
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Figure 5. Influence of the characteristic pinning time andmalized droplet spreading flux on the
coating porosity.
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