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Ability to predict the porosity, and its reduction after nano-silica dry coating, based on the Bond number and co-
hesion force estimated viamulti-asperity contactmodelwas examined for twenty different pharmaceutical pow-
ders. A new model for first order estimates of bulk density improvements after dry coating was found to be
reasonably predictive despite variations in size (10–225 μm), particle size distribution, aspect ratios (1–3.5), ma-
terial density, and dispersive surface energy. For the porosity prediction model based on Bond numbers, Micro-
crystalline Cellulose (MCC) excipients were outliers, regardless of size (20–200 μm). Analysis of their shape,
surface morphology and specific surface areas (SSA), indicated that compared to other powders, MCCs had the
highest SSA compared to equivalent spheres and high macro-roughness, while having high aspect ratios. This
unique characteristic made them effectively more cohesive leading to their poor packing independent of their
size, which is in line with previous simulations.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Packing of dry powders is one of the important critical quality attri-
butes (CQAs) that impact pharmaceutical processing and product prop-
erties, especially for direct compression tablet manufacturing [1–6].
Powder packing is also an important indicator of powder flow, and
powders that pack well also flow well and vice a versa, thus packing is
clearly a key CQA [7]. Previous studies have discussed the importance
of bulk powder packing on various unit operations such as compaction
[1–3] and feeding [1–4]. There also exist suggested guidelines in terms
of acceptable packing density and flowability that may facilitate high-
speed direct compression tableting, indicating the importance of pow-
der and blend packing [8]. Consequently, formulators spend much
time in developing pharmaceutical formulations with adequate bulk
powder packing. Therefore, it would be beneficial to have mechanistic
methodologies [9–12] and not just data-driven approaches [13] to be
able to predict and manage bulk powder behavior, such as packing for
individual powders as well as their blends, so that the probability of
manufacturing failures can be reduced. In addition, when packing or
bulk density of powders or their blends is marginal, it is advisable to
consider reducing the failure probability by dry coating of APIs
[5,10–12,14–22] or excipients [23,24], which helps improve powder
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packing. Dry coating involves surface modification of host particles by
coating them with nano-sized guests, which reduces surface roughness
of host particles and reduces the interparticle cohesion, leading to en-
hanced bulk density and flowability [25,26]. Consequently, this paper
examines prediction of packing behavior of pharmaceutical powders
with or without dry coating.

For non-cohesive, monodisperse, spherical powders, their random
loose packing density is well-known, and it does not depend on the par-
ticle size as long as the size is large enough [27]. However, for predicting
packing or porosity ofwell-flowing spherical powderswith nonuniform
size distributions, empirical relationships that account for particle size
distribution need to be derived, see extensive work by Yu and Standish
[28,29]. Such models also allow predicting porosity of binary and ter-
nary mixtures or blends [27–29]. However, as particles get smaller,
the powder cohesion becomes increasingly important, and van der
Waals (vdW), electrostatic, or capillary forces are considered dominant,
posing additional challenges to predicting their bulk behavior [6,9].

Yu et al. demonstrated that for fine glass spheres, the effect of inter-
particle cohesion is more influential compared to that for coarse glass
spheres [9]. Generally, porosity is inversely related to the particle size
of glass spheres. However, theoretically calculated interparticle force
also increaseswith particle size [9]. To account for this, Yu et al. normal-
ized the interparticle force with theweight of a particle, and coined this
the “force ratio”, allowing them to introducemechanistic aspects in to a
semi-empirical model [9]. They demonstrated a relationship between
the force ratio and porosity for ideal glass spheres with relatively low
cohesion [9]. It is noted that the force ratio is essentially the same as
what is popularly known as the granular Bond number [9,30]. Capece
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Fig. 1. Schematic of Bond number, which is the ratio of interparticle force (Fad) to the
weight of a particle (Wg).
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et al. investigated the use of the Bond number to predict the porosity of
commonly used pharmaceutical powders with varying particle sizes
and shapes, which deviated from spherical [11]. Capece et al. incorpo-
rated amulti-asperity contact model [25] to better estimate the particle
adhesion forces and demonstrated the improvedmodel's ability to con-
sider the effects of dry powder processing [11], which would not have
been possible with purely empirical models. Additionally, in their
work, powders were dry coated with varying types and sizes of nano-
sized guest particles to vary the interparticle cohesion yet maintain
the original particle size of various powders [11]. They demonstrated
the applicability of the contact models in conjunction with the Bond
numbermodels to account for such surfacemodification via dry coating,
and attributed this ability to the incorporation of particle scale physics
in Bond number models [11]. Capece et al. also discussed the problem
of estimating the particle surface asperity that is important in estimat-
ing interparticle cohesion, and also discussed that for dry coated pow-
ders, that problem is trivially solved, and that dry coating also leads to
significant reduction in powder porosity [13].

Notwithstanding the major advances represented by these mecha-
nistic models [9,11], there are several outstanding issues that need to
be addressed. First, thesemodels assume spherical shape and implicitly
assumemonodisperse particle sizes. Interestingly, Capece et al. included
nine realistic industrial powders, of which five were rather cohesive,
that had neither spherical shapes nor monodisperse sizes, yet the pre-
dictive capability was remarkable [11]. Second, these models require
good estimation of the particle cohesion for estimating the Bond num-
ber. While the Chen model [25] worked well for all the powders used
by Capece et al. [11] even when it assumes spherical powders and uni-
form asperity sizes and their distributions. Third, estimating the Bond
number requires the use of a representative average particle size of
the powder sample for which there are various averaging choices, in-
cluding a novel idea of geometric averaging that uses particle surface
area as weights in averaging, allowing for potentially capturing the ef-
fect of a wide size distribution or even blends of different powders
[10,12]. Someof these ideas could be applied for awider variety of phar-
maceutical powders that may pose additional challenges to the Capece
et al. model [11]. For example, Hoffmann et al. have stated that in gen-
eral, it is difficult to predict the packing of powders which contain
flake-like or rod shaped particles [31]. Through simulations using dis-
crete element method (DEM), Deng and Davé investigated packing be-
havior of cohesive, high aspect ratios particles [32]. It was found that the
combined effect of higher aspect ratios and higher cohesion contribute
to poorer packing, which was relatively independent of particle size
[32]. Other factors such as intraparticle porosity have also been reported
to affect powder packing. As industrial powders tend to deviate greatly
from ideal assumptions of spherical, smooth, solid particles, future
model enhancements would need to account for expected deviations.
In addition, previous work did not consider direct model for predicting
the extent of porosity reduction or bulk density enhancement after dry
coating. For pharmaceutical practitioners, having such capability would
be beneficial even if the prediction provides only first order, conserva-
tive estimates which would help justify further investigation.

In this paper, the purpose is to assess predictability of packing poros-
ity as well as its bulk density reduction enhancements after dry coating
for a wider variety of pharmaceutical powders, with and without dry
coating. Towards that goal, twenty different powder samples are con-
sidered that include many cohesive drug powders and excipients, in-
cluding those with appreciable aspect ratios as well as surface
roughness. First, the packing behavior of all these powders before and
after dry coating and the extent of the enhancements after dry coating
will be examined, along with the ability to predict such enhancements.
For assessing the existingporosity predictionmodel, two enhancements
[11] will be considered. First, the use of entire particle size distributions,
as demonstrated in [10,12], will be consideredwith the hope to improve
powder bed porosity prediction. Second, the usual assumption of
200 nm asperity size for particles, which is recommended as a good
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approximation based on experimental work by Massimilla and Donsì
[33], will be tested. As an alternate, the applicability of estimating the
asperity size as a power function of the particle size will be examined
[9,11]. In addition, for the cases that appear to be significant outliers
for prediction, the asperity sizes that better allow porosity prediction
will be back calculated to further examine the role of asperities.

2. Theory

The Bond number for a powder is defined as the ratio of interparticle
force to the gravitational force acting on one particle [30]. This concept,
which has been previously proven to be able to predict bulk scale prop-
erties, can be visualized in Fig. 1 and is computed using Eq. 1.

Bog ¼ Fad
Wg

ð1Þ

Here, Fad is the interparticle force exerted on one particle by another
particle, and Wg is the gravitational force (particle weight). It is impor-
tant to state the assumptions of this model, which are: (1) spherical
mono-sized particles with no agglomeration, (2) uniform particle sur-
face in terms of asperity size and surface energy, and (3) van der
Waals forces are the dominant interparticle force for dry powders,
thus electrostatic and capillary forces can be ignored. In the case
where dry particle coating with nano-silica is implemented, additional
assumptions include well-mixedness and no deformation of particles.
The computation of the gravitational force (Wg) acting on one particle
is straightforward, and is given in Eq. 2.

Wg ¼ π
6
D3ρpg ð2Þ

Continuing with the assumption of mono-sized spherical particles,
the weight can be calculated as the product of volume, true density
(ρp), and acceleration due to gravity (g) of the particle. In Eq. 2, D is
the particle size.

The computation of the interparticle force between two particles
(Fad) is a critical step and it needs to take into account surface rough-
ness, and sparse or dense population of surface asperities or the pres-
ence of dry-coated nanoparticles [25]. For densely populated
asperities, multiple-asperities of one particle can contact one asperity
of another particle, for which Eq. 3 representing the multi-asperity
model can be used, which assumes smooth spherical particles with
small well-populated asperities on the surface [25].

Fad ¼ Ad
8z02

þ AD

24 2dþ z0ð Þ2
ð3Þ

This model takes into consideration the particle size (D), the surface
energy via Hamaker constant (A), the minimum separation distance
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between two particles in contact (z0), and the surface asperity size of
the particles, or the diameter of nanoparticles in case of dry coating
(d). The minimum separation distance (z0) is taken as 0.4 nm, and the
Hamaker constant (A) can be calculated using Frenkel relation de-
scribed in Eq. 4.

A ¼ 24πD0
2γd ð4Þ

Here, γd is the dispersive surface energy of the powder and D0 is the
cut off distance, taken as 0.165 nm [34]. However, judicious selection of
particle size (D) and the surface asperity size (d) is not straightforward,
and will be further discussed in this subsection.

For sparsely coated particles, predominant contacts between two
particles are guest-host type and account for the extent of surface area
coverage (SAC), which will be discussed further in Section 3. In that
case, the adhesion force is given by Eq. 5, where L0 is the separation dis-
tance between two coated particles, given by Eq. 6 [25].

Fad ¼ Ad
4z20

þ AD

24 L0ð Þ2
ð5Þ

L0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dþ Dð Þ2−1:21

SAC
d2

r
−D ð6Þ

To calculate the interparticle force using Eqs. 3 or 5, various particle
size descriptors can be used for the particle size value (D). Among these
are median particle size (d50) [6,9,11,25,26,35–37] and the Sauter mean
diameter (d3,2) [10,12], both of which can be attained via laser diffrac-
tion particle sizing. Although it is assumed that particles are spherical,
in reality this is rarely the case for commonly used pharmaceutical pow-
ders. The Sauter mean diameter (d3,2) is defined as the diameter of a
sphere which has the same surface area to volume ratio as an irregular,
non-spherical particle. In particle technology, the (d3,2) is often used to
account for particle shape irregularities, which can lead to increased
surface area. Increases in surface area can increase interparticle cohe-
sion, and using median particle size (d50) may not be able to account
for this. In such cases, it may be more appropriate to use the Sauter
mean diameter (d3,2), instead of the median particle size (d50).

Additionally, a size class dependent Bond number can be calculated
for a powder sample. It was previously mentioned that mono-sized
spherical particles are amajor assumption for Bondnumber approxima-
tions. However, recent studies have developed an approach to incorpo-
rate particle size distribution into calculations for interparticle force and
particle weight, which allows for incorporation of interactions between
particles of different sizes [10,12]. Eq. 7 describes the size class depen-
dent Bond number (Bog,mix), and Eq. 8 describes the fractional surface
area weighting function (wij), which is based on the theoretical frac-
tional surface area (fSA) for each size class.

Bog,mix ¼ ∑
K

i¼1
∑
K

j¼1

wij

Bog,ij

 !−1

ð7Þ

wij ¼ f SA,i f SA,j ð8Þ

For interactions between particles of different sizes, the harmonic
mean of the two particle sizes is used for calculation, as described in
Eq. 9.

Dij ¼
2DiDj

Di þ Dj
ð9Þ

Other values such as dispersive surface energy (γd), Hamaker con-
stant (A), surface asperity size (d), and particle density (ρp) are assumed
to be constant for particles of the same material, but in different size
classes. In previous studies, surface asperity size (d) is often taken as a
constant value (200 nm), based on experimental results by Massimilla
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and Donsì [25,33]. Alternatively, several studies have demonstrated es-
timating the asperity size (d) as a function of the particle size via an em-
pirical relationship, which is displayed in Eq. 10 [9,11].

d ¼ αDβ ð10Þ

Here, α and β are fitted constants with values of 4 × 10−4 and 0.6 re-
spectively [11]. Both of these approaches are considered adequate for
dry powders, and several studies have demonstrated their use in Bond
number based bulk property prediction [9,11,12]. Additionally, it is im-
portant to consider cases where surface asperity size (d) may change,
such as dry coating with nano-silica. For such cases, where nano-silica
particles adhere to the particle surface, the size of the nano-silica can
be taken as the new surface asperity size (d) [9].

3. Materials and methods

3.1. Materials

A total of 20 commonly used pharmaceutical powders were used in
this study, along with one glidant to be used for dry coating. Among
these are 7 Active Pharmaceutical Ingredients (APIs), which are listed
in Tables 1, and 13 excipients listed in Table 2. These tables include rel-
evant information regarding the powders, such as manufacturer, me-
dian particle size (d50), Sauter mean diameter (d3,2), particle (true)
density (ρp), and dispersive surface energy (γd). Additionally, nano-
silica (glidant) was used for dry coating applications. In this study, hy-
drophobic R972P pharmaceutical grade nano-silica was used as the
glidant, which was donated by Evonik, USA. R972P nano-silica has a
nominal particle size (d) of 20 nm, with a particle density (ρg) of
2650 kg/m3, and a surface energy (γd) of 36.40 mJ/m2, which wasmea-
sured experimentally by Chen et al. [24]. Since R972P is used for dry
coating, it will attach onto the surface of pharmaceutical powders, and
is assumed to become the new asperity size, hence the notation “d”
(surface asperity size) is used for R972P particle size instead of “D” (par-
ticle size).

3.2. Methods

3.2.1. Dry coating via LabRAM
Dry coating of pharmaceutical powders was carried out in a high-

intensity vibratory mixer, called the Resonance Acoustic Mixer
(LabRAM, Resodyn Corporation, USA). The pharmaceutical powder
(50 g) and a certain amount of glidant (R972P),were put in a cylindrical
plastic jar (9.5 cm height, 8 cm inner diameter), and clamped into the
LabRAM, where it was shaken at high intensity (75 G's acceleration)
for 5 min at a frequency of 60 Hz. Determination of glidant amount, re-
ported in supplementary materials (Table S1), was based on theoretical
100% surface area coverage (SAC) calculated using Eqs. 11–13 [25].

Wt% ¼ nd3ρg

D3ρp þ nd3ρg

∗100% ð11Þ

n ¼ 2
ffiffiffi
3

p
πD2

9Rc
ð12Þ

Rc
2 ¼ Dþ d

2

� �2

−
Dþ L0

2

� �2

ð13Þ

In these Equations, n is the number of guest particles it takes to cover
the surface of a host particle, d is the guest particle size, ρg is the guest
particle density, D is the host particle size, ρp is the host particle density,
Rc is the contact radius, L0 is the separation distance between two host
particles (Eq. 6), and SAC is the theoretical surface area coverage. Fur-
ther details of theoretical 100% SAC weight percentage calculations



Table 1
The active pharmaceutical ingredient (API) materials used in this study, along with their manufacturers, particle size data, true density, and dispersive surface energy. Asterisk markers
signify powders which were also used in Capece et al. [11].

Material Manufacturer Median particle size,
d50 (μm)

Sauter mean diameter,
d3,2 (μm)

True density, ρp
(kg/m3)

Dispersive surface energy,
γd (mJ/m2)

⁎Micronized Acetaminophen
(mAPAP)

Changshu Huagang Pharmaceutical
Co., Ltd. China

7.31 4.82 1290a 46.38

⁎Coarse Acetaminophen
(cAPAP)

Mallinckrodt, Inc., USA 23.25 17.54 1290a 40.86

⁎Ibuprofen 50 (IBU50) BASF, USA 52.76 32.20 1120a 38.92
⁎Ascorbic Acid (AA) Ruger, USA 224.28 123.35 1650a 41.00
Fenofibrate (FNB) Jai Radhe Sales 6.82 4.52 1263 39.50
Griseofulvin (GF) Lecto Medical, USA 10.56 6.37 1430 39.70
Itraconazole (ITZ) Jai Radhe Sales 10.03 5.26 1365 36.40

⁎ Powders also used in Capece et al. [11] and plotted in Fig. 5.
a Data attained from Capece et al. [11].
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can be found in Chen et al. [25]. While mixing in LabRAM, nano-silica
glidant (guest) agglomerates attach to the host, are broken up into pri-
mary particles, and get evenly distributed onto the surface of host parti-
cles (pharmaceutical powders). Previous studies have proven and
discussed how this method can reduce the interparticle cohesion of
powders, while maintaining particle size [5,11,15–17,20–26].

3.2.2. Particle size analysis
All particle size measurements were performed using a RODOS/

HELOS dry dispersion laser diffraction particle sizer (Sympatec, USA).
Dispersion pressure was set to 0.5 bar, and volume based particle size
statistics are reported in Tables 1 and 2. The Fraunhofer Enhanced Eval-
uation (FREE) and Mie Extended Evaluation (MIEE) theories of light
scattering were used to determine particle sizes by the HELOS unit.
PSD analyses were performed 3 times and average values are reported.
Due to excellent repeatability, the standard deviations are not reported.
Additionally, it was assumed that after dry coating, the PSD of the pow-
der does not change or is negligible, as was demonstrated in previous
literature [21,24].

3.2.3. Particle (true) density analysis
Particle (true) density (ρg) of each powder was analyzed via

Pycnomenter (NOVA 3200, Quantachrome Instruments, Boynton
Beach, FL, USA) with Helium gas. The experiment was repeated 5
times, and average values are reported.

3.2.4. Surface energy analysis
Dispersive surface energy (γd) of each powder was determined via

inverse gas chromatography, using a Surface Energy Analyzer (SEA-
Table 2
The excipientmaterials used in this study, alongwith theirmanufacturers, particle size data, tru
used in Capece et al. [11].

Material Manufacturer Median Particle Size, d50

(μm)

⁎Cornstarch (CS) Argo 14.37
Granulac 200 (Gran200) Mutchler Inc., USA 27.94
⁎Granulac 230 (Gran230) 21.98
Lactose 120 (Lac120) 93.87
⁎Sorbolac 400 (Sorb400) 8.69
Pharmatose 350 (Pharm350) DFE Pharma, USA 28.25
Pharmatose 450 (Pharm450) 19.19
Pharmatose DCL11 (DCL11) 115.37
Avicel 101 (Av101) FMC Biopolymer 64.24
Avicel 102 (Av102) 116.59
Avicel 105 (Av105) 18.97
Avicel 200 (Av200) 185.89
Avicel 301 (Av301) 64.20

⁎ Powders also used in Capece et al. [11] and plotted in Fig. 5.
a Data attained from Capece et al. [10].
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iGC, Surface Measurement Systems Ltd., Middlesex, UK). A known
amount of powder sample was poured in cylindrical silanized glass col-
umns (4 mm inner diameter, 30 cm length), bookended with silanized
glasswool, and tapped for 5min to attain adequate powder packing. Ini-
tially, Helium was used to condition the powders, and remove impuri-
ties and moisture. The conditioning step was carried out at 303 K
column temperature, 453 K injector and detector temperature, 0% rela-
tive humidity, and 10mL/minHeliumflow rate for 120min. Afterwards,
gas probes (Hexane, Heptane, Octane, Nonane, and Decane) were
injected into the column, and retention times were obtained for each
probe separately. Lifshitz-van derWaals (LW) dispersive surface energy
was attained via Schultz method [38], and all reported data are for infi-
nite dilution (3% surface coverage of sample with gas probes). Further
details of the SEA-iGC operation can be found in [19].

3.2.5. Scanning electron microscopy
A Field Emission Scanning Electron Microscope (SEM, JSM 7900F,

Jeol Ltd., Peabody, MA, USA)was used to studymorphology and particle
surfaces of powders. Prior to SEM imaging, sampleswere sputter-coated
with Carbon (Q150T, Quorum Technologies Ltd., Laughton, East Sussex,
England) to enhance their conductivity.

3.2.6. Surface area analysis
Specific surface area (SSA) of each powder was measured via

Brunauer-Emmett-Teller (BET) theory using a Quantachome ASiQWin,
with Autosorb iQ software for analysis. A known amount of powder
sample was loaded into a 6 mm ID tube with glass bulb at the bottom.
Degassing was carried out under vacuum and the degassing tempera-
ture and time was varied for each powder sample, based on their
e density, and dispersive surface energy. Asteriskmarkers signify powderswhichwere also

Sauter Mean Diameter, d3,2
(μm)

True Density, ρp
(kg/m3)

Dispersive Surface Energy, γd

(mJ/m2)

15.00 1444 32.34
10.27 1528 34.37
7.36 1546 34.37
38.93 1504 37.46
4.29 1520 43.44
26.00 1540 41.82
17.00 1543 44.69
85.18 1543 39.48
42.94 1562a 42.33a

65.97 1563a 56.05a

10.84 1559a 47.80a

100.43 1562a 47.11a

39.84 1508 47.66
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melting points. Afterwards, an 11-point BET adsorption analysis (P/
Po = 0.05–0.3) was conducted using Nitrogen gas at 77 K. SSA values
were calculated from adsorption isothermswhich have linear R2 values
above 0.9975 and positive C constants, as this will ensure the exclusion
of possible internal pore area in SSA calculation [39].

3.2.7. Bulk density analysis via FT4 Powder Rheometer
An FT4 Powder Rheometer (Freeman Technology Ltd., UK)was used

to measure bulk densities of powders. First, powder was loosely filled
into a 25 mm × 25 mL cylindrical vessel, and conditioned using a
twisted blade. This conditioning step is designed to remove excess air,
erase any previous consolidation effects, and create a uniform powder
bed to perform the bulk density experiment. After conditioning, excess
powder is removed by splitting the vessel to assure only 25 mL volume
of the powder bed is remaining. At this point, themass of the 25mL vol-
ume of powder is measured to attain the ratio of powder mass to vol-
ume, i.e. bulk density. Since excellent repeatability was attained for
samples after 3 repetitions, only the average values are reported in
this study. The porosity (ε) of the powder bed is then calculated using
Eq. 14, where ρb is the bulk density and ρp is the particle (true) density.

ε ¼ 1−
ρb

ρp
ð14Þ

4. Results and discussion

4.1. Experimental results

The most important factor affecting particle packing is particle size.
Generally, as particle size increases, particle packing improves [11], i.e.
bulk density increases, up until a certain point. Fig. 2a displays the ex-
perimental bulk density results of all as received (uncoated) powders,
plotted against their median particle size (d50). In this plot, the trend
of increasing particle packing vs particle size holds true for almost all
powders (solid markers), except in the case of Avicel powders (circle
markers), which have similar bulk densities regardless of particle size.
Such data is somewhat unexpected and has not been explicitly reported
in previous literature. In this study, dry coatingwith hydrophobic R972P
nano-silica was implemented, and bulk density results after dry coating
are presented in Fig. 2b as a function of median particle size. As was the
case in previous literature, results demonstrate increased particle pack-
ing (i.e. higher bulk density) after dry coating for all powders, and such
results can be attributed to the ability of dry coating with nanoparticles
to lower interparticle forces [5,11,15–20,22,24–26,40]. Additionally, the
general trend of increasing bulk density vs particle size stays true for
most powders (solid markers) after dry coating. However, the Avicel
(circle markers) bulk densities remain fairly constant although they
have improved appreciably. Comparing Fig. 2a and b for all cases, al-
thoughdry coating improves bulk density, the general trends of increas-
ing bulk density as a function of particle size remains the same, with the
Avicels being the major outliers. These results also suggest that the ac-
curate prediction of bulk density using previous models [11] in case of
Avicels may pose a challenge.

In order to assess the effectiveness of dry coating, percent improve-
ments in bulk density was calculated based on values before and after
dry coating. It is important to note that all measured percent improve-
ment values were positive numbers, meaning dry coating improved
particle packing for all powders. In Fig. 3a, the percent improvements
of bulk density are plotted against the Bondnumbers of the correspond-
ing as received powders. When fitted with a power fit, this relationship
produces an R2 value of 0.4753 and may not be accurately predictive.
Yet, such relationship is useful enough to provide a preview of what
level of improvements can be expected after dry coating. Generally,
higher bulk density percent improvement values are observed for
higher Bond number powders which are more cohesive. Powders
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having higher Bond number generally have lower initial bulk densities,
therefore they require higher % improvements, which was observed in
Fig. 3. After dry coating, the interparticle forces are reduced by orders
of magnitude [11,25,26], allowing for more significant increases in par-
ticle packing (bulk density). In contrast, lower percent improvement
values are observed for lower Bond number powders. This is somewhat
expected because lower Bond numbers indicate less cohesive powders
that have decreased influence of interparticle forces compared to grav-
itational forces, and hence they naturally have relatively good particle
packing which is close to the minimum possible porosity value (ε =
0.4 for random loose packing). Therefore, it is very difficult to further in-
crease the particle packing value as the influence of interparticle forces
can't be reducedmuch further. Fortunately, for those powders, dry coat-
ing may not be necessary since they are not very cohesive.

It is noted that Fig. 3a includes the Avicels (circle markers), which
were outliers in Fig. 2. However, they are not outliers in this case, indi-
cating that dry coating is very effective also for such powders. In fact,
they follow the trend of higher percent improvement of bulk density
at higher Bond number values. Unfortunately, there are two outliers in
the bottom right hand corner of Fig. 3a, whose Bond numbers are rela-
tively high (>1000), yet their percent improvement values are below
25%. These powders are Griseofulvin (API) and Sorbolac 400 (lactose ex-
cipient). From experimental data, both of these powders are not outliers
of any metric when comparing their values against other powders in
Tables 1 and 2. Their particle size metrics (d50, d3,2) are on the lower
end of the particle size ranges, but there are powders with lower parti-
cle sizes, which have adequate percent improvement in bulk density.
For example, micronized Acetaminophen (mAPAP) and Fenofibrate
(FNB) have median particle sizes (d50) of 7.31 μm and 6.82 μm, respec-
tively, but have high percent improvement in bulk density values of 71%
and 90%, respectively. Similarly, the particle (true) density and disper-
sive surface energies of Griseofulvin and Sorbolac 400 powders aremid-
dle of the pack. However, these powders have exceptionally large SSA
values. Griseofulvin has a SSA of 5.04 m2/g, and Sorbolac 400 has a
SSA of 2.63 m2/g, both of which are higher than all the SSA values
given in Table 3. A reason for their poor percent improvement value
with respect of Bond number could be the effective low surface area
coverage (SAC) of the particle surface with R972P nano-silica. Here,
100% SAC values were calculated using Eqs. 11–13 to determine the
amount of R972P nano silica to use during dry coating (see supplemen-
tary material S1). It is likely that the amount used for Griseofulvin and
Sorbolac 400may be insufficient. Eqs. 11–13 assume spherical particles,
and do not take into account varying surface area. A possible explana-
tion for Griseofulvin and Sorbolac 400 being outliers is that they may
needmore R97P nano-silica to cover up their higher than expected par-
ticle surface area, and/or theymay require longer processing time to ad-
equately distribute and cover all of the increased particle surfaces. In a
nutshell, these two powders are outliers whichmay require further for-
mulation/process development for dry coating. Fig. 3b displays the
same data as Fig. 3a, except Griseofulvin and Sorbolac 400 are removed.
The same power fit was used to fit Fig. 3b, and produces a much better
fit with an R2 value approaching 0.7.

Eq. 15 is a new empirical model for predicting the improvement in
powder bulk density after dry coating, based on the power fit in Fig. 3.

BDΔBo ¼ BDΔ1

ffiffiffiffiffiffiffiffi
Bog

a
q

ð15Þ

Here, BDΔBo is the percent increase in the bulk density after dry coat-
ing, and BDΔ1 is the percent improvement in bulk density if Bog=1. For
the best fitting case of Fig. 3b, BDΔ1 is 15% and the root constant, a is 5 in
Eq. 15. Therefore, aminimumof 15% improvement in Bulk density is ex-
pected for powders having Bond numbers at or above one. The constant
a has a value of 5, implying relatively weak function of Bond number.
However, since Bond number is a highly non-linear function of particle
size, bulk density is actually a strong function of the inverse of particle



Fig. 2. Experimental bulk density values plotted against experimental median particle sizes (d50) for (a) as received uncoated powders and (b) dry coatedwith R972P nano-silica powders. All dry coated powders were processed in LabRAM for 75Gs
and 5 min with theoretical 100% SAC values of R972P, which are given in supplementary material S1. The trend of increasing bulk density as a function of median particle size does not hold true for most Avicel powders (circle markers).
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Fig. 3.Percent improvement in bulk density after dry coating vs as receivedmedianparticle size basedBondnumber for (a) all powders and (b) all powders, excluding outliers Griseofulvin
and Sorbolac 400. A power fit is used, producing a relatively good fit (R2 = 0.69) without the outliers. A fit attained from using training data is displayed in (c), with circle markers being
training data and solid markers being test data.
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size. For the fine powders used in this study, Bond numbers can get very
large (>1000), leading to significant percentage increases in bulk den-
sity, up to 90%. For a conservative estimate, Eq. 15 can use the fit in
Fig. 3a, and then BDΔ1 would be about 16% and the root constant, a
would be about 6, implying the bulk density increase for finer powders
would be as high as 70%. In summary, these Figures and Eq. 15 demon-
strate that particle packing improvements via dry coating are a function
of the Bond number of the uncoated powders, along with the adhesion
models of Eqs. (3) and (5), andmay be estimated a priori. This ability to
estimate the expected enhancements after dry coating can guide
Table 3
Bulkdensity, powder bedporosity, specific surface area, and back calculated asperity size values
comparison. The last 4 powders are APIs, for which accurate porosity prediction was attained

Material Median particle
size,
d50 (μm)

Sauter mean
diameter,
d3,2 (μm)

Bulk density, ρb
(g/mL)

Porosity, ε

As
received

Dry
coated

As
received

Av 105 18.97 10.84 0.32 0.43 0.77
Av 301 64.20 39.84 0.43 0.52 0.71
Av 101 64.24 42.94 0.33 0.43 0.78
Av 102 116.59 65.97 0.32 0.37 0.76
Av 200 185.89 100.43 0.33 0.37 0.78
mAPAP 7.31 4.82 0.21 0.35 0.84
cAPAP 23.25 17.54 0.41 0.63 0.68
IBU50 52.76 32.20 0.44 0.53 0.61
AA 224.28 123.35 0.92 0.96 0.44
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decision making regarding whether or not dry coating is necessary or
would be beneficial. It is noted that since the data used for fitting the
proposed empirical model is only from R972P silica coating, the model
needs to be generalized to account for the type of the guest particles
used. It is expected that the impact of the nano-sized guest type,
i.e., its size and surface energy, would be captured through the constant,
BDΔ1. The predictive capability of Bond number based models is further
considered in latter sections.

In order to verify that the power fit in Fig. 3B is robust and does not
require use of the entire data set as the training set, a randomly selected
(to attain perfect porosity prediction) for all Avicel powders, and several others selected for
both here and in previous publications.

(−) Specific surface
area
(m2/g)

Aspect ratio
(−)

Correct
back-calculated asperity size, d
(nm)

Dry
coated

0.72 1.72 3.05 3630
0.65 0.43 2.13 1.88*104

0.72 1.50 2.63 1.36*105

0.76 0.92 2.83 7.32*105

0.76 1.11 2.58 2.95*106

0.73 0.77 3.47 681
0.51 0.39 2.64 418
0.53 0.17 3.06 928
0.42 0.08 1.34 84.2



Table 4
Table of powders and data used tomake Fig. 3B and C, alongwith % error for the respective
plots. All powders except Griseofulvin and Sorbolac 400 were used here. The powders
with asterisk markers (*) signify powders randomly chosen and reserved as test data,
while all others were used as training data.

Material UC Bog
(−)

BD %
Improvement

Fig. 3B – %
Error

Fig. 3C – %
Error

mAPAP 5761.1 70.85 −18.38 −9.72
⁎cAPAP 157.5 53.44 10.22 9.14
⁎Ibu50 14.8 21.31 −5.53 −8.59
⁎Ascorbic Acid 0.14 4.667 −5.80 −9.08
Fenofibrate 6169.7 92.18 1.70 10.68
Itraconazole 1653.3 40.09 −29.30 −25.39
⁎CS 471.4 46.51 −7.39 −6.64
Granulac 200 64.5 42.12 6.02 3.94
Granulac 230 130.9 79.45 37.81 36.49
Lactose 120 1.88 45.12 27.40 23.89
Pharmatose 350 75.3 64.56 27.31 25.37
Pharmatose 450 256.3 45.26 −2.41 −2.77
Pharmatose DCL11 1.04 9.630 −6.10 −9.61
Avicel 101 6.39 31.31 8.65 5.307
Avicel 102 1.41 17.08 0.35 −3.16
Avicel 105 280.9 34.38 −14.19 −14.40
Avicel 200 0.29 13.53 1.35 −2.05
Avicel 301 7.47 20.93 −2.46 −5.76
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portion of data points was taken as the test data and the remaining
points were used as the training data, with the results displayed in
Fig. 3C. Here, 20% of the data points were randomly chosen as test
Fig. 4. Powder bed porosity vs Bond number for all the pharmaceutical powders assuming fixed
(a)median particle size (d50), (b) Sauter mean diameter (d3,2), and (c) size class dependent ave
data.
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data, identified by asterisk markers in Table 4. The remaining 80% was
used as training data to generate the fit in Fig. 3C, which has an R2

value of 0.6302. This fit using training data generates an R2 only slightly
below the R2 value in Fig. 3B, implying prediction was approximately
the same. Additionally, Table 4 compares % error values from the fits
in Fig. 3B and C, which demonstrate that the use of training data does
not have any adverse effect on the fit of Eq. 15. These results imply sim-
ply fitting the data points, as done in Fig. 3B, is fairly robust although as
explained above, should be only used as a first order estimate of the ex-
pected enhancement.

4.2. Porosity vs bond number

After measuring bulk density (ρb) using the FT4 Powder Rheometer,
Eq. 14 was used to calculate powder bed porosity (ε) of pharmaceutical
powders. Fig. 4 displays the results of powder bed porosity (ε) plotted
against the theoretically calculated Bond number. Markers represent
experimental data points and the solid line is the Bond number based
porosity (ε) prediction using Eqs. 1,3–9,16.

ε ¼ ε0 þ 1−ε0ð Þ exp −mBog
−n� � ð16Þ

In Eq. 16, porosity (ε) is predicted using the Bond number (Bog), and
the values for constants ε0,m andn are 0.44, 3.09 and0.224 respectively,
which are from literature [11]. Fig. 4a was generated usingmedian par-
ticle size (d50) based Bond number, Fig. 4b using Sauter mean diameter
(d3,2) based Bond number, and Fig. 4c using size class dependent Bond
asperity size of 200 nm for uncoated powers. The Bond numbers were calculated based on
raging. The solid line is predicted porosity based on Eq. 16, whilemarkers are experimental
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number of Eq. 7. The plots display too much scatter, and root mean
square error (RMSE) values are fairly high, signifying inadequate pre-
diction. These results do not agreewith previous studieswhich reported
very good prediction for powders with a similar range of particle size
[9,11]. However, if only the powders common to both the current
study aswell as Capece et al. [11] were considered, very good prediction
can be attained, as is displayed in Fig. 5. The powders used tomake Fig. 5
are denoted in Tables 1 and 2 with an asterisk. Although the results of
Capece et al. have been validated in Fig. 5, it must be noted that this cur-
rent study includes much more materials, and attaining similar predic-
tive capability is a lofty goal. Additionally, it appears that the predictive
capability is only slightly improvedwhen using the size class dependent
Bond number. Although the RSME value in Fig. 4c is lower than the
other two plots in Fig. 4, there is still much scatter, and the additional
computation required to incorporate size classes does not appear to sig-
nificantly improve predictive capability.

One key aspect of the plots in Fig. 4 which must be discussed is the
effect of dry coating on the powder bed porosity (ε). In these plots,
solid markers signify uncoated powders and circle markers signify dry
coated powders. Generally, uncoated powders appear to be to the top
and/or right of the dry coated powders. This signifies that after dry coat-
ing, Bond number approximations and porosity values generally de-
crease, indicating improved powder bed packing. This aspect has been
observed by a previous study [11], hence is also visible in Fig. 5, and is
attributed to interparticle cohesion reduction via dry particle coating
[25,26]. Additionally, there have been numerous papers which demon-
strate the ability of dry coating technique to improve powder properties
such as flowability [5,10,12,20,40], dispersibility [16,19,23,25], and
deagglomeration [21,35] among other powder properties.

Upon careful inspection of the plots in Fig. 4, it is evident that there
are a certain class of powderswhich causemost of the scatter. They hap-
pen to be the same as the outliers in Fig. 2, namely Avicel powders,
which are a class of Microcrystalline Cellulose (MCC) excipients pro-
duced by FMC Biopolymer. If they are removed from the plots in
Fig. 4, it is expected that the scatter would be vastly reduced. As
discussed in Section 4.1, Avicel powders have vastly different median
particle sizes (20–200 μm), yet they generally have very similar bulk
density (ρb) and porosity (ε), as shown in Table 3 and Fig. 2. A notable
characteristic for these Avicel powders is that they generally have
higher aspects ratios as well as specific surface areas. However, in
Table 3, there are several APIs whose powder bed porosities (ε) has
been predicted well, both in this study and in previous literature, yet
Fig. 5. Powder bed porosity vs Bond number for all the pharmaceutical powders common
to this study and Capece et al. [11], which are denoted in Tables 1 and 2 with an asterisk.
The Bond numbers were calculated based on median particle sizes, and the solid line
represents the predicted porosity based on Eq. 16, while markers are experimental data.
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have similarly high aspect ratios [11]. Notice that for these APIs, bulk
density (ρb) and porosity (ε) vary greatly, depending on particle size
(D), which is not the case for the Avicel powders. Thus, powder bed po-
rosity (ε) of Avicel powders is not predicted well, both before and after
dry coating. Next, approaches that consider the surface asperities, sur-
face roughness, and surface area to potentially improve powder bed po-
rosity (ε) prediction are discussed.

4.3. Particle surface asperity size corrections

The Bond number calculations discussed in Section 2 have 4 particle
scale inputs: particle size (D), particle density (ρp), surface energy (γd),
and surface asperity size (d). While the first three inputs are directly
measured via laser diffraction (Section 3.2.2), pycnometry
(Section 3.2.3) and inverse gas chromatography (Section 3.2.4) respec-
tively, the value for the last input is assumed. Previous work with Bond
number models often assume 200 nm as surface asperity size (d), re-
gardless of particle size (D) [9–12,25]. This assumption is based on
work by Massimilla and Donsì [33], proven to be adequate for most
cases, and accurate porosity prediction (ε) using this estimate was
attained in previous literature [9,11,12,25]. However, in light of the
poor predictability for porosity results in this study, this assumption
needs to be reexamined. Two different approaches will be investigated
which may be used to replace the 200 nm surface asperity size (d)
assumption.

The first approach uses a proposed empirical relationship that ap-
proximates surface asperity size (d) to be proportional to the particle
size (D), see Eq. 10 and related details in Section 2 [9,11]. Eq. 10 was
used to calculate surface asperity size (d) for all uncoated powders,
which are reported in supplementary Table S1, and was subsequently
used for Bond number approximations. Fig. 6 displays results of powder
bed porosity (ε), plotted against the surface asperity size (d) adjusted
Bond number. Here, only Bond numbers of uncoated particles (solid
markers) were approximated using Eq. 10 for surface asperity size (d).
For dry coated particle Bond numbers (circle markers), the nano-silica
particle size (20 nm) was used as the surface asperity size (d). Visual
analysis concludes that there is still much scatter, but RMSE values are
slightly lower compared to those reported in Fig. 4. Although surface as-
perity size (d) approximation of Eq. 10 does slightly improve prediction,
it is still does not result in accurate porosity prediction. Notably, most
outliers are Avicel powders, both with or without dry coating, which
could have been suspected from Fig. 2.

The second approach, although not really predictive, would be to ex-
amine if one could back calculate the necessary surface asperity size (d)
that would yield perfect prediction, and examine if there is a correlation
with some particle scale property. It is emphasized that the purpose be-
hind this exercise is purely for the sake of better understanding the rea-
sons for the deviations in trends from powders such as the Avicels.
Accordingly, from experimental porosity (ε) values, the surface asperity
size (d) needed for perfect prediction of Avicels and a few selected pow-
ders were back-calculated, and are displayed in Table 3 (last column).
Very large values of “correct” asperity sizes (d) for Avicels can be ob-
served, and some are even larger than the respective median particle
size (d50) and Sauter mean diameter (d3,2) for these powders, which is
physically impossible. In fact, in order to apply the multi-asperity con-
tact model of Eqs. 3 and 5, the asperity size needs to be one or more or-
ders of magnitude smaller than the host particle size. Thatmeans, the d/
D ratio cannot be great than 0.1, and ideally it should be much smaller.
Interestingly, such limitation seems to hold for all powders other than
Avicels, hence their porosities are predicted well in Fig. 5. Therefore,
due to this physical constraint, this attempt to relate correct asperity
size (d) to a particle scale property does not work for Avicels.

The results of back-calculated “correct” asperity size (d) are plotted
against median particle size (d50) and Sauter mean diameter (d3,2) in
Fig. 7a and b respectively. In these plots, the dashed line represents
200 nm, which is the surface asperity size (d) assumption used to



Fig. 6. Powder bed porosity vs Bond number for all pharmaceutical powders when the asperity size is a function of the particle diameter for uncoated powers (Eq. 10). The Bond numbers
were calculated based on (a)median particle size (d50), (b) Sautermean diameter (d3,2), and (c) size class dependent averaging. The solid line is predicted porosity based on Eq. 16, while
markers are experimental data.
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generate the predictions in Fig. 4. The dash-dot line represents the em-
pirical relationship of Eq. 10, which approximates surface asperity size
(d) as a fitted power function of particle size (D), and is used to generate
the predictions in Fig. 6. For the other powders (solid markers) in these
plots, the back-calculated “correct” asperity size (d) can generally be
Fig. 7. Back-calculated “correct” asperity sizes that would improve the model fit for Avicels (c
(d50) and (b) Sauter mean diameter (d3,2). The horizontal dashed line represents 200 nm, the
represents y = 0.1×. Notice that some Avicels are above the solid line, implying their asper
model assumptions.
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approximated well by using either the 200 nm assumption (dashed
line) or the empirical relationship of Eq. 10 (dash-dot line). However,
back-calculated “correct” asperity sizes (d) for Avicels (circle markers)
does not seem to be fitted well by either of these. Additionally, the
solid lines in Fig. 7a and b are y = 0.1×, used to represent points
ircle markers) and other powders (solid markers) plotted against (a) median particle size
dash-dot line represents the surface asperity approximation of Eq. 10, and the solid line
ity size is larger than 10% of their particle size, which would violate the multi-asperity



K. Kunnath, L. Chen, K. Zheng et al. Powder Technology 377 (2021) 709–722
where asperity size (d) is 10% of the particle size (D), which represents
the limit of the validity of the multi-asperity model (Eqs 3 and 5). Al-
most all of the Avicel powders are above this line, indicating their “cor-
rect” asperity size (d) is invalid being above the model break-down
limit. As discussed earlier, this is theoretically incorrect, and surface as-
perity size (d) correction is not possible for Avicel powders. In reality,
asperity sizes should be much smaller than particle size, and such is
true for the other powders (solid markers). Other approaches to im-
prove powder bed porosity (ε) prediction of Avicels is required. For
this, it may be useful to conduct an investigation to elucidate differences
between Avicels and other powders whose powder bed porosities (ε)
are predicted well by the Bond number model. As a side note, the line
representing the model limit, y = 0.1×, encompasses the Eq. (10) line,
indicating that the use of such model that approximates the asperity
to be a function of particle size is reasonable, and allows use of the
multi-asperity contact model.

4.4. Scanning electron microscopy

Fig. 8 displays Scanning Electron Microscopy (SEM) images of two
Avicel (Fig. 8a and b) and two API (Fig. 8c and d) powders. More images
of all the Avicels and select other powders are also provided in the sup-
plementarymaterial that have similar trends (Figs. S2 and S3). Addition-
ally, Supplementary Fig. S6 provides SEM images of micronized
Acetaminophen before and after dry coating, to illustrate the effect
nano-silica dry coating on powder surfaces. From the images in Fig. 8,
it is evident that surface morphology of Avicels is much more rough,
while others appear to have relatively smooth particle surfaces. Addi-
tionally, aspect ratio data is reported in Table 3 for Avicels, and the select
APIs whose porosities are predicted well. The aspect ratios of Avicels
(Fig. S4) are higher than 1, but appear similar to that of other powders
(Fig. S5). These images indicate increasedmacro-scale surface roughness
for Avicels, compared to other powders, and thatmay be a factor in addi-
tion to the effective asperity sizes. Here, the differences in these powders
with respect to their size and specific surface area is examined further.
Fig. 8. SEM images of (a) Avicel 101, (b) Avicel 301, (c) coarse Acetaminophen (cAPAP) and (d
500×. Notice the smoother surface of the particles in c and d, compared to relatively rougher s
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4.5. Surface area analysis

BET adsorption method [41] was used to analyze specific surface
area (SSA) of select powders,which are reported in Table 3. Only Avicels
and select other powders (APIs), whichwere used in the previous Bond
number based porosity prediction study [11], were selected for BET sur-
face area analysis. While porosity (ε) predictions for Avicels were not
good, as discussed before in Section 4.2, the APIs in Table 3 had remark-
ably good porosity (ε) prediction. It is hoped that any notable differ-
ences between these two groups' SSA values may help identify some
key characteristic that is different between powders which had ade-
quate porosity (ε) prediction (APIs) and those that did not (Avicels),
while having comparable aspect ratios. From the data in Table 3, it is ev-
ident that generally, Avicels have much higher SSAs compared to APIs.
The only exception is Avicel 301,whichhas amuch lower SSA compared
to the rest of the Avicels, yet has a slightly higher SSA than APIs with
similar particle size. SSA has an inverse relationship with particle size
(D), as displayed in Fig. 9, where SSA values are plotted against Sauter
mean diameter (d3,2). It is appropriate to use the Sauter mean diameter
(d3,2) as the x-axis, since it is the representative spherical particle size
which has the same surface area to volume ratio as the particles
which aremeasured. In these plots, the solid line represents the theoret-
ical SSA values, calculated using spherical particle assumption. The ex-
perimental SSA values of APIs plotted in Fig. 9 (solid markers) indeed
have an inverse relationship with particle size, which is expected. Addi-
tionally, the APIs' SSA values are similar to the theoretical SSA values of
spherical particles (solid line). However, the same could not be said for
Avicels. Regardless of size, Avicels (circlemarkers), includingAvicel 301,
have higher SSA compared to APIs, and as compared to theoretical SSA
values assuming spherical particles, with no clear trend.

From Fig. 9, two conclusions can be made: first is that generally,
Avicels have higher SSA values compared to the APIs, indicating Avicels
have higher macro-scale surface roughness. The second is that APIs' SSA
values are similar to spherical particles, while Avicels have greater devi-
ation from spherical particle nature. Since the particle adhesion models
) Ascorbic Acid (AA). Images a-c were taken at 2000×magnification, while d was taken at
urface of the Avicels (a and b).



Fig. 9. Experimental specific surface area (SSA) values of all the Avicels (circle markers)
and some APIs (solid markers), plotted against Sauter mean diameter (d3,2). The
solid line represents theoretical SSA, assuming spherical particles with a density of
1500 kg/m3. Notice that Avicels have much higher experimental SSAs compared to APIs,
which have experimental SSAs comparable to theoretically calculated values.
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needed for the Bond number models assume spherical particles, and in
light of these SSA results, it is reasonable that Avicels' powder bed poros-
ity (ε) is not well predicted via Bond number estimation. These results
Fig. 10. Powder bed porosity vs Bond number plots for all pharmaceutical powders, except Avic
size (d50), (b) Sauter mean diameter (d3,2), and (c) size class dependent averaging. The solid
markers signifying powders in commonwith Capece et al. [11]. (For interpretation of the refere
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also possibly explain why the porosity of the API powders can be better
predicted. Overall, the examination of the SSA values separate the Avicels
from the powderswhose porosity prediction is accurate, andmay help in
rectifying the Bond number estimations in future modeling efforts.
4.6. Model assessment and its applicability

From back-calculated asperity sizes (d) (Section 4.3), SEM images
(Section 4.4), and BET surface area results (Section 4.5), it is evident
that Avicels are different from other powders and simultaneously
have three characteristics that make them unique as compared to
other powders. Specifically, they all have high aspect ratios, highly
rough surfaces, and high SSAs as compared to equivalent sphere of sim-
ilar sizes. Themulti-asperitymodel, used to calculate inter-particle vdW
force using Eq. 3, assumes relatively smooth spherical particles with
densely populated small asperities on the surface. Therefore, it is clear
that such model cannot be expected to work well for the Avicels. It
would be interesting to see how the model fares if Avicel powders are
excluded from Figs. 4 and 6. Fig. 10 displays the powder bed porosity
(ε) plotted against Bond number for all powders, excluding Avicels. Sur-
face asperity size (d) was assumed to be 200 nm for uncoated powders,
or 20 nm (nano-silica particle size) for dry coated powders. From these
plots, it can be observed that experimental data (markers) fit relatively
well along the solid line, which represents predicted values. Additionally,
the porosity prediction of most new materials used in this study, repre-
sented by black markers, is similar to that of powders in common with
Capece et al., [11] which are represented by red markers. The trends in
els, whichwere excluded. The Bond numbers were calculated based on (a)median particle
line is predicted porosity based on Eq. 16, while markers are experimental data, with red
nces to colour in this figure legend, the reader is referred to theweb version of this article.)
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Fig. 10 resemble the accurate prediction displayed in Fig. 5, but with a
much denser data set. Notice that RMSE values in the Fig. 10 plots are sig-
nificantly smaller compared to those in Figs. 4 and 6, and closer to the
RSME value in Fig. 5, indicating improved predictive capability for the
data set without Avicel powders. It can be concluded that for most pow-
ders, excluding Avicels, Bond number estimation using the contactmodel
in Eq. 3 provides adequate powder bed porosity (ε) prediction. Interest-
ingly, the model seems to work for certain powders (APIs in Fig. 9
and Table 3) that are not spherical. However, as was discussed in
Section 4.5, their deviation from the expected SSA of spherical particles
is not large, as seen in Fig. 9, and therefore, they seem to follow themodel.

In order to improve predictive capability for the Avicels, the model
needs to account for specific characteristics that deviate from its current
assumptions. As discussed above, the Avicels have elongated shapes,
very rough surfaces, as well as high SSA values as compared to equivalent
spherical particles. Since surface roughness and SSA are correlated
[42,43], the deviation from the model arises from the combined effect
of the particle shape, such as aspect ratio, and the macro-scale surface
roughness. To make things more complicated, high-aspect ratio rough
particles such as these (Fig. 8a), have pronounced concavities in contrast
to the API particles, giving rise to multiple contacts between a pair of
contacting particles, higher potential for interlocking, and higher effective
friction. All of these lead to poor packing and increased porosity. Address-
ing all of these effects in the currentmodel iswell outside the scope.How-
ever, as was demonstrated through DEM simulations, both the higher
aspect ratio and higher effective cohesion, which is a result of macro
roughness, lead to poorer packing [32]. For example, for particleswith as-
pect ratio of 3 and high cohesion, porosity was very high (>0.7) for a
wider range of particle sizes (10–100 μm). These results indicate that
the future model improvement needs to address both the effect of parti-
cle aspect ratio and effectively high cohesion due to macro roughness or
high SSA as compared to equivalent spherical particles. Nonetheless, the
currentmodel performs very well considering thewide variations in par-
ticle sizes, their size distribution, aspect ratios,material properties includ-
ing surface energy, and surface modification; major exception being the
Avicels that have both macro roughness and non-spherical shape with
high SSAs. These results corroborate previous study [11] and confirm
that the porosity prediction model had wide applicability.

5. Conclusions

The results demonstrate that the prediction of porosity through the
Bond number based model using the cohesion force estimated via
multi-asperity contact model [25] works well for many real powders
that are cohesive and non-spherical, further corroborating previous re-
sults with limited number of non-spherical cases. While that itself is
surprising considering the Chen et al. model [25] is valid only for spher-
ical particles, it was equally if not more surprising that the Avicels were
outliers, even when some of those were not as cohesive. Upon further
investigation, it was discovered that the conventional definition of
non-sphericity based on the particle shape aspect ratio alone does not
capture the propensity for deviation with the model. In fact, the main
factor was an excessive deviation from the specific surface area (SSA)
of an equivalent sphere of all the Avicels, which have characteristically
different macro roughness and presence of concavity. Compared to all
other powders, MCC Avicels had the highest SSA compared to equiva-
lent spheres, while also having high aspect ratios. Addressing such devi-
ations from spherical shape would require extension of the contact
models for an improved Bond number prediction. The efforts to im-
prove the porosity prediction through changing the particle size basis
for the Bond number prediction did not greatly impact the model's
fitting ability. In fact, the model fit was just as good when d50 was
used as a basis for the Bond number estimates instead of a more com-
plex approach utilizing the entire particle size distribution. Similarly,
better estimates of the natural surface asperity size through an empiri-
cal model did not yield appreciable improvement.
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For predicting porosity reduction or bulk density enhancement
after dry coating, an empirical model was developed so that it may be
used by industry practitioners to obtain first order, conservative esti-
mates that justify further investigation. The bulk density enhancement
was higher (70–90%) for finer, more cohesive powders, indicating that
dry coatingworkswell for the powders for which it is needed themost.
Interestingly, even the Avicels followed the predictive model for bulk
density improvement after dry coating, which could help improve
their functionality compared to other excipients, as reported in re-
cently publishedwork [23,24]. This ability to estimate the expected en-
hancements after dry coating a priori can guide decision making
regarding whether or not dry coating is necessary or would be
beneficial.

Nomenclature

Symbols
A Hamaker Constant (J)
a Constant root for Eq. 15 (−)
BDΔBo Percent increase in bulk density after dry coating (%)
BDΔ1 Percent increase in bulk density after dry coating when

Bog = 1 (%)
Bog Bond number (−)
Bog,mix Size Class Dependent Bond number (−)
D Particle size of host (m)
D0 Cut-off distance (m)
d Asperity size (m)
d3,2 Sauter mean diameter (m)
d50 Median particle size (m)
Fad Interparticle van der Waals force (N)
fSA Fractional surface area (−)
g Gravitational acceleration (m/s2)
K Number of size classes (−)
L0 Distance between two dry coated host particles (m)
m Constant coefficient for Eq. 16 (−)
N Number of guest particles coated onto one host particle (−)
n Constant exponent for Eq. 16 (−)
Rc Diameter of contact circle (m)
SAC Surface area coverage of host particle (−)
Wg Weight of host particle (N)
Wt% Weight percentage of guest particle (−)
w Weighting function (−)
z0 Equilibrium separation distance (m)

Greek
α Constant coefficient for Eq. 10 (−)
β Constant exponent for Eq. 10 (−)
γd Dispersive surface energy (J/m2)
ε Powder bed porosity (−)
ε0 Minimum porosity for non-cohesive particles at zero consoli-

dation (−)
ρb Bulk density (kg/m3)
ρg Guest particle (true) density (kg/m3)
ρp Host particle (true) density (kg/m3)

Indices
i Size class index
j Size class index
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