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This paper presents a review of our key advances in model-guided dry coating-based enhancements of
poor flow and packing of fine cohesive powders. The existing van der Waals force-based particle-
contact models are reviewed to elucidate the main mechanism of flow enhancement through silica dry
coating. Our multi-asperity model explains the effect of the amount of silica, insufficient flowability
enhancements through conventional blending, and the predominant effect of particle surface roughness
on cohesion reduction. Models are presented for the determination of the amount and type of guest par-
ticles, and estimation of the granular Bond number, used for cohesion nondimensionalization, based on
particle size, particle density, asperity size, surface area coverage, and dispersive surface energy. Selection
of the processing conditions for LabRAM, a benchmarking device, is presented followed by key examples
of enhancements of flow, packing, agglomeration, and dissolution through the dry coating. Powder
agglomeration is shown as a screening indicator of powder flowability. The mixing synergy is identified
as a cause for enhanced blend flowability with a minor dry coated constituent at silica < 0.01%. The anal-
ysis and outcomes presented in this paper are intended to demonstrate the importance of dry coating as
an essential tool for industry practitioners.
� 2022 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
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1. Introduction

Fine powders are cohesive unless they are specifically engi-
neered to have reduced cohesion and improved flow, packing
and dispersibility, for example, pharmaceutical powders with sig-
nificantly enhanced flowability and bulk density after dry coating
[1-17]. Generally, smaller the particle, poorer its flow, see for
example all particles under 30 lm sized active pharmaceutical
ingredients (APIs) and excipients in Table 1 (note that suggested
FFC based flow regimes are: FFC < 2 – very cohesive, 2 < FFC < 4 –
cohesive, 4 < FFC < 10 – easy flowing, and FFC > 10 – free flowing)
[18]. The flowability of powders is expressed through FFC in this
work. However, it could also be described using other indices such
as Carr index, Hausner ratio, orifice meter, or the angle of repose
(AoR) [5,19,20]. The flowability regimes as per FFC, indicated using
the shading scheme in Table 1, suggest that the particle size has a
predominant influence. That trend is confirmed in Fig. 1. Such
trends are also evident for powder bulk density (BD), another
strong indicator of powder cohesion [14,21,22]. However, as was
shown previously, unlike FFC, the bulk density as a function of par-
ticle size has a significant scatter [14,21].

In addition to the median particle size, the powder cohesion,
flowability, and bulk density are also influenced by many other fac-
tors such as the particle material, size distribution, shape, mor-
phology, surface roughness, surface energy, as well as
environmental conditions, e.g., the relative humidity and tempera-
ture [14,17,23-26]. Powder cohesion is a result of various particle
interaction forces, including but not limited to van der Waals
Table 1
The sizes, FFC values, and flow regime of the API and excipi
grouped by their flow regime, in the order of increasing d3,2
FFC < 2 – very cohesive, 2 < FFC < 4 – cohesive, 4 < FFC < 10

2

(vdW), electrostatic, liquid bridge, etc. It is useful to clarify that
the term cohesion is relative because a common statement like
‘‘smaller powders are more cohesive” is incorrect since cohesive
forces, e.g., vdW or liquid bridge are a function of the particle size,
hence smaller particle size means smaller force magnitudes. The
correct interpretation is that the cohesion force for smaller parti-
cles is larger as compared to a relevant body force, e.g., particle
weight, buoyancy force, drag force, etc. Quantitatively, while the
cohesion scales to particle radius r, the weight scales to r3. To bet-
ter understand the relative cohesion, it is useful to consider the
granular Bond number, Bog, defined as the ratio of the sum of cohe-
sive forces to the body forces. For dry, uncharged powders, it is
essentially the ratio of particle–particle vdW force to particle
weight [21,24,27-30]. Generally, when Bog � 1, particles are non-
cohesive and free flowing, and when Bog � 1, they are cohesive
and poorly flowing. Strictly speaking, perfectly smooth spherical
particles � 100 lm have Bog > 1 and hence they would flow poorly.
Fortunately, most powders are micro rough as was discovered
while examining the fluidization behavior of � 100 lm fluidized-
bed catalytic cracking (FCC) particles and hence they have reduced
cohesion as compared to perfectly smooth particles of the same
size [31]. While even 70–150 lm particles could exhibit good flow
due to their natural roughness, finer powders, e.g., 30 lm and
smaller are poorly flowing despite natural surface asperities.

An attractive approach to tackle the poor flowability of fine
powders is dry coating, a liquid-free, environmentally benign
method for reducing the cohesion of fine powders, leading to
improved bulk powder properties, e.g., the flowability, packing
ent powders referenced in this paper. The powders are
within each flow category. FFC based flow regimes are:
– easy flowing, and FFC > 10 – free flowing.



Fig. 1. Flowability (FFC) of 26 pharmaceutical powder materials of Table 1, plotted as a function of their Sauter mean diameter, in log–log (base 2) plot. A power law trend line
appears to capture the trend although there is significant scatter.

R. Davé, S. Kim, K. Kunnath et al. Advanced Powder Technology 33 (2022) 103836
density, agglomeration, fluidization, and dissolution [4,8,32-34]. In
dry coating, fine cohesive powders (host particles), and flow aids
such as nano-silica, which are an order of magnitude smaller
(guest particles), are mixed at high intensity, instead of conven-
tional mixing devices to uniformly distribute the guest particles
onto the host particles [32]. The main mechanism of reduced cohe-
sion from dry coating is the superimposition of nano-scale surface
roughness arising from uniformly coated nano-size guest particles
[32,33,35-38]. In Section 2, these vdW-based contact models and
their essential features are discussed further to confirm the main
mechanism of flowability enhancement due to dry coating and
highlight particle-scale tuning parameters that govern particle
cohesion, hence flowability. The commonality between various tra-
ditional contact models [32,35-42], considered single-asperity
models, and their short-comings as compared to the multi-
asperity models [33,43,44] are also presented. Additional relevant
material on such topics may be found in various key papers and
review articles, including the one on capillary forces [40,42,45-
50]. Last, theoretical background along with illustrative examples
are provided to guide the selection of the ideal type, amount, and
size of the guest particles, including testing guest–host
compatibility.

Section 2 also lays the foundation for nondimensionalization of
particle cohesion via Bond number, needed to capture key factors
such as the surface roughness, surface energy, particle morphology,
shape, and size distribution, all of which influence cohesion and
flowability. Next, particle-scale measurements, needed to estimate
the Bond number, are discussed along with pertinent equations.
Bond number based nondimensionalization also helps in linking
particle-scale properties to bulk-scale properties, such as powder
bulk density or packing porosity [21,28], minimum bubbling veloc-
ity in fluidization (See power-law relationship in Figure 17 in [44],
and powder flowability (see Fig. 6 in [24]) [30]. This section is con-
cluded with a brief discussion of shear testing and evaluation of the
flow function coefficient (FFC).

Section 3 presents an overview of dry coating devices, both con-
ventional and emerging, which are essentially high-intensity mix-
3

ing devices, such as the mechanofusion, the hybridizer,
magnetically assisted impaction coating (MAIC), and recently
developed devices in our group such as the fluid energy mill
(FEM), the conical screen mill (comil), and a high-intensity vibra-
tion device called the LabRAM [5,6,8-10,51-53]. Such devices differ
in terms of their mode of operation, either batch-mode or
continuous-mode, and in terms of their potential for wide-scale
industrial applicability, the determination of the latter would be a
topic of future investigation. In our group, MAIC has been previously
used as a lab-scale, batch-mode benchmarking device. However, now
LabRAM is used in the same manner to provide a preliminary assess-
ment of the extent of flowability enhancement or effectiveness of dry
coating for the host and guest material pairs of interest. This section
also presents a limited investigation of the selection of typical oper-
ating parameters for LabRAM and provide comparative results of
LabRAM and MAIC outcomes for several API and excipients powders;
note that the selection of MAIC operating parameters has been
reported previously [4]. Key examples are presented to demonstrate
the use of LabRAM-based dry coating for mitigating flow, packing,
agglomeration, and dissolution problems with pharmaceutical pow-
ders. Another significant advantage of dry coating is the enhanced
blend properties as well as the potential for direct compression
tableting even when only one constituent of the blend is dry coated
[34,52,54-56]. Several illustrative case studies of improved blend
properties when one of the components of blends, which could also
be a fine excipient, is dry coated are presented to convey the poten-
tial impact dry coating.

The last section (Section 4) presents a summary of key advances
and industrially relevant model-based guidelines for enhance-
ments of cohesive powder properties via dry coating based particle
surface engineering. The major challenges along with the opportu-
nities for further research are outlined. Notwithstanding the lim-
ited scope of the present paper and using examples almost
exclusively from the pharmaceutical industry, it is expected that
the outcomes and guidelines provided are general enough for all
industries dealing with fine cohesive powders used in their
respective applications.
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2. Theory

2.1. Particle contact models

Pioneering work towards understanding the vdW forces
between ‘‘rough” spheres involved examining the significance of
the presence of small asperities on the powder surfaces [35], where
Rumpf considered a single hemispherical asperity and derived the
contact forces using vdW interaction model. In the Rumpf model,
shown in Eq. (1), the first term represents the interaction of the
large sphere in contact with the asperity and the second term
describes the ‘‘noncontact” force between the large sphere and
the flat surface separated by the asperity.

Fad ¼ A
12z2o

dD
dþ D

þ D

1þ d
2zo

� �2

2
64

3
75 ð1Þ

Here A is the Hamaker Constant, zo is the distance between two con-
tact surfaces, and d and D are the diameters for the semispherical
asperity and the large sphere, respectively. Other extensions of this
work are similar [32,36,37], and are essentially single-asperity con-
tact models, including the Rabinovitch model [38]. Interestingly,
although Rabinovitch discussed that various scales of surface
roughness and the frequency at which they are distributed may
be of consequence, the main effect in their model was captured
through the RMS of AFM-based roughness. Thus, in principle, the
Rabinovitch model provides the same result as the Rumpf model
with the asperity size d replaced by the RMS surface roughness.
Rumpf model can be analyzed to gain insight into the role of the
surface asperity size. An illustrative example depicting how each
term in Eq. (1) is affected by asperity size, d, for a fixed size spher-
ical fine particle, e.g., D of 10 lm, is presented in Fig. 2 through a
log–log plot. The first term, shown as a green line, demonstrates
that as the size of asperity increases, the separation between the
pair of host particles increases hence the adhesion force reduces.
However, the second term, shown as a red line, has an opposite
trend and depicts the contact force between the asperity and con-
Fig. 2. Effect of asperity size on total force evaluated using Rumpf Model. A green mar
particle having natural asperity of 200 nm diameter, and a red marker denotes a micro-

4

tacting sphere, and it increases as a function of asperity size, d.
The sum of these two terms, shown as a blue line, demonstrates
why there exists an ‘‘optimal” asperity size for a given host particle
size. Most interestingly, for fine powders of diameter D in the range
10–50 lm, the minimum value of the adhesion force occurs for
asperity or guest particle size d of about 15–25 nm. Perhaps not
coincidentally, some of the most used flow aids including fumed sil-
icas as guest particles are in that size range and provide significant
reduction and hence improved flowability after dry coating. In the
absence of asperity, the adhesion force between two smooth
spheres, shown as a black line in Fig. 2, is greater than that when
the surface is rough. That points to an important fact that sub-
micron-rough powders such as FCC particles [31] flow better than
perfectly smooth spheres. That fact is evident as shown by a black
marker on the blue line in Fig. 2, representing a 10 lm particle hav-
ing a roughness of 200 nm diameter. To further illustrate the impact
of the natural surface asperity sizes, two additional markers are
plotted: a red marker depicting a rougher particle, e.g., having an
asperity size of about 500 nm, and a green marker depicting a
smoother (but not perfectly smooth) particle, e.g., having an asper-
ity size of about 1 nm. This simple analysis demonstrates that the
order of decreasing adhesion between a pair of particles, deter-
mined by particle roughness, is as follows: Perfectly
smooth > nearly smooth (asperities � 1–2 nm), micro-rough
(asperities � 500 nm), naturally rough (asperities � 200 nm),
nano-silica coated (asperities � 10–30 nm).

Since the original Rumpf model provides significant insight
through the asperity size analysis as shown in Fig. 2, one may ques-
tion the need for extensions or new models. While it is true that
most papers focus on digging deeper by including additional terms
in the contact-model equations, they remain single asperity mod-
els that cannot identify the impact of the distribution of asperities
along with the extent of guest particle surface area coverage (SAC).
Since all natural surfaces have multiple asperities, single asperity
models cannot include the impact of SAC and ensuing multiple
contacts between the asperities and the contacting particle or
surface. These deficiencies have motivated the development of
multi-asperity models [33,43], including those that employ Fourier
ker denotes very smooth (not perfectly smooth) particle, a black marker denotes a
rough particle having natural asperity of 500 nm diameter.



Fig. 3. (a) Schematic of three contact regimes defined in the Chen-NJCEP model; (b) Illustrative SEM images of the dry coating effectiveness for 1 wt% silica coating on
cornstarch for high-intensity device (left-MAIC), and low-intensity device (right-V-blender).
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transforms or fractals to simulate the host surface with hemi-
spheres of varying sizes, placed at random locations to mimic the
real surface [40,42,44,57]. Although the literature discusses a vari-
ety of simple to complex models, the most suitable model to date
in terms of the predictive ability for understanding the impact of
dry coating with guest particles is proposed by Chen et al.
[33,43]. Chen model, hereafter called the Chen-NJCEP model, identi-
fies three contact regimes; host–host, guest–host, and host–host,
see Fig. 3a, and demonstrates that ideally, the coating coverage,
defined in terms of the surface area coverage (SAC) should be about
30 % or higher for the dry coating to be most effective. In fact, that
also explains that conventional low intensity mixing of guest par-
ticles does not produce satisfactory results because of the inade-
quate actual SAC, see Fig. 3b, the left image is for dry coating of
silica in a high intensity mixer such as MAIC, and the right image
is for using a low intensity mixer such as a V-blender. The model
was derived under the assumptions of monodispersed, spherical
host and guest particles and uniform, well-dispersed coating of
guest particles [33]. The Chen-NJCEP model has three parts, see
Eqs. (2), (3), and (5), respectively, for estimating the particle
adhesion force, Fad. Part 1 is for the host–host contacts, applicable
when the amount of guest particles is very low and/or coating is
ineffective. Part 2 is for the guest–host contacts when the
amount of guest particles is sufficient to prevent the host–host
contacts and it is naturally a function of SAC in percentage,
valid for 0 < SAC < SACcrit, the latter is the critical SAC for the
value just above which the contact regime shifts to guest–guest.
5

Theoretically, SACcrit is about 30 % [33], hence above which, part
3 of the model is required, which is for the guest–guest contacts.

Fad ¼ A
12

D
2

1
z2o

ð2Þ

Fad ¼ Ad
4z20

þ A

24
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ d

D

� �2 � 1:21d2

SAC�D2

q
� 1

� �2

� D
ð3Þ

SACguest�host ¼ 1:21
1þ 2 D

d

� �� 100% ð4Þ

Fad ¼ Ad
8z02

þ AD

24 2dþ z0ð Þ2
ð5Þ

In the above equations, A is the Hamaker constant (material
property, a function of surface energy), d is the particle size of
the guest particle, z0 is the minimum separation distance between
two particles, the typical value being 0.4 nm [58,59], and D is the
diameter of the host particle. The Hamaker constant could be
calculated using Eq. (6), where D0 is the cut-off distance
(0.165 nm) and cd is the dispersive surface energy of the material,
which could be measured through inverse gas chromatography
(IGC) [60-62].

A ¼ 24pD0
2cd ð6Þ



Fig. 4. Chen-NJCEP model, Eqs. (2)-(5), plotted for a host size of 15 mm, guest size of 20 nm, molecular separation distance of 0.4 nm, and Hamaker constant value of 10-19 J.
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The Chen-NJCEP model is illustrated in Fig. 4, shown for a speci-
fic case of a host (�15 lm) and guest (20 nm), although the three-
part behavior shown in the log–log plot would remain qualitatively
similar for other relevant cases of host–guest pairs. The assump-
tions used for calculations in Eqs. 2–5 are: Monodisperse spherical
host particles; monodisperse, non-agglomerated spherical guest
particles; uniform coating of guest particles and no deformation
of the guest or host particles; the Hamaker constant captures the
effective surface energy at contact and, electrostatic and capillary
forces maybe ignored for dry powders hence only van der Waals
forces are applicable. Despite such limiting assumptions, this
model has proved to be very applicable [14,21]. It is important to
note that, Eq. (5) quantitatively differs from the Rumpf model,
Eq. (1) and cannot be labelled as a ‘‘modified Rumpf model” as
was done in [14,21]. That is because the Rumpf model implicitly
assumes that the contact regime is guest–guest, yet it does not
explicitly account for multiple guest particles from one particle
simultaneously being in contact with a neighbor host particle. As
a result, those contact forces are additive which could not be con-
sidered in Eq. (1).

Several important observations regarding the trend depicted in
Fig. 4 may be made:

(1) Although only a little amount of nano-guest coating could
lead to over an order of magnitude reduction in cohesion,
theoretically as low as about 1 % SAC. However, in practice,
higher SAC may be needed.

(2) Transition from host-host to guest–host or from host-guest
to guest–guest contacts is rather sharp, although unlikely
to be so sharp in real powder systems.

(3) The model can provide information about the cohesion
reduction at particle scale, which could be up to two orders
of magnitude. Therefore, the enhancement in bulk proper-
ties such as the flowability, powder bed unconfined yield
strength (UYS), or bulk density are expected to be signifi-
cant, but cannot be directly inferred.

(4) The trend shown is for idealized conditions where the dry
coating is very uniform and guest particles are not
agglomerated.

Regarding observations (1) and (2), it is important to note that
the Chen-NJCEP model is deterministic and cannot provide statis-
6

tically relevant information, which was more recently examined
through Monte Carlo simulations [63]. However, regarding obser-
vation (3), referring to Fig. 5, angle of repose (AoR), unconfined
yield strength (UYS), and bulk density of several industrially rele-
vant powders as functions of SAC qualitatively follow the trend
observed in Fig. 4, thus generally validating the veracity of the con-
tact regime based, three-part Chen-NJCEP model. Regarding obser-
vation (4), the non-uniformity of coating may be tackled by either
Monte Carlo type simulations [63] or through simulations such as
those reported in [44,57]. It is expected that unless non-uniformity
is extreme, which is unlikely because the dry coating is an event
driven statistical process governed by the process intensity and
time, normally occurring non-uniformity would not cause signifi-
cant deviations in predicting cohesion reduction. In contrast,
agglomeration of guest particles has double-negative effect; first,
agglomeration leads to the effectively larger size of the guest,
hence referring to Fig. 2, larger guest size means lesser cohesion
reduction; second, guest agglomeration leads to reduced SAC,
which also leads to lesser cohesion reduction. Since nano-sized
guests tend to agglomerate as process intensity is increased [64-
66], the effect needs to be quantified by developing a correction
factor, which will be addressed in an upcoming paper.

2.2. Estimation of silica amount and type: Guest-host compatibility

Now that the importance of SAC is made evident by analyzing
the Chen-NJCEP model, first order approximation of the amount
of guest particles required can be obtained by assuming the projec-
tion of areas of all guest particles on the host particles using Eq. (7).

SAC ¼ N � pd2
4

4p dþD
d

� �2 � 100% ð7Þ

Correspondingly, Eq. (8) presents the required weight (wt%) of
the guest particles.

wt% ¼
Nd3qd

� �

D3qD

� �
þ Nd3qd

� �� 100% ð8Þ

The computed values of the wt% for a few selected examples of
APIs and excipients from Table 1 are presented in Table 2 for 100 %
SAC of R972P (hydrophobic) and A200 (hydrophilic) silicas. Since



Fig. 5. (a) Angle of Repose (AoR) of cornstarch dry coated with silica R972P at
different silica weight percentage, representing theoretical SAC. Two vertical lines
separate host–host, host–guest, and guest–guest contact regimes. (b) Unconfined
Yield Strength (UYS) of micronized acetaminophen (mAPAP) dry coated with silica
R972P at different silica SAC. The vertical line represents SAC of 30 % and separates
host–guest and guest–guest contact regimes. The trend of UYS and AoR is
qualitatively like the model depicted in Fig. 4. (c) Bulk density (BD) of cornstarch,
micronized acetaminophen (mAPAP), and Ibuprofen 50 dry coated with silica R972P
at different silica SAC. The vertical line represents SAC of 30 % and separates host–
guest and guest–guest contact regimes. The trend of BD is qualitatively like the
model depicted in Fig. 4 for all three materials.

Table 2
Theoretical computation for guest material wt.% for 100% SAC of R972P (hydrophobic)
and A200 (hydrophilic) silicas for a few selected cases of APIs and excipients of
Table 1.

Material R972P
(wt%)

A200
(wt%)

micronized Acetaminophen (mAPAP) 3.32 1.86
Sorbolac 400 (Sorb400) 3.18 1.78
Pharmatose 450 (Pharm450) 1.76 0.98
Cornstarch (CS) 1.54 0.86
Pharmatose 350 (Pharm350) 1.42 0.79
Avicel 105 (Av105) 1.24 0.69
coarse Acetaminophen (cAPAP) 0.93 0.52
Ibuprofen 50 (Ibu50) 0.59 0.33
Avicel 101 (Av101) 0.32 0.18
Avicel 102 (Av102) 0.21 0.11
Theophylline (THPY) 0.2 0.11
Metformin (MTFN) 0.16 0.09
Avicel 200 (Av200) 0.14 0.07
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A200 is finer than R972P, in all cases except two, the required
amount is<1 wt%, and even smaller as the particle size of the host
material increases. For R972P, being larger in size, the required wt%
values are higher, hence for nearly half of the materials, over 1 wt%
silica is required. As mentioned before, these equations assume
uniform coating and no agglomeration of the guest particles. As
the amount of silica increases, the deviation from these assump-
tions is likely to be higher, as predicted in [64] and quantified via
image processing using software such as ImageJPro [33]. The
reader is referred to Fig. 15 in [33], which demonstrated that as sil-
ica amount increased, deviation from theoretical SAC and actual
SAC increased for silica coating on cornstarch, which is a very
smooth, nearly spherical powder [33]. For materials unlike corn-
starch, image processing to quantify silica SAC would pose addi-
tional challenges but would be worth the effort as silica amount
is increased beyond 30 % SAC.

In terms of the host–guest compatibility, the model assumes
that the flow aid can be uniformly coated. Therefore, a critical
question is: how to know a priori which guest materials are com-
patible with the host material? There is little practical guidance
on this topic although the concept of so-called cohesive-
adhesive-balance (CAB) has been proposed in the inhalation liter-
ature. Unfortunately, that requires measurement of adhesive forces
between guests as well as guest and host using an AFM, which is
not practical when the guests are nano-sized. In our group, the
interactive mixture model [67] is used through the spreading coef-
ficient of material 2 (Guest) over material 1 (Host), k2/1, and vice
versa.

k2=1 ¼ 4
cd1 � cd2
cd1 þ cd2

þ cp1 � cp2
cp1 þ cp2

� c2
2

	 

ð9Þ

Here c1 and c2 are the surface energies of materials 1 and 2, respec-
tively, and the superscripts d and p are the dispersive and acid-base
(otherwise referred to as polar) components, respectively. Using the
spreading coefficient, the guest–host suitability may be determined
based on the absolute difference between k2/1 and k1/2. It is proposed
that if the difference is large, the guest is likely to coat and if it is
small, it is unlikely to coat. Our preliminary recommendation
assumes that the particle 2 is smaller than 1, which would be an
obvious case for dry coating. Such prediction was found to work
well in the coating of hydrophilic versus hydrophobic silica onto
different API and excipient powders; see Table 3. Selected examples
of these are also shown in Fig. 6. While these examples indicate that



Table 3
Suitability of the guest material and dry coating based on the surface energy
measurements. The difference in the spreading coefficient determines suitability;
best when it is > 10, poor, when it is < 5, and acceptable in between.

Host LW dispersive
surface energy
cd (mJ/m2)

Lewis Acid-Base
surface energy cp
(mJ/m2)

Difference in
spreading
coefficient
(host–guest)

M5P R972P

MAPAP 46.38 5.05 6.78 22.59
CAPAP 40.86 4.19 5.97 10.51
IB90 48.33 4.78 10.14 25.95
IB50 38.92 4.27 9.69 6.79
AV101 42.33 4.93 1.56 14.26
AV102 56.05 8.97 33.97 50.44
AV105 47.80 6.50 12.52 28.34
Guest Materials
M5P 44.68 3.36
R972P 34 5.75
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the spreading coefficient may be adequate to determine the host
and guest compatibility, there are situations where the processing
conditions may have an impact, see for example, cases where the
coating was better than predicted using this approach [68]. Such
positive deviations from the predictions are likely because the dry
coating devices are high-intensity devices whereas the prediction
based on surface energy does not account for the dynamics of pro-
cess intensity and is applicable only for low-intensity mixing.
Fig. 6. SEM images of exemplary cases of dry coated APIs with silica using LabRAM. (to
coating was: poor for hydrophilic (M5P – left) silica and good for hydrophobic (R972 – righ
coating was: better for hydrophilic (M5P – left) silica than for hydrophobic (R972 – righ
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2.3. Estimation of nondimensional cohesion via the granular Bond
number

As mentioned earlier, it is useful to consider the Bond number,
Bog, to better understand the relative cohesion. For dry, uncharged
powders, it is essentially the ratio of particle–particle van der
Waals (vdW) force to particle weight. Thus, the Bond number for
dry powders maybe defined as in Eq. (10).

Bog ¼ FvdW

Wg
ð10Þ

Here FvdW is the interparticle cohesive force, and Wg is the particle
weight. The calculation of particle weight (Wg) is straightforward,
see Eq. (11), where D is the median particle size and qp is the par-
ticle (true) density of the powder. The acceleration due to gravity
(g) is approximated to be 9.8 m/s2.

Wg ¼ p
6
D3qpg ð11Þ

As mentioned before, the asperity size (d) maybe approximated
to be 200 nm for all powders, based on experimental work by Mas-
simalla and Donsi [31]. However, as was discussed recently [68],
the assumption of the natural asperity size of 200 nm diameter
is not valid for many particles and may require extensive analysis
or a rough estimate obtained from SEM images. In addition, as was
discussed in our recent paper [68], applying an empirical equation
[28] as a function of the host particle size may be equally erro-
neous. Hence, this is an area that requires further investigation
because accurate estimation of surface roughness is non-trivial
p) The spreading coefficient based prediction for coarse acetamenophen (�30 mm)
t) silica. (below) The spreading coefficient based prediction for ibuprofen (�50 mm)
t) silica.



Table 4
Granular Bond numbers calculated using the Chen-NJCEP model before and after dry coating for the cases
of APIs and excipients of Table 3.

Material Bog
(uncoated)

Bog
(After coating with
R972P 100% SAC)

Bog
(After coating with
A200 100% SAC)

micronized Acetaminophen (mAPAP) 20,069 1587 1151
Sorbolac 400 (Sorb400) 22,626 1909 1380
Pharmatose 450 (Pharm450) 369 30.9 23.9
Cornstarch (CS) 415 47.8 36.6
Pharmatose 350 (Pharm350) 97 8.76 7.08
Avicel 105 (Av105) 1505 117 87.4
coarse Acetaminophen (cAPAP) 368 33.6 26.1
Ibuprofen 50 (Ibu50) 65 6.4 5.32
Avicel 101 (Av101) 21.4 1.97 1.71
Avicel 102 (Av102) 7.8 0.56 0.53
Theophylline (THPY) 4.7 0.42 0.41
Metformin (MTFN) 2.3 0.22 0.23
Avicel 200 (Av200) 1.86 0.17 0.18

Fig. 7. Linking particle and bulk scales. (a): Particle size vs. porosity of powders. (b)
Bond number vs. porosity of packed powders, demonstrating significantly reduced
scatter.
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since even the use of AFM leads to asperity size to be a strong func-
tion of the area of scrutiny. Regardless, as was conveyed in [68],
SEM based estimation may be reasonable in some of the cases
and then Chen-NJCEP model would be applicable under the
assumption that only asperity-host or asperity-asperity contacts
are possible. Better means to estimate the size and distribution
of asperities, including SAC %, are the topics of interest and would
be addressed in a forthcoming paper. In contrast to as received or
uncoated powders, in cases where dry coating with nano-silica
guest particles is performed, the size of silica is the right choice
for the value of d, and then Chen-NJCEP model would apply along
with the SAC % corresponding to guest wt%.

In summary, the Bond number of a powder may be estimated
using the equations discussed above along with a few particle-
scale inputs; characteristic particle size, usually Sauter mean diam-
eter (D3,2), particle (true) density (qp), asperity size (d) along with
its SAC %, and dispersive surface energy (cd). As discussed above,
there are challenges associated with some of these measures,
e.g., the asperity size and actual SAC %. Nonetheless, with reason-
able estimates for those, the Chen-NJCEP model could be used for
estimation of the Bond number, and consequently, quantification
of bulk-scale behavior using these particle-scale measurements.
As illustrative examples, Bond numbers before and after dry coat-
ing with either of two different types of silica are computed and
provided in Table 4 for the materials listed in Table 2. A quick
examination reveals that dry coating leads to at least an order of
magnitude reduction in the Bond numbers for nearly all the cases,
which is mostly in line with the expected cohesion reduction illus-
trated in Fig. 4. It is useful to note that whereas the model predicts
cohesion reduction of about 2 orders of magnitude for finer pow-
ders, that is only valid for very smooth, spherical powders. For
the type of powders listed in this table, they may have rougher sur-
faces and as seen in Fig. 2, the cohesion reduction for those could
be about one order of magnitude, i.e., for powders that mimic those
schematically depicted by red or blue markers in Fig. 2. To close
this section, the power of the Bond number as a scaling parameter
for bulk properties such as the bulk density is illustrated in Fig. 7,
adapted from [21]. This milestone works greatly extended previous
examples of the power-law relationship between the Bond number
of bulk properties [24,33]. In Fig. 7(a), porosity, as a dimensionless
measure of the packing density of six API powders and four excip-
ient powders are plotted as a function of particle size before and
after dry coating with one of six different guest powders. There
is significant scatter for the dry coated powders, which is natural
because, for the same particle size, the packing density of dry
coated powders greatly increases as the guest particle size
9

decreases. For all these cases, the Bond number works very well
as a dimensionless scaling parameter, see Fig. 7(b). Most of the
scatter seen in Fig. 7(a) is eliminated, indicating the suitability of
the Bond number as a scaling parameter to link particle-scale prop-
erties with bulk-scale properties of powders. Although outside the
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scope of this paper, the topics of incorporating the effect of the full
PSD of the powder sample instead of just a single illustrative size
such as d50 or d3,2, and mixing rules for blend bulk property predic-
tion are important ones for utilizing the Bond number as a basis for
better predicting powder or blend bulk properties.

2.4. Bulk powder flowability assessments

Assessment of powder flowability serves a critical role in pro-
cess operation and design. Consequently, accurate and precise
measurements and classification a pivotal step in powder charac-
terization. Bulk powder flowability can be assessed using either
the shear testing, Carr index, Hauser ratio, the angle of repose
(AoR), or an orifice meter. As outlined by Thalberg et al [19], differ-
ent measures have different discernibility in different flow
regimes. For example, the AoR is most discernible for well flowing
powders and so is the orifice meter. In contrast, the FFC as an out-
come of shear testing has better discernibility for cohesive pow-
ders. Since the emphasis here is on cohesive powders and their
flow enhancements, shear testing, an important and well accepted
powder characterization method, was selected as the characteristic
flow assessment method. Shear testing is based on the rheological
and shear properties of a powder, resulting in the flow function

coefficient, FFC, as the ratio of the major principal stress(r1) to
the unconfined yield strength (rc). Its importance and assessment
have been outlined in classic theory of incipient plastic flow devel-
oped by Dr. Jenike in his doctoral thesis [69]. Additional details of
this topic may be also found in [70,71]. The Freeman FT4 powder
rheometer with shear cell module (Freeman Technology Ltd.,
Worcestershire, UK) was used and 3 kPa pre-consolidation stress
was chosen based on consolidation stresses normally encountered
by pharmaceutical powders for a 25 mm diameter glass vessel of
10 ml volume (25 mm � 10 ml split vessel). Further details of
the use of FT4 for obtaining FFC values can be found elsewhere
[2,8,61,72]. The flow function coefficient FCC (defined as the ratio
of consolidation stress to the unconfined yield stress), and cohe-
sion coefficient (shear strength at zero normal stress) were
obtained. The data in Table 1 includes a variety of APIs and excip-
ients ranging in median particle size, d50, from about 4.2 to 225 lm
[10,12,14,34,52,53,62,68].
3. Experimental

3.1. Dry coating devices and LabRAM as a material sparing
benchmarking device

The dry coating may be performed using high intensity mixing
devices, for example, traditional dry coating devices such as the
Hybridizer and Mechanofusion [73–80], as well as the magneti-
cally assisted impaction coater (MAIC) [4,5,81]. Since these are
batch devices and may not be easily amenable to routine use and
cost-effective scale-up in industry, our group has developed the
use of other devices, including two continuous devices, and one
batch-mode benchmarking device. The Fluid Energy Mill (FEM) is
a continuous device that has been developed as a simultaneous
milling and dry coating device in a two-step process, the first step
being pre-blending of host and guest before the second step of
milling and coating [1]. A conical mill or a comil is another contin-
uously operated device that has been used for dry coating cohesive
powders [2,82,83]. More recent papers have examined multiple
APIs and excipients and demonstrated that when properly used,
comil can achieve a good coating of either hydrophilic or
hydrophobic silica for all these materials, leading to significant
property enhancements [8,13]. The FEM device is most suitable
for finer powders and those that are normally obtained by milling
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so that the milling step could be preceded by pre-blending with the
guest material. The comil device is generally suitable for powders
that are not too fine, i.e., < 10 lm. These two devices are easily
available in the industry and have a great promise for commercial
usage. However, neither of them is suitable as a material sparing
device, nor very convenient for preformulation assessment of the
impact of dry coating on flow and other property enhancements.
Therefore, having a reliable material sparing device for benchmark-
ing purposes is highly desirable. Towards that objective, our group
has utilized the MAIC device in past as a proof-of-concept material-
sparing device [4,5]. In addition, MAIC operating parameters have
been investigated to ascertain effective coating and avoiding attri-
tion [4], and it has been also used as a benchmarking device against
the comil [8]. However, the broader adoption of MAIC as an indus-
try relevant device has been handicapped by the fact that the MAIC
device uses magnetic particles that come in direct contact with the
powder sample, leading to the possibility of contamination. Moti-
vated in part by such concerns, our group has investigated the
use of a relatively new, laboratory scale high-intensity vibratory
device, called LabRAM, which is very effective in achieving uniform
discrete nanoparticle coating. Major advantages of LabRAM
include, no internal moving parts, the powder containing vessel
can be made of pharmaceutically acceptable materials such as
stainless steel, it is less prone to powder attrition despite use of
up to 100 g force, and importantly, it may be used as a material
sparing device at lab-scale. Therefore, it has been used as a mate-
rial sparing device to dry coat a variety of pharmaceutical drug
and excipient powders [7,9,10,12,14,21,34,52,62,68,84]. Here, a
limited investigation of the selection of typical operating parame-
ters for LabRAM is presented like what has been presented before
for MAIC [4] and Comil [8]. The results for flowability (FFC) of
selected APIs after dry coating are presented along with compara-
tive results of the MAIC outcomes.

The analysis of variance (ANOVA) and main effects plot drawn
using Minitab, not shown for the sake of brevity, considered the
effect of all the factors in a 25-factorial design of LabRAM experi-
ments; mixing time, intensity, fill level, the guest type, and host
API type on the bulk density. Conditioned bulk density being a
key indicator of all flow related property enhancements, was
selected as the response factor [2,4,6,82]. It was concluded that
the maximum bulk density was attained at 70% intensity, 5 min
processing time, and 75% fill level. These conditions were used to
dry coat five APIs; micronized APAP (A1), coarse APAP (A2), ibupro-
fen 90 (A3), ibuprofen 50 (A4), ascorbic Acid (A5), and six excipi-
ents, Avicel 101 (E1), Avicel 102 (E2), Avicel 105 (E3),
Pharmatose 350 (E4), Pharmatose 450 (E5), Pharmatose DCL11
(E6), with either silica R972P or M5P, or magnesium stearate
(MgSt) as a typical lubricant. Particle size measurements before
and after dry coating for all these cases were carried out and indi-
cated that at the selected conditions, LabRAM did not lead to
appreciable attrition; see Fig. 8. Bulk property enhancements after
dry coating at those selected conditions for all five APIs and six
excipients are illustrated in Fig. 9 for conditioned bulk density
(BD) as an exemplary property. Considering that BD of greater than
about 0.38 g/ml is good and may promote direct compaction, dry
coating led to that level (or well exceeded) in all cases including
for five materials that are very fine (<30 lm). These results also
indicate that LabRAM processing enables significant BD enhance-
ments for all cases amounting to an increase of 20–100 %, except
for ascorbic acid which has very high BD to begin with. The
performance of LabRAM in terms of flowability enhancement
(FFC) for the APIs that typically have poor flowability is compared
with MAIC for dry coating of R972P at 100% SAC in Fig. 10. As
shown, the LabRAM coating led to flowability enhancement
by one or multiple regimes (defined before [18]), generally
outperforming MAIC.



Fig. 9. Bulk Density (g/mL) of uncoated and dry coated (with M5P, R972P or MgSt)
APIs (micronized APAP, coarse APAP, ibuprofen 90, ibuprofen 50, ascorbic Acid) and
excipients (Avicel 102, Avicel 105, Pharmatose 350, Pharmatose 450, Pharmatose
DCL11).

Fig. 10. Comparison of flowability (FFC) enhancements with LabRAM (open
markers) versus MAIC (filled markers) for 100% SAC R972P coated micronized
APAP (A1), coarse APAP (A2), ibuprofen 90 (A3), ibuprofen 50 (A4), and ascorbic
Acid (A5). For reference, FFC values for uncoated APIS are 1.2, 2.7, 4.7, 4.2, and 5.7,
respectively.

Fig. 8. Particle size (d50) of uncoated and dry coated (with M5P, R972P or MgSt)
APIs (micronized APAP, coarse APAP, ibuprofen 90, ibuprofen 50, ascorbic Acid) and
excipients (Avicel 102, Avicel 105, Pharmatose 350, Pharmatose 450, Pharmatose
DCL11).
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3.2. LabRAM-based dry coating for mitigating flow, packing,
agglomeration, and dissolution problems with pharmaceutical
powders

Dry coating using different devices has been shown to reduce
the cohesion of fine powders, leading to improved bulk powder
properties, e.g., the flowability, packing density, agglomeration,
fluidization, and dissolution [4,8,17,32-34,85-88]. In this paper,
first, the flowability enhancements for the powders listed in Table 1
after LabRAM-based dry coating with A200 (100 % SAC) are plotted
in Fig. 11(a) as a function of Sauter mean diameter. For the sake of
comparison, uncoated FFC values are also included. This plot indi-
cates that particle size alone cannot capture the effect of coating, as
was the case for the porosity trends shown in Fig. 7(a). These
results are also provided in Table 5 for an easy depiction of the
extent of flow regime enhancements for each powder. A graphical
view of the number of flow regimes shifted upwards as a function
of the starting regime is presented in Fig. 11(b). While there is sig-
nificant scatter, the trend line indicates that for a powder in the
very cohesive regime, dry coating leads to an upward shift by an
average of over two flow regimes, i.e., moving to easy flow regime.
Likewise, from cohesive regime, the upward shift is by one or two
regimes, hence moving to easy flow or free flowing regime. For
example, of 8 very cohesive powders, flowability was enhanced
by one regime for 2, two regimes for 5, and three regimes for 1.
Understandably, if the starting regime is easy flow or free flowing,
the flow regime upward shift is naturally limited. The main mes-
sage is that for the powders that need flow enhancements, i.e.,
those in the very cohesive or cohesive regimes, the dry coating could
push them upwards by one to three regimes. For the poor flowing
powders that could not achieve such enhancements after dry coat-
ing, further research is required to identify which features may
cause dry coating effectiveness to be poor. Some of the potential
causes be their surface morphology including the scale of rough-
ness, deviation from spherical shape, high aspect ratios or specific
surface area (SSA) being larger than that of an equivalent spherical
particle of the same size. Dry coating of such powders may require
further refinement of formulations and conditions including the
type and amount of silica, as well as process intensity and time.

In addition to enhancements in flow and packing density after
dry coating, reduced cohesion is expected to decrease fine powder
agglomeration, as may be expected based on the significant reduc-
tion in the Bond number [29]. That has indeed been the case for
fine pharmaceutical powders as has been reported in recent papers
[34,62,68]. It has been shown that dry coating can reduce the
agglomeration ratio (AR), defined as the size of an agglomerate
normalized by the primary particle size, by an order of magnitude
[68]. Three different milled ibuprofen powders, Ibu5, Ibu10, and
Ibu20, see Table 1, were dry coated with 100 % SAC of either hydro-
philic silica A200 or hydrophobic silica R972P and their flowability
(FFC), bulk density (BD), and agglomeration were measured [68].
Most interestingly, as it has been recently reported, fine powder
agglomeration before and after dry coating could provide a quick
screening indication of its effectiveness in cohesion reduction,
hence FFC and BD enhancements; see FFC – AR and BD – AR rela-
tionships in Fig. 12(a) and 12(b). After dry coating, AR values were
reduced by an order magnitude for all three milled API powders,
which lead to one or two flowability regime enhancements and
an almost doubling of the BD values. For these powders, it is evi-
dent that for AR < 5, achieved simply by dry coating, both flowabil-
ity and bulk density are greatly increased making them well
flowing and well packing powders.

The impact of reduced cohesion, hence reduced agglomeration,
has another major impact, namely improved dissolution rate from
fine, poorly water-soluble APIs such as milled ibuprofen powders.
As particle size decreases, the dissolution rate is expected to get



Fig. 11. (a) Flowability (FFC) of 26 pharmaceutical powder materials of Table 1, plotted as a function of Sauter mean diameter, in log–log (base 2) plot before and after the dry
coating. A power law trend line fitted for the uncoated powder appears to capture the trend. However, the scatter for the dry coated powders is excessive, naturally due to
notable FFC improvement. (b) The enhancements in FFC (log basis 2) after dry coating are shown as a function of the FFC (log basis 2) of the uncoated. The fitted line indicates
the general trend.
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Table 5
The API and excipients powders from Table 1, where the FFC after dry coating with 100 % SAC coating of A200 and
resulting flow regime and the level of regime enhancements are shown.

R. Davé, S. Kim, K. Kunnath et al. Advanced Powder Technology 33 (2022) 103836
faster as per the Noyes-Whitney equation [89]. Unfortunately, as
has been shown before, milling leads to powder agglomeration
which negates the expected advantage of reduced particle size
[34,90]. Such a trend is evident in Fig. 13, which demonstrates that
dissolution rate gets slower as particle size gets finer, see solid
curves for milled powders without coating. In contrast, dry coating
led to not only faster dissolution, but making the dissolution rate to
be in line with the Noyes-Whitney equation, see dashed curves in
Fig. 13. Most surprisingly, the results plotted in Fig. 13 are for dry
coating with hydrophobic silica, which is counterintuitive since the
hydrophobic coating is expected to slow the dissolution rate due to
reduced wettability. The reason for the opposite behavior is due to
greatly reduced agglomeration even when the surface hydropho-
bicity increases after coating with R972P [34].

Overall, dry coating has been shown to enhance powder bulk
properties such that typical fine powder of 10 lm size flows, packs,
and fluidized like a 100 lm powder, and its agglomeration is
reduced by an order of magnitude, so much so that even after
hydrophobic coating, it could promote faster dissolution. In the
next section, the positive impacts of dry coating of a single
component of blends are highlighted through a few selected
examples.
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3.3. Enhancement of blend properties for enabling direct compression
tableting: Mixing synergy due to one dry coated component

Several previous papers examined the influence of dry coated
fine API in a multi-component blend to potentially enable direct
compression (DC) tableting at higher drug loadings. The first paper
examining such a topic considered micronized ibuprofen (�20 lm)
at 30, 50, or 70 % drug loading in a formulation also containing
Crospovidone (5 wt%), MgSt (1 wt%), hydrophilic silica M5P (1 wt
% of the API), and the remainder being equal parts of Avicel pH
102 and Pharmatose DCL 11 [6]. In Fig. 14(a), the main outcomes
are shown in a two-dimensional processability phase map of FFC
versus BD for three uncoated API and coated API blends [6]. The
shaded rectangular region indicates the possibility of DC
tabletability based on industry guidelines and typical flow and
bulk density properties of Avicel PH-102, i.e., FFC of about 6.8
and BD of about 0.38 g/ml [91]. Remarkably, dry coating of fine
API led to DC possibility for all three drug loadings [6]. In addition,
it was shown in that paper that dry coating also led to a greatly
improved API dissolution rate without any loss of tabletability
[6]. Enabling DC processability for higher drug loading formula-
tions by dry coating an API was further put to a stress-test by



Fig. 12. The relationship between the agglomerate ratio (AR) and bulk properties of three fine APIs (Ibu20, Ibu10, Ibu5). (a) FFC as a function of AR. (b) BD as a function of AR.
The dotted lines are for illustrating the trends.
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considering finer, more flow-challenged mAPAP (�10 lm) [7]. In
that groundbreaking work, not only the potential for DC processi-
bility of mAPAP was demonstrated at 60 % drug loading, but it was
also shown that with mAPAP being dry coated, the size of the
excipients did not have a major influence and there was no loss
of tabletability. That work considered coarse excipient formulation
using Avicel pH 102 and Pharmatose DCL 11 and fine excipient for-
mulation using Avicel pH 105 and Pharmatose 450, and demon-
strated that dry coated mAPAP led to nearly the same values of
BD and FFC, both being in the DC regime, see Fig. 5 in that paper
[7]. Such outcomes were further verified and generalized with
either hydrophilic (M5P) or hydrophobic (R972P) silicas and three
different APIs, mAPAP, IBU20, and cAPAP each at 60 % drug loading
14
[52]. It was shown that for all three APIs, with either silica coating,
the finer excipient formulation reached DC processability as their
FFC and BD exceeded 6.8 and of 0.38 g/ml, respectively. Interest-
ingly, for dry coated cAPAP, the coarsest of the three APIs, DC pro-
cessability was also attained for coarser excipient formulations.

The results for enhanced DC processability of high drug loaded
formulations by the dry coating of finer APIs, which have intrinsi-
cally poor flowability, are intriguing in several ways. First, dry coat-
ing, which reduces powder surface energy, did not lead to the
anticipated loss of tabletability. Second, finer excipient-based for-
mulations fared as well as or better than coarser excipient-based
formulations; another counter-intuitive outcome considering that
placebo blends of finer excipients have poor flowability and bulk



Fig. 13. Dissolution profiles for three fine APIs (Ibu20, Ibu10, Ibu5), uncoated or dry coated with hydrophobic silica shown at % SAC that resulted in the highest dissolution
performance during 35 min of dissolution. The dissolution testing was done using USP IV flow-through-cell method with SDS 12 mM solution as the dissolution medium.
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density. Both these outcomes, while positive and welcome, test
conventional wisdom regarding powder behavior and point to
the need for additional work. One area of such work is to examine
the synergy due to the mixing process when one of the ingredients
is dry coated. Another area is to investigate if the dry coated ingre-
dient must be an API. If improved drug dissolution and drug con-
tent uniformity are important objectives, it makes sense that the
dry coated constituent needs to be the API since fine API agglomer-
ation is significantly mitigated by dry coating as shown in
Section 3.2. However, if the DC processability is the main objective,
one may consider dry coating of the excipient instead of the API. In
the remainder of this sub-section, exemplary outcomes for excipi-
ent dry coating, also called excipient engineering, are presented
first, followed by an investigation of low drug loaded blends with
dry coated APIs to assess the enhancement in FFC and drug content
uniformity.

In a trend-setting work, it was shown that dry coating can lead
to the development of fine engineered excipients that have simul-
taneously improved three desirable qualities in an excipient;
flowability, bulk density, and compaction [10,12,13,53]. Most
remarkable outcome was that dry coated fine Avicel PH105 could
promote DC processability for three different fine APIs, mAPAP,
cAPAP, and IBU50, at drug loadings of as high as 60 wt%, suggesting
a possibility that such engineered excipient may be used when API
dry coating is not possible or not advisable. Exemplary results,
shown in Fig. 14(b) [12], demonstrate that all three blends of
IBU50 and cAPAP are DC capable, whereas, for mAPAP, although
the 10 wt% blend meets the bar and the 30 wt% blend nearly meets
the bar, the 60 wt% blend cannot meet the bar, hence for very fine
APIs at high drug loading, dry coating of the API may be necessary.
An important research question is if popular commercially avail-
able excipients designed for DC formulations such as silicified
MCCs could achieve performance as good as dry coated Avicel
PH105 for mAPAP binary blends. Interestingly, as shown in
Fig. 14(c) [12], at each drug loading, dry coated mAPAP
outperformed both Prosolv 90 and Prosolv 50. None of those
excipients could enable DC at API loading of 30 or 60 wt%. Such
outcomes suggest additional work is needed to gain an under-
standing of such complex behavior of powder blends and possible
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synergy of using finer ingredients when one of the constituents is
dry coated.

Next, DC processability at very low drug loading is considered.
An earlier work [9], although not targeting DC processability,
examined improved blend uniformity of the binary blends of
mAPAP and Avicel PH-102 and concluded that excellent drug con-
tent uniformity (CU) was achieved for 3, 5 and 10 wt% API loaded
blends when mAPAP was dry coated. Motivated by such outcomes,
a recent work examined DC processability in addition to enhanced
CU [62]. Multi-component blends of fine excipients with fine
milled API (IBU10 � 10 lm) were considered at 1, 3, and 5 wt%
drug loadings. As an unanticipated, surprising outcome, blends
exhibited profound enhancement in flowability and bulk density
at such low API loadings, as well as the CU for even the lowest drug
loading [62]. Exemplary results for the processability, indicated via
the blend FFC and agglomeration ratio (AR) are shown in Fig. 15(a)
for 1 and 5 wt% drug loadings. Since both the API and excipients are
fine (note the placebo blend FFC-AR in the figure), it is not surpris-
ing that the blend FFC values with uncoated API powder indicate
the blends are cohesive, and blend AR is high. Remarkably, how-
ever, with dry coated API with either A200 or R972P silica, both
blends with low drug loading achieved FFC of 6.8 or higher, sug-
gesting DC processability. The reason why this is surprising and
suggests an existence of synergy during the blending process is
that the total amount of silica in these blends is minute and as
low as 0.007 wt%. Such FFC enhancement seems to be extraordi-
nary since such a low amount of added silica (not dry coated onto
the API) during blending could not achieve flow enhancement [62].
Along with the enhanced FFC, dry coating also enabled low relative
standard deviation (RSD) indicating enhanced CU for these blends
as shown in Fig. 15(b). As was observed before [9], to achieve bet-
ter CU at very low drug loading, it is not necessarily beneficial to
have 100 % silica SAC, which is also the case here, since CU is better
for 50 % SAC for 1 wt% drug loading. These results point to the need
for more extensive research answering the question of how much
silica is really necessary and how the potential transfer of silica
from the dry coated component to other uncoated components
during blending could lead to synergistic enhancements in blend
properties.



Fig. 14. Bulk density and FFC phase maps for selected formulations. (a) Formulations with coarse excipients for three drug loadings (30, 50, 70 wt%), with or without dry
coating of micronized ibuprofen (IBU20). (b) Binary formulations of three different fine APIs at 10, 30, and 60 wt% drug loading with dry coated fine excipient (Avicel pH 105).
(b) Binary formulations of mAPAP at three drug loadings (10, 30, 60 wt%) with Avicel pH 105 with or without dry coating as well as two size grades of commercial silicified
excipients.
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Fig. 15. Synergy between the dry coating and mixing low API loaded multi-component blends. For each drug load, either A200 or R972P were used for dry coating the API. (a)
significant improvement in the bulk powder flow (FFC) with reduced blend agglomerate ratio (AR), (b) notably improved blend uniformity with the reduced AR when the
silica amount was reduced from 100 % SAC to 50 % SAC.
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4. Summary and future work/forward outlook

Model-guided dry coating-based enhancement of poor flow,
packing, and dispersibility of fine cohesive powders having high
cohesion was presented. Scrutiny of particle-contact models
revealed that particle surface roughness has a predominant effect,
which is significantly greater than the effect from particle surface
energy. Hence the nearly optimal separation of the particles due
to the nano-scale surface roughness superimposed by nano-
coating was the main mechanism of flow enhancement through
dry coating. Analysis of the existing models indicated that Chen-
NJCEP model can better account for multi-asperity contacts and
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the extent of silica SAC. Models for determination of the amount
and type of silica was presented, followed by the procedure to
nondimensionalize cohesion through granular Bond number,
which could be estimated via particle-scale measures; characteris-
tic particle size, particle (true) density, asperity size, SAC %, and
dispersive surface energy.

Key examples were presented to demonstrate the use of dry
coating for mitigating problems of flow, packing, agglomeration,
and dissolution of pharmaceutical powders. The impact of dry
coating on powder agglomeration, an important yet often over-
looked bulk property, was analyzed. As a novelty, AR was shown
to be a screening indicator of the powder flowability, bulk density,
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and dissolution; the lower the AR, the better the flow, higher the
packing, and faster the dissolution. Most interestingly, dissolution
was faster even with hydrophobic silica coating, indicating the
dominating influence of reduced AR. Several illustrative case stud-
ies of blends having one dry coated component were presented to
highlight the advantages of dry coating that extend well beyond
improved properties of an individual powder. As a major novelty,
enhanced flowability and improved drug content uniformity due
to mixing synergy were observed even for a very low amount of sil-
ica in the blend, when a minor component was dry coated, e.g., fine
API at 1 or 5 wt% drug loading. When it is not feasible to dry coat an
API powder, the formulation could use fine, dry coated engineered
excipients for enhanced DC processability at relatively high drug
loadings.

It is hoped that the analysis and results presented in this paper
point to the importance of dry coating as a useful tool for industry
practitioners across disciplines. The models and guidelines for
implementation should facilitate the use of dry coating at the
lab-scale and provide sufficient information to make decisions
regarding its relevance to commercial usage. Notwithstanding this
positive forward outlook, several challenges, as well as opportuni-
ties remain.

� Modeling: Enhancements of particle contact models to account
for particle morphology, shape, surface roughness, improved
methods for accurate prediction of the guest amounts, higher-
intensity device relevant prediction of host–guest compatibility,
the effect of guest particle agglomeration, and, incorporating
full particle size distributions (PSDs), or mixed PSDs arising
from multi-modal blend constituents for nondimensionaliza-
tion of cohesion.

� Characterization: Developing reliable, simpler methods to
assess the magnitude and distribution of natural surface asper-
ities, assessing the extent of silica transfer during blending,
robust algorithms to accurately measure actual SAC, material
sparing measures to assess the extent of cohesion reduction,
instruments for in situ assessment of the dry coating process
endpoint.

� Processing: Develop robust process models and guidelines for
(1) appropriate selection of processing parameters and estimat-
ing the needed process time, (2) lab-scale transferability from
material sparing testing using devices like LabRAM to continu-
ous scalable devices such as comil or fluid energy mill (FEM),
and (3) scale-up rules.
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