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ABSTRACT

Single drop granule formation on a static powder bed of pharmaceutical mixtures was studied to investigate the
effects of hydrophobicity and primary particle size distribution on the powder bed packing structure and the con-
tent homogeneity of active pharmaceutical ingredient (API) in granules formed. The granule formation mecha-
nisms, drop penetration time, granule morphology and internal structure have been previously investigated in
a mixture of coarse microcrystalline cellulose (MCC) and fine acetaminophen (APAP). When the APAP amount
increased (decreasing particle size and increasing hydrophobicity), drop penetration time increased, formation
mechanisms transitioned from Spreading to Tunneling, the granules became smaller in size, and the internal po-
rosity of the granules decreased (Gao et al., 2018). In the current study, single drop granulation on mixtures of
MCC and APAP with different particle sizes were investigated for formation mechanisms and granule morphol-
ogy. Additionally, the powder bed packing structure was characterized by X-ray micro-CT and the API content
uniformity was measured by UV-vis spectrometry. It was found that in the mixture made from coarse MCC
and fine APAP, the internal structure became heterogeneous and there were dense aggregate regions in both
the powder bed and granules from 25% APAP proportion, where the transition from Spreading to Tunneling
occurs. The content uniformities of granules from fine powder beds are much more compromised (indicating a
discrepancy between the actual value and theoretical value) than those from coarse powder beds. This content
discrepancy becomes much larger when the APAP proportion in the powder bed is higher (above 50%). This
was previously observed by other researchers (Nguyen et al.,, 2010) and was attributed to the preferential wet-
ting of the ingredients. It is believed that the primary particle size of the powder bed is more significant than the
hydrophobicity in affecting the formation mechanism, granule internal structure, and content uniformity.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

the granule formation mechanism [1,4,9,10], and granule properties
such as morphology, surface and internal structure [11-14].

Wet granulation is a particle size enlargement process where pow-
ders are mixed with a liquid binder to ensure particle growth. This is
an important process in many applications such as spray coating and
drying, pharmaceutical tableting, detergent manufacturing and mining.
Traditional wet granulation is carried out in diverse types of equipment
where three rate processes occur: wetting and nucleation, consolidation
and growth, and breakage and attrition [3]. The wetting and nucleation
regime is of significant interest, specifically when it is in the drop con-
trolled nucleation regime where one drop forms one granule, enabling
the isolation of this critical first step of granulation [4,5]. Single drop
granulation has been used to study the drop penetration time [6-8],
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In addition to the aforementioned granule properties, the content
homogeneity is also of significant importance in wet granulation. The
content homogeneity of the granules has been studied in single drop
or high shear and continuous granulation [2,15-20] to investigate the
effects of both the formulation properties as well as the granulation
process parameters. Among them, the hydrophobicity and the primary
particle size of the active ingredient are considered crucial factors
that influence the content uniformity distribution across the granule
size classes.

Nguyen et al. [2] investigated the effect of hydrophobicity on drug
uniformity of a salicylic acid and lactose mixture in high shear granula-
tion. As is the case with the binder of PolyVinylPyrrolidone (PVP)
solution, where the wettability between powder and binder is good,
the drug distribution is homogeneous across all granule size fractions.
In contrast, when water was used as binder, the granule compositions
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were compromised (the actual APl amounts were lower than theoreti-
cally expected). The intermediate granule size fractions were deficient
of drug content, while the finest and coarsest size fractions were
enriched with drug content. This can be attributed to the preferential
wetting of the hydrophilic ingredients that causes the overall preferen-
tial granulation of components. Similarly, Oka et al. [17] investigated the
effects of improper mixing and preferential wetting of two particulate
components (MCC, APAP) on content uniformity in high shear granula-
tion. Both the powder mixture before the granulation and the granules
formed after granulation were sampled. It was found that during the dry
mixing stage, the top layer of the powder bed was sub-potent of the API
compared with the theoretical value, indicating a potential cause of
non-uniformity. For content uniformity in granules, fine granules were
super-potent with API, while the coarse ones were sub-potent. A frac-
tion of APAP remained ungranulated, likely due to the fact that MCC
has a lower contact angle and thus a higher wettability with water com-
pared with APAP, thus creating large disparity across all granule sizes.
To further analyze the origin of the non-uniformity, further work was
carried out by Oka et al. [ 16] by comparing the product content unifor-
mity of single drop granulation and high shear granulation. They found
that for a low APl load percentage range (3-20%), the main cause of con-
tent non-uniformity may not be the preferential wetting of one compo-
nent with the binder, but rather a combination of particle segregation
during the dry mixing stage and the different kinetics of the granulation
rate processes.

Recently, we investigated drop penetration time, granule formation
mechanism, as well as granule internal structure with a binary pharma-
ceutical powder mixture of MCC and APAP [1]. Two granule formation
mechanisms occurred: Spreading and Tunneling. It was found that
with the increase of APIL, which decreases the primary particle size and
increases the hydrophobicity of the mixture, the penetration time
increased, the granule formation mechanism transitioned from Spread-
ing to Tunneling, granules became smaller in size, and the internal
porosity decreased.

In this work, we extend our previous study and focus specifically on
the effects of hydrophobicity and primary particle size distribution on
the powder bed packing structure before single drop granulation (for
comparison to powder segregation in the dry mixing stage of high
shear granulation) and the content homogeneity of API in granules
formed. UV-vis spectrometry is used to characterize the content of API
and micro-CT is used to reconstruct the internal structure and deter-
mine the porosity of the dry powder packing. These results will be use-
ful for the design and processing of binary or multicomponent powder
mixtures with regards to the homogeneity of initial bed packing and
produced granules.

2. Materials and methods
2.1. Materials

Acetaminophen (COMPAP® COARSE L, APAP, Mallinckrodt Inc.,
Raleigh, NC) was used as the API and microcrystalline cellulose (Avicel
PH-101, FMC BioPolymer, Philadelphia, PA) was the excipient. DI
water was used as liquid binder. All experiments were performed at
room temperature (20-23 °C), with a relative humidity around 25%.
The contact angles with water for MCC and APAP are taken from the lit-
erature [17]. The pure as-received MCC and APAP powders have coarse
surface mean particle sizes (ds;) between 30 and 50 pym. To achieve a
contrast design to compare the effects of particle size distribution and
the contact angle of the two materials comprehensively, finer micron-
ized particle sizes of both MCC and APAP were prepared with a jet
mill (Model 00 JET-O-Mizer system, Fluid Energy). The particle size dis-
tribution (Malvern Morphologi G3SE) and the true particle density
(Micrometrics Accupyc I1 1340) were measured. The fine particle sizes
for both materials were reduced down to between 10 and 20 pm. The
primary particle properties are listed in Table 1.

Table 1
Physical properties of powder materials (averages with standard deviations for three
replicates).

Materials Coarse d33 (um) Fine d3; (um) True density (g/cm?)
MCC 337 +£96 159 £ 5.1 1.63 £ 0.03
APAP 46.2 + 11.0 115 +27 1.29 £+ 0.01

2.2. Experimental design

From our previous work [1], the effects of particle size and contact
angle on single drop granulation of binary mixtures could not be sepa-
rated. Hence, we attempt to address this in the current work by varying
the primary particle size of each binary mixture component. This design
results in three mixture types with batches made from different MCC/
APAP proportions. We previously studied Coarse-MCC/Fine-APAP,
while the new mixture types are Coarse-MCC/Coarse-APAP and Fine-
MCC/Fine-APAP.

At least 2 replicates were prepared for each MCC/APAP proportion
within each mixture type. The hydrophobicity of the powder bed can
be estimated by the proportion of one component compared with the
other. For instance, a powder bed with a higher proportion of MCC
will be more hydrophilic, while one with more APAP will be more
hydrophobic. A larger difference between MCC/APAP proportions can
result in large differences in the hydrophobicity of the mixtures.

2.3. Single drop granulation

Mixtures of MCC/APAP were made by measuring the weight of the
two components. Then each batch was well mixed with a Turbula
Shaker Mixer at 46 rpm for 20 min. Different powder mixtures were
sieved through a 2.00 mm sieve into a Petri dish (1.2 cm in height and
8.5 cm in diameter) and then levelled by a stainless-steel spatula to
get a smooth surface. A 100 pL syringe was filled with liquid binder
and held at 5 mm above the powder surface, and a single drop was
released from the syringe manually. The granules were extracted by
scooping them out individually with a spatula.

The granule formation mechanisms were investigated by capturing
the formation process using a high-speed camera (Photron Fastcam-X
1024 PCI). The details regarding identifying the formation mechanisms
from the captured image sequences can be found in previous work [1].
The crater diameter increase is the key parameter in distinguishing
between the Spreading and Tunneling mechanisms.

The granule morphology was characterized using a prism setup [1].
For each batch, six granules were excavated with the spatula as repli-
cates. A top and side view of each granule can be captured by the
setup. The images were analyzed by Image] software (U.S. National
Institutes of Health, Bethesda, Maryland, USA) to obtain granule size
and shape parameters. These parameters include projected area equiv-
alent diameter (d,), maximum granule height (h, ), maximum diam-
eter (dpmgx), and minimum diameter (d,i»). The horizontal aspect ratio,
H.AR. (dma/dmin) and vertical aspect ratio, V.AR. (do/Mimay), Were calcu-
lated based on these measurements.

24. Content uniformity

A UV-vis spectrometry method was used for determining the API
(APAP) content in the powder bed surface as well as in the granules
formed. Ethanol was used as solvent for APAP since it can be dissolved
in pure ethanol while MCC cannot. For the uniformity of the powder
bed, powder mixtures from the petri dish were sampled at five ran-
domly chosen positions and were carefully extracted by a spatula
from the surface of the powder bed to a depth of about 5 mm, with
the weight of each sample between 20 and 50 mg, based on the weight
of the granules formed. The spatula was wiped clean before extracting
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subsequent samples to prevent any contamination from the previous
sample. For the uniformity of the granules, an amount of pre-weighed
granules (four to six granules, with each granule weighing from 20 to
60 mg) was measured for each trial, and a total of six trials were per-
formed for each mixture proportion. Both the bed surface samples and
granules were incubated in 10 mL ethanol overnight on a shaking plat-
form and kept out of light (APAP is sensitive to UV light). 10 pL of the
solution was extracted and added to 3 mL of pure ethanol in a cuvette.
The absorbance was measured at a wavelength of 250 nm, with the
extinction coefficient of the acetaminophen in ethanol of \z50 ron =
12,896 L mol ! * cm~! (measured by calibration experiments). The
measured APAP content was then compared with the theoretical
value in each proportion to assess the content uniformity.

2.5. Powder bed structure

A mixture from Coarse-MCC/Fine-APAP with 30% APAP was
selected for investigating the powder bed packing structure. It
would be a time intensive process to scan the entire powder bed
with a duplicate (in our case, a volume of 350 mm?® would be scanned
in approximately 15 h). Hence, sampling random areas was resorted
to, and care was taken to avoid any artificial changes to the micro-
structure of the sample. To prepare the intact sample of powder bed
packing, two 1.5 mL microcentrifuge tubes were cut from the tip end
and then tapped onto two random areas that were relatively far
apart within the petri dish. Following the method in Section 2.3 after
filling the petri dish with the powder mixture, two tubes were filled
with powder and then carefully moved from the petri dish and sent
for micro-CT scans.

The powder bed packing structure was scanned through a micro-CT
system (ZEISS Xradia 502 Versa, Carl Zeiss X-ray Microscopy Inc., Pleas-
anton, CA, US). A sealed transmission source emits X-rays through the
sample seated on an ultra-high precision rotation stage, which was
rotated within the entire range of 0-360° with a step angle of 0.11°,

resulting in 3601 radiographs. The projected image then impinges
on a scintillator, which converts X-rays to visible light, and is subse-
quently magnified by an optical objective lens before reaching the
2048 x 2048 pixel charge-coupled detector. In order to obtain images
with sufficient contrast and resolution from which the structural con-
stituents can be easily separated, the X- ray source settings (tube volt-
age and current), physical imaging setup parameters (like source to
sample distance and sample to detector distance) and exposure time
were adjusted for the powder bed sample while obtaining the optimal
voxel size achievable. The X-ray projections were processed for noise
reduction using a Gaussian filter, before being reconstructed using
Xradia XM-Reconstructor software with a correction for beam harden-
ing and centre of rotation.

Reconstructed data in the form of TIFF files were then imported into
Avizo (Version 9.0, FEI Visualization Sciences Group) for further image
processing. A diffusion-based smoothing filter (Non-Local means)
followed by a sharpening filter (Unsharp masking) was used to reduce
noise, reinforce the contrast at the edges, and make details appear
sharper in the datasets. Then, segmentation (binarization) was per-
formed for separating the pixels of the grayscale images into back-
ground and foreground, i.e., voids and particles. Although the same
image processing steps were applied for the volume of the powder
bed, individual tailoring of thresholding values was required. Two sub
regions are chosen from two samples to measure their volumes. A sim-
ilar micro-CT procedure was performed for the granules, as described in
previous work [1].

3. Results and discussion
3.1. Granule formation mechanisms
To identify the granule formation mechanisms and the transition be-

tween them visually, the crater diameter increase from each single drop
granulation was captured from the image sequence and analyzed by

Fig. 1. High speed video image sequences of single drop granulation on Coarse-MCC/Coarse-APAP mixtures: a) 10% APAP, b) 90% APAP.
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Coarse-MCC/Coarse- | 10 % (APAP) 30 % 70 % 90 %
APAP

Initial impact

Final penetration

Crater diameter 36.118.3
increase (%)
Penetration time (ms) 67

36.718.9

35.8+5.4 38.116.3

155 300 910

Fig. 2. The crater diameter increases and penetration times of each batch from Coarse-MCC/Coarse-APAP mixtures.

Fig. 3. High speed video image sequence of single drop granulation on the 90/10 Fine-MCC/Fine-APAP mixtures: a) 10% APAP, b) 90% APAP.

Image] [1]. By comparing the initial droplet footprint diameter with the
diameter of the final crater formed after droplet penetration, the per-
centage increase was calculated and set as the value to distinguish
each mechanism quantitatively. Since the results from Coarse-MCC/
Fine-APAP have been discussed in previous work [1], the mixtures of
Coarse-MCC/Coarse-APAP and Fine-MCC/Fine-APAP will be described
in detail here. However, a comparison between all three types of mix-
tures will be made.

From previous work [1], it was found that the formation mechanism
transitioned from Spreading to Tunneling with the increase of APAP

proportion in mixtures of Coarse-MCC/Fine-APAP. The formation mech-
anisms for single drop granulation on mixtures of Coarse-MCC/Coarse-
APAP are shown in the image sequences in Fig. 1. Different from
Coarse-MCC/Fine-APAP, this mixture combination exhibits the Spread-
ing mechanism for all MCC/APAP proportions. An initial hypothesis
based on this is that increasing the overall particle size of the bed mix-
ture results in the Spreading mechanism, regardless of the APAP propor-
tion. To further investigate the details of the granule formation, the
crater diameter increase from initial impact to final penetration was
compared for each mixture proportion (see Fig. 2). The average crater
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Fine-MCC/Fine-APAP |10 % (APAP)

Initial impact

Final penetration

Crater diameter 18.5+6.3
increase (%)
Penetration time (ms) 671

134+56

7.4+5.0 6.6+4.9

1050 2300 2424

Fig. 4. The crater diameter increases and penetration times of each batch from Fine-MCC/Fine-APAP mixtures.

diameter increase ranges from 35.8% to 38.1%, which are all large
enough to indicate the Spreading mechanism, based on the results
from previous work, where Spreading occurred with a crater diameter
increase larger than 20% [1]. Additionally, with higher APAP proportions
(above 70%), marble formation also occurred (see Fig. 1b) [21,22],
where the more hydrophobic powders climbed onto and covered the
liquid droplet once it impacted the bed and finally formed a liquid mar-
ble [6,23]. The penetration time also increased with increasing APAP
amount.

On the other hand, for the mixtures of Fine-MCC/Fine-APAP, the
single drop granulation mechanism (see Fig. 3) turned out to be
Tunneling for all proportions, which further substantiates our hypoth-
esis about the significant effect of bed particle size on formation
mechanism. Also, the penetration time for the droplet to completely
penetrate through the powder bed increased, compared to the same
proportions in the Coarse-MCC/Coarse-APAP mixtures. From the com-
parison of the crater diameter increase between the initial droplet and
the finally formed crater (see Fig. 4), there is little change in the diam-
eter (ranging from 6.6% to 18.5%). The crater diameter increase de-
creases with increasing APAP amount. With these mixtures, the
droplet directly penetrated into the powder bed without spreading
horizontally.

Through a comprehensive study of the formation mechanisms of
single drop granulation on three different types of MCC/APAP mixtures
(coarse/coarse, fine/fine, and coarse/fine), we can make some initial
conclusions. In the mixtures of Coarse-MCC/Fine-APAP, it is known
that with the increase of APAP, the drop penetration time increased
and the formation mechanism transitioned from Spreading to Tunnel-
ing [1]. Here, both the particle size and the hydrophobicity of the bed
changed, so these effects could not be distinguished. In mixtures made
from coarse/coarse particles, droplets penetrate into the powder bed
faster, with an obvious Spreading behaviour. On the other hand, it
takes longer for the droplets to penetrate through the powder beds
made from fine/fine particles, which exhibit a Tunneling behaviour. In
the latter two mixture types, the APAP amount does not affect the for-
mation mechanism. The only noticeable difference is that marble forma-
tion (an indication of hydrophobicity) occurred in both mixture types
when the APAP amount increased in the mixture. As mentioned in
Section 2.2, changing the APAP proportion in any mixture will lead to
the change of the hydrophobicity of the powder bed. Thus, it seems
that the overall particle size distribution of the powder mixture is
more significant than the hydrophobicity in affecting the single drop
formation mechanism.

3.2. Granule morphology

The size and morphology of the granules from Coarse-
MCC/Coarse-APAP and Fine-MCC/Fine-APAP are shown in Figs. 5
and 6, respectively. The granules formed from beds of both coarse
powders are all disk-shaped, with the V.A.R. ranging from 2.39 to
2.88, which is a typical Spreading indicator (where Spreading occurs
for V.A.R.'s greater than 1.5 to 2.2, and Tunneling occurs for lower
values) [1]. Both the size and shape are similar with all batches, re-
gardless of APAP amount. On the other hand, the granules formed
from beds made of both fine powders are much rounder. Here,
with the increase of APAP amount, the sizes of the granules decrease
slightly (from d, = 5.76 mm to 3.96 mm). The V.A.R. values remain
smaller, from 1.24 to 1.75 (with the increase of APAP proportion,
V.AR. values also decrease slightly from 1.75 to 1.24), which is a
Tunneling indicator [1,4]. Moreover, the morphologies of some gran-
ules from fine/fine mixtures are more irregular, with protrusions
around the surface, making them less smooth compared to granules
from other mixture types.

The morphologies of the granules made from Coarse-MCC/Fine-
APAP have been summarized in previous work [1]. The shapes
changed from disk-shaped to round, and the granule sizes became
smaller when the formation mechanisms transitioned from Spread-
ing to Tunneling. By comparing the granules from three different
mixture types, it seems that, as with the formation mechanisms,
the particle size distributions of the powder mixtures significantly
affect the granule morphology. When the overall particle size is
large, the granules result from the Spreading mechanism and are rel-
atively large and disk-shaped, with high V.A.R.'s. However, when the
overall particle size is smaller, the granules are formed via Tunneling
and are relatively small and round, with low V.A.R.'s. The amount of
APAP did not significantly affect the granule morphology, except for
a slight decrease in the granule size and V.A.R. with increasing APAP
amount in fine/fine mixtures.

3.3. Content uniformity

Content uniformity discrepancies in the granules are expected based
on the complexity of single drop granulation on the binary component
system, and may be attributed to either the improper mixing of the orig-
inal powder bed, or the preferential wetting of one ingredient over the
other [16,17]. To investigate the potential origin of the content unifor-
mity discrepancies, the content uniformity of both the granules and
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Coarse-MCC/Coarse-
APAP

Granules

Spreading

Formation
mechanisms

Size (mm):
d,=6.61+0.57
Morphology Honax = 2.3210.28

parameters Shape:

H.A.R.: 1.17+0.06
V.A.R.: 2.88+0.34

Spreading

d,=5.56+0.27
H,..= 2.44+0.23

H.A.R.: 1.12+0.08
V.A.R.: 2.47+0.22

17

Spreading Spreading

d,=5.23+0.49
Hpo= 2.21+0.29

d, =5.50+0.39
H,..= 2.21+0.22

H.A.R.: 1.10£0.06
V.A.R.: 2.39+0.19

H.A.R.: 1.16+0.06
V.A.R.: 2.62+0.27

Fig. 5. The granule morphology from Coarse-MCC/Coarse-APAP mixtures.

Granules
Formation Tunneling
mechanisms
Size (mm):
d.=5.76+0.30
Morphology Hpax = 3.3010.21
parameters

Shape:
H.A.R.: 1.18+0.09
V.A.R.: 1.75+£0.15

Tunneling

d,=5.35+0.52
H,..= 3.54+0.29

H.A.R.: 1.27+0.11
V.A.R.: 1.52+0.18

Tunneling

Tunneling

d,=4.18+0.28
H,.c= 3.36+0.41

d,=3.96+0.25
H,..,= 3.23£0.34

H.A.R.: 1.32+0.17
V.A.R.: 1.26+0.10

H.A.R.: 1.27+0.08
V.A.R.: 1.24+0.11

Fig. 6. The granule morphology from Fine-MCC/Fine-APAP mixtures.

the powder bed surface were tested. The results from three different
mixture types are discussed individually and compared to each other
to determine the causes of granule inhomogeneity.

For Coarse-MCC/Fine-APAP, mixtures were tested in 10% increments
as a benchmark to determine the content uniformity trend. The compar-
ison between the experimental and theoretical results are demon-
strated in Fig. 7, where both the granule and bed surface uniformities
with their standard deviations are shown. For the overall trend, it ap-
pears that with the increase of the APAP amount above 60%, both the
content uniformities of the granules and the bed surface are compro-
mised. The numerical values are provided in Table 2. The average devi-
ation, V, of the actual content compared with the theoretical value is
calculated as:

where x; is the actual measurement and & is the theoretical value of
APAP in each mixture. Specifically, the average deviation between
the real APAP amount on the powder bed surface and in the gran-
ules becomes larger as the APAP amount increases (8.6%, 12.5%

100 -
B Granules
@  Bed Surface
80 - Y=x
3
8 60
=
Q
E
‘d-.l 40
Q
>
w
20

T
0 10 20 30 40 50 60 70 80 90 100
Theoretical (%)

Fig. 7. Composition of granules and powder bed surface containing different proportions
of APAP with MCC from Coarse-MCC/Fine-APAP mixtures.
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Table 2

Measured APAP weight percentage for each proportion in powder bed surface and granules from Coarse-MCC/Fine-APAP mixtures (averages with standard deviations for three replicates

for each mixture).

Coarse-MCC/Fine-APAP 10% (APAP) 20% 25% 30% 40%
Theoretical (% APAP) 10 20 25 30 40
Bed surface (% APAP) 106+ 19 184 + 2.7 257 +£2.2 306+39 40.0 + 3.8
Average deviation in bed surface vs. theoretical (%) 19 1.6 23 39 5.4
Granules (% APAP) 103 + 14 186 +22 233+ 2.1 267 + 44 393455
Average deviation in granules vs. theoretical (%) 1.5 26 2.7 48 5.4
Normalized API 0.97 £ 0.22 1.01 +0.19 091 £ 0.11 0.87 +0.18 0.98 & 0.17
Coarse-MCC/Fine-APAP 50% (APAP) 60% 70% 80% 90%
Theoretical (% APAP) 50 60 70 80 90
Bed surface (% APAP) 474 £+ 60 583 + 14 759 + 6.0 885487 82.8 & 144
Average deviation in bed surface vs. theoretical (%) 6.6 5.5 8.6 125 16.4
Granules (% APAP) 56.3 +£5.7 57.7+ 14 59.1 + 165 4354220 72.0 + 165
Average deviation in granules vs. theoretical (%) 8.8 12.9 14.1 363 25.1
Normalized API 1.19 £ 0.19 0.99 + 0.34 0.78 4+ 0.23 049 4+ 025 0.87 £ 0.25
100
" Granuks = This indicates that preferential wetting of the more hydrophilic compo-
90 4 o TR nent (MCC) occurs in single drop granulation of binary mixtures with
- " : cqmponents of varying hydrophobicity, at least in the coarse/fine
. mixture type.
— 704 - For Coarse-MCC/Coarse-APAP and Fine-MCC/Fine-APAP mixtures,
£ five proportions are selected: 10%, 30%, 50%, 70% and 90% APAP.
I 60 In Coarse-MCC/Coarse-APAP mixtures, for lower APAP amounts (10%
s 504 ” and 30%), the APAP contents in both the bed surface and the granules
E - from experiments are very close to the theoretical values (see Fig. 8).
o 40 When the APAP amount increases to 70% and 90%, there is a slight
3 compromise in the content uniformities of the granules, which are also
w304 sub-potent (lower than the theoretical values). The numerical values
20 4 are provided in Table 3. Compared to the results from Coarse-MCC/
Fine-APAP mixtures, even though content uniformity is compromised
10 4 in both cases, the compromised level in Coarse-MCC/Coarse-APAP is
i less significant for higher APAP proportions. For lower APAP propor-
T T T T T T T T T

1
0 10 20 30 40 50 60 70 80 90 100
Theoretical (%)

Fig. 8. Composition of granules and powder bed surface containing different proportions
of APAP with MCC from Coarse-MCC/Coarse-APAP mixtures.

and 16.4% for 70%, 80% and 90% APAP in the bed surface; 14.1%,
36.3% and 25.1% for 70%, 80% and 90% APAP in the granules). Addi-
tionally, the standard error of each measurement also increases
when the APAP amount is above 50%, indicating a potential hetero-
geneous behaviour of the powder mixing and granulation in higher
APAP proportions.

By normalizing the API (APAP) content in the granule by that in the
bed surface (demonstrated in Table 2), there is a noticeable difference
between the content uniformity of the granules and the bed surface
when the APAP proportion increases above 60%. The actual APAP
amounts in the granules are all lower than in the bed surfaces. Thus,
the granules incorporate less APAP than MCC during their formation.

Table 3

tions, the APAP compositions for both mixture types are close to the the-
oretical values. The average deviation vs. the theoretical values in Table 3
are all lower than those from Coarse-MCC/Fine-APAP mixtures. For
lower APAP amounts (10% and 30%), since APAP only occupies a small
portion of the whole mixture, changing from fine APAP to coarse did
not greatly affect the overall particle size of the bed, so the effect of par-
ticle size on content uniformity is small. However, for higher APAP
amounts, changing from fine APAP to coarse increases the overall parti-
cle size of the powder bed due to the higher APAP occupancy in the
whole mixture (70% and 90%). Also, within the higher APAP ranges,
larger discrepancies in the content uniformity occur. An initial hypothe-
sis was made based on the comparison between Coarse-MCC/Coarse-
APAP and Coarse-MCC/Fine-APAP mixtures: increasing the mixture
bed particle size will result in a more uniform ingredient content.

In Fine-MCC/Fine-APAP mixtures, for the lowest APAP amount
(10%), the content uniformities of both the bed surface and the granules
from experiments are close to the theoretical values (see Fig. 9). With
the increase of APAP amount, the content discrepancies compared
with the same APAP proportion in the other two mixture types

Measured APAP weight percentage for each proportion in powder bed surface and granules from Coarse-MCC/Coarse-APAP mixtures (averages with standard deviations for two replicates

for each mixture).

Coarse-MCC/Coarse-APAP 10% (APAP) 30% 50% 70% 90%
Theoretical (% APAP) 10 30 50 70 90

Bed surface (% APAP) 94 £ 0.7 272 +£39 494 + 2.8 69.2 £ 5.6 848 +£11.3
Average deviation in bed surface vs. theoretical (%) 0.9 36 29 5.7 6.62
Granules (% APAP) 9.5+ 0.6 29.14+ 20 48.6 + 3.0 64.4 + 3.2 80.8 + 8.2
Average deviation in granules vs. theoretical (%) 0.3 22 33 6.8 8.9
Normalized API (%) 1.01 £+ 0.09 1.07 £ 0.17 0.98 + 0.08 0.93 + 0.09 0.95 + 0.16
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Fig. 9. Composition of granules and powder bed surface containing different proportions
of APAP with MCC from Fine-MCC/Fine-APAP mixtures.

(coarse/fine and coarse/coarse) increase, especially for the proportions
of 30/70 and 10/90. Similar to the mixtures of Coarse-MCC/Fine-APAP,
a non-uniform distribution of the binary components also exists in the
powder bed before granulation, causing heterogenous mixing of the
APAP with the MCC during granule formation. However, the preferen-
tial wetting effect was almost negligible for coarse/coarse and fine/fine
mixtures, as demonstrated by the normalized API percentages that are
close to 1 (see Tables 3 and 4).

For Fine-MCC/Fine-APAP mixture types, since both components are
fine in size, the overall particle sizes of the powder beds are fine for all
APAP amounts. Reducing the overall particle size of the powder bed in-
troduces a higher content uniformity discrepancy that can reach twice
or even triple the average deviation in some proportions than those
from mixtures containing at least one coarse component.

From the results of three different mixture types (Coarse-MCC/Fine-
APAP, Coarse-MCC/Coarse-APAP and Fine-APAP/Fine-APAP), the fol-
lowing preliminary findings are concluded.

Both the mixture particle size distribution and the hydrophobic-
ity have an impact on the content uniformity. For a small amount
of APAP (10%), the APAP content in both the granules and the bed
surface are very uniform in all three mixture types, i.e., close to the
theoretical values. In this proportion, since MCC dominates the mix-
ture amount (90%), changing the particle size of MCC (hydrophilic
component) will not have a significant effect on content uniformity.
When the APAP amount increases above 30%, for the two mixtures
with Fine-APAP, the content uniformity starts to become compro-
mised, and the content discrepancies reach the highest around 70%
and 80% APAP. On the other hand, for coarse/coarse mixtures, the
content uniformity is much less compromised for the same APAP
proportions compared with the other two mixture types. The overall

Table 4

Mixture type (MCC/APAP)

m  Coarse/Fine: 90/10-50/50
25 [ B Coarse/Fine: 30/70-10/90

3
< A CoarselCoarse: 90/10-50/50
8 [ ] A Coarse/Coarse: 30/70-10/90
b 20 2 )
] ® Fine/Fine: 90/10-50/50
'E ® Fine/Fine: 30/70-10/90
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Fig. 10. Relationship between granule formation mechanisms and content uniformity.

Table 5
The internal porosity of the powder bed packing.
Material Dimensions Total Porosity
Volume (%)
(pm?*)
30% APAP dry powder bed - 900x1600x900 3.08E+10 81.08
sample 1 1375x1150x1100 4.13E+10 81.06
30% APAP dry powder bed - 900x1600x900 3.08E+10 83.24
sample 2 1100x1150x100 3.30E+10 83.25

content of APAP is much more uniformly distributed in coarse pow-
der mixtures than in fine powder mixtures. However, in fine powder
mixtures, higher APAP amounts in the mixtures (higher mixture hy-
drophobicity) also cause a greater content discrepancy than lower
APAP amounts (lower mixture hydrophobicity).

The content uniformity results can also be associated with the gran-
ule formation mechanisms. Generally, the formation mechanisms are
affected directly by the overall bed particle size, while hydrophobicity
has a minimal effect. Spreading occurred for coarse particle sizes,
while Tunneling occurred for fine particle sizes. The relationship be-
tween formation mechanisms and content uniformity is shown in
Fig. 10. Generally, single drop granulation with the Spreading mecha-
nism resulted in a less compromised content uniformity compared
with granulation with the Tunneling mechanism. For batches with
lower APAP amounts (10% to 50%, black data points), the content vari-
ances from Tunneling are slightly larger than those from Spreading.
However, for larger APAP amounts (70% to 90%, red data points), this
difference is much larger.

Measured APAP weight percentage for each proportion in powder bed surface and granules from Fine-MCC/Fine-APAP mixtures (averages with standard deviations for two replicates for

each mixture).

Fine-MCC/Fine-APAP 10% (APAP) 30% 50% 70% 90%
Theoretical (% APAP) 10 30 50 70 90

Bed surface (% APAP) 11.5+20 257 +3.0 539+ 103 56.2 +9.6 753 + 6.9
Average deviation in bed surface vs. theoretical (%) 2.6 5.6 8.7 17.5 16.1
Granules (% APAP) 11.1+09 233439 526+ 1.6 543 +135 80.3 + 16.3
Average deviation in granules vs. theoretical (%) 1.5 6.0 3.0 21.3 19.2
Normalized API 097 +0.19 0.91 4+ 0.18 0.98 4+ 0.19 0.97 + 029 1.07 4 0.24
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Fig. 11. Photo of powder packing column sample of a 30% APAP mixture.

The interaction of a liquid droplet with a porous material surface is
related to capillary penetration [24], where liquid is more likely to
flow in a narrow space. With the Tunneling mechanism, since the capil-
lary force is greater than the adhesive force between the dry aggregates,
some aggregates are sucked into the droplets [9,10]. This migration of
aggregates causes the collapse of the powder bed, allowing the particles
and aggregates to be picked up by the droplet during Tunneling, intro-
ducing a heterogenous powder mixture and forming granules with
non-uniformly distributed fine APAP.

3.4. Structure of powder bed packing

The internal porosities of two powder bed packing columns taken
from different areas in a single Coarse-MCC/Fine-APAP mixture are
shown in Table 5. The porosities of two different regions within each

Local dense region

sample is consistent (~81.1% for one sample and ~83.2% for a second
sample), and fairly consistent at ~81-83% within the same powder
bed. By comparing the porosities of the granules made from the same
proportion of APAP in previous work [1], which are only around 60%,
the wet granulation densifies the internal structure during the forma-
tion of granules by decreasing the porosity by around 20%.

A photo of the column filled with the powder mixture is shown in
Fig. 11 for a better illustration of the powder sample. The micro-CT re-
sults, with a 2D cross-section of granules made from 30% APAP, 2D
cross-section of the powder column made from 30% APAP, and a 3D re-
construction of the whole powder column, are shown in Fig. 12a, b and
¢, respectively. As revealed by the internal structure of the powder bed,
there are dense regions existing in the mixture (indicated by blue ar-
rows in Fig. 12b). Dense regions of difference sizes are randomly distrib-
uted in the mixture (see Fig. 12c). Most of the dense regions are located
in the upper half of the column, where the granules are typically formed
when the droplet impacts the surface of the powder bed. There are also
several denser regions observed in granules made from the same pro-
portion in our previous study [1] (shown in Fig. 12a). This indicates
that during the preparation of the powder mixture, an inhomogeneous
powder packing is already created before the wet granulation. Thus, the
dense regions in the granules are likely generated directly from the
same regions in the dry powder bed.

In this study, the internal structure of the powder bed was only char-
acterized for one mixture from one mixture type (Coarse-MCC/Fine-
APAP), and the granules formed directly from this powder bed were
not characterized. For a more complete understanding of how the pow-
der packing influences the formation mechanism and subsequently
formed granule, powder bed internal structure from both coarse mix-
tures (exhibiting Spreading) and fine mixtures (exhibiting Tunneling)
should be investigated. Also, the internal structures of the granules
should be analyzed from the same powder bed to directly compare
the powder bed packing and granule porosity.

4. Conclusions

From this work, single drop granulation on MCC/APAP mixtures
with three different particle size combinations were performed. The for-
mation mechanisms, granule morphology, and the content uniformity
of the surface of the powder bed and the granules were investigated.
The structure of powder bed packing was studied for the Coarse-MCC/
Fine-APAP mixture as well to compare with the internal structure of
granules.

Tunneling and Spreading formation mechanisms occur in similar
conditions as in previous work [1]. Specifically, in Coarse-MCC/Coarse-
APAP mixtures, the formation mechanism is Spreading for all APAP
amounts, while in Fine-MCC/Fine-APAP mixtures, the formation

Fig. 12. a) 2D cross-section of a granule, b) 2D cross-section of the powder packing, and c) 3D reconstruction of the whole powder packing column (with dense regions highlighted in

different colours).
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mechanism is Tunneling. This is a strong indication that the bed particle
size dominates over hydrophobicity in affecting the formation mecha-
nism of the mixture. The same effect is also observed for granule
morphology. The granules resulting from the Spreading mechanism
are disk-shaped with high V.AR.'s, and are relatively larger in size,
while the granules from Tunneling are rounder with low V.AR.'s and
are smaller.

For content uniformity, both the overall particle size and the hydro-
phobicity of the powder bed have an effect. When the APAP proportion
is low (less than 30%) in the bed, the component contents are close to
the theoretical values in all mixture types. The effect of particle size on
these APAP proportions are negligible. When using the Fine-APAP in
mixtures, with the increase of APAP, the overall content uniformity of
both the surface of the powder bed and the granules are compromised,
especially for granules. Specifically, when the APAP proportion in-
creases above 50%, the APAP content in the granules become much
more non-uniform. However, for mixtures with Coarse-APAP, the con-
tent uniformity is also compromised for high APAP amounts (70% and
90%) but is much less compared with mixtures with Fine-APAP. This re-
veals a dominating effect of bed particle size over hydrophobicity on
content uniformity for high APAP amounts in mixtures. By comparing
the content uniformity of granules to the surface of the powder bed, a
larger APAP proportion can cause higher content differences as well,
explaining the preferential wetting of MCC compared to APAP.

The internal structure of the powder packing of Coarse-MCC/Fine-
APAP at 30% APAP appears to have several dense regions within the
mixture. The overall porosity of the powder bed is approximately 20%
lower than that of the granules made from the same mixture.

We believe that the granule formation mechanism (affected mainly
by the primary particle size of the powder bed) is the dominating factor
that influences the content uniformity. When the mechanism transi-
tions from Spreading to Tunneling, the granule content becomes less
uniform. This has important implications for designing granules,
where coarser powder bed mixtures will result in the Spreading mech-
anism with disk-shaped and uniform granules, and finer powder bed
mixtures will result in the Tunneling mechanism with round and less
uniform granules.
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