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a b s t r a c t

Wet granulation is a process of enhancing the powder properties by producing larger particles from the
agglomeration of agitated fine particles with liquid. The production of enlarged “granules” is often carried
out in high-shear granulators, an equipment item prevalent in the pharmaceutical and food industries. In
the pharmaceutical industry, good wettability between the liquid binder and the powder components in
the formulation are relied upon to produce strong granules with a narrow size distribution. The wettability
of hydrophobic drugs in the formulation is often improved by the use of surfactants; but this may not
always be possible. Previous work on heterogeneous-wetting granulation [1–3] has found that as the
formulation hydrophobicity increases, the average granule size decreases. The decreasing proportion
of hydrophilic component available for granulation may influence the decreasing average granule size,
however an explanation for this has not been clearly proposed. The observation and reasoning behind
the granulation behaviour for heterogeneous-wetting powders forms the basis of this paper.

Granulation experiments were carried out on varying degrees of formulation hydrophobicity and the
granulation batch is sieved into different size fractions for sieve fraction assay analysis to determine
the average granule composition and the drug distribution throughout the granulation batch. The sieve

fraction assay analysis revealed that the drug distribution in the granular batch is strongly dependent
upon the formulation wettability. This was seen for batches with water as the granulating fluid where
the drug distribution was uneven and resulted in some sieve fractions being enriched or deficient of drug
content. When the wettability of the formulation was improved a more uniform distribution of drug was
achieved across all sieve fractions and formulation hydrophobicity. The average granule size decreased as
the formulation hydrophobicity increased, supporting previous works, and this is due to the decreasing

tween
liquid bridge strength be

. Introduction

The process of wet granulation improves the powder proper-
ies by the coalescence of agitated primary particles with a liquid
inder, to enlarge the particle size. In the pharmaceutical industry,
he homogeneity of granules is critical for good quality control and
ulfilling the strict content uniformity criteria from the Food and
rug Administration (FDA) for tablets and granulated material [4].

The inclusion of hydrophobic drugs in the formulation lowers
he extent of wetting between the binder and the powder, which
onsequently may lead to non-uniform distribution of the drug in
he granulation mixture. This problem is increasing in the pharma-

eutical industry, where almost half of the approximately 150,000
ew chemical drug compounds produced and screened annually
how poor water solubility or hydrophobicity properties [5,6]. The
ommon industrial practise of overcoming the poor wettability
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of hydrophobic drug is to use surfactants but surfactants cannot
always be used due to economic infeasibility or incompatibility
with the excipients [7]. Hence understanding the effects of the
incorporation of hydrophobic drugs in wet granulation is becoming
increasingly important for good granulation and particle design.

The inhomogeneity in drug distribution may partly be attributed
to the effect of particle size differences between the drug and excip-
ients in the granulation batch. The Stokes number theory [8], for
a given pseudo-powder viscosity, states that the Stokes number
is proportional to the particle radius. This suggests that a smaller
particle radius is more likely to fulfil the condition of the Stokes
number being smaller than the threshold Stokes number, and suc-
cessful collisions are more likely to occur. This is evident in the
studies where the drug particles were smaller than the excipi-
ent particle size. The content of the coarse granules is composed

mainly of drugs, while smaller fractions consisted of fine granules
and un-granulated excipients [4,9–12]. This is due to the prefer-
ential granulation of small sized drug components where binder
is taken up more by the drug particles than the coarse excipient
particles. The coalescence of small drug-enriched granules forms
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he coarse drug-enriched granules. Consequently, the granules pro-
uced at this condition will always be enriched with drug due to the
referential granulation of the small drug particles. However the
istribution of drug is uneven in the granulation batch, unless the
xtent of granulation can be increased to granulate all the powder
4,10,11].

Heterogeneous-wetting granulation can also result in the com-
osition of granules in each size fraction being different. Hence
tudies of granule composition, also known as sieve fraction assays,
re carried out to investigate granule homogeneity as a function of
ranule size [10,11]. In one industrial study, two types of fine drugs
drug A and B), microcrystalline cellulose (Avicel) and lactose were
ranulated together [10,11]. The granulation process switched from
roducing granules that were enriched with drug and lactose to
ranules that were enriched with drug and Avicel at the point
here 40% of the granulated mixture was greater than 125 �m. This
as due to the ability of the Avicel component being able to absorb

he binder water into its porous configuration before becoming
aturated, thus delaying its capacity to form liquid bridges. As the
ercentage of coarse granule fraction increases (>125 �m), the drug
nd excipient concentration approaches the target amount across
ll granule size fractions, suggesting that coarser granule size may
e desirable for achieving drug content specifications (100% target
laim in cuts > 125 �m) [10,11].

The reverse trend is seen in cases where the drug particle size
s coarser than the excipient particle size. The smaller granule frac-
ions consisted of high drug content [4]. The distribution of active
omponent can be improved by milling the drug and excipient pow-
ers, giving a homogeneous distribution of drug as demonstrated
y Vromans et al. [4]. However, the reduction of particle size may
ot always result in homogeneity of granules due to the increasing
endency for particles to agglomerate [4,12].

Fundamental work on heterogeneous-wetting granulation was
arried out by Lerk et al. [13] and Aulton and Banks [1], who inves-
igated the effects of the powder wettability on the average granule
ize. The wettability of the powder mixture has a direct effect on
he resulting average granule size and the ease of granulation pro-
ess control [1,2,13]. A few studies that have looked into this area
f granulation have found that as the proportion of hydrophobic
omponent increases, the resulting granule size decreases [1–3].
his was attributed to the increase in hydrophobicity of the pow-
er mixture, which increases the contact angle of the mixture and
ay slow down the granule growth and produce a smaller average

ranule size. However no mechanistic explanation for the decrease
n average granule size has been given and forms a potential area
f research to investigate.

The inclusion of hydrophobic drugs in the formulation would be
xpected to affect the nucleation of the powder and drug. An assess-
ent of the interaction between the powder and liquid can be made

hrough the drop penetration time, tp. The drop penetration time is
he time taken for a single droplet of liquid to penetrate into a pow-
er surface [16]. A fundamental study investigated the effect of the
inder and hydrophilic powder beds on the drop penetration time
nd found that the contact angle was a key factor. This work was
ater expanded to look at the effect of formulation wettability on
he drop penetration time [17] and found that low concentrations of
ydrophobic component can significantly affect the drop penetra-
ion time. A rapid increase in the drop penetration time indicated

transition from hydrophilic behaviour to hydrophobic wetting
ehaviour. This point of transition was defined as the critical or
hreshold concentration ratio pc [17].
Studies into granulation of heterogeneous powder mixtures
ave shown that there is conflicting behaviour in heterogeneous-
etting granulation. Most of the studies done on granule
omogeneity have concentrated on hydrophobic components that
ake up less than 10% of the formulation. The objective of this
ng Journal 164 (2010) 330–339 331

paper is to granulate a simple lactose–salicylic acid formulation
over a wide range of drug loads, similar to the Aulton and Banks
study [1], and to analyse the composition of each different gran-
ule size fraction to determine the reason behind the decrease in
granule size as the hydrophobic component proportion increases
[1–3]. The Aulton and Banks paper [1] is frequently cited, but the
original paper is a short conference abstract with few experimental
details. This paper significantly extends their work [1] to include in
depth analysis of the granules size, structure and composition as a
function of formulation hydrophobicity.

2. Experimental

2.1. Materials characterisation

Salicylic acid (Merck Pty. Ltd.) and lactose monohydrate 200
mesh (Wyndale, New Zealand) were chosen as the hydrophobic and
hydrophilic components respectively. Salicylic acid (denoted by SA)
particles are needle-like in shape and were chosen to compare the
work of Aulton and Banks [1] and to represent the hydrophobic drug
component in the formulation. Lactose 200 mesh (denoted by L2M)
consists of tomahawk-shaped particles and is used extensively as
a filler in tablet manufacture. Lactose and salicylic acid were used
“as received”. Powder formulations of salicylic acid and lactose in
varying ratios (described in Table 1) were prepared for the granu-
lation experiments. As this project is investigating the distribution
of drug during wet granulation to further understand the granula-
tion process and not looking into the application in an industrial
setting [14], the composition variation due to weighing variations
is estimated to be ±1% of the desired powder composition. Addi-
tional variation due to local segregation at the powder surface or
beneath the small droplet contact area may also occur but this is
very difficult to quantify.

A summary of the powder properties for the salicylic acid and
lactose 200 mesh powder formulations are given in Table 1. The
average particle density was calculated from the component frac-
tion x and the true densities of the two components [7,17]:

�average = x�L2M + (1 − x)�SA (1)

Two types of granulating fluid were used as binders to inves-
tigate the hydrophobicity effect of the formulation on the
drug distribution. Water and an aqueous solution of 5% (w/v)
PolyVinylPyrrolidone (PVP) (Sigma–Aldrich, K90 grade) were used.
Orange and green dyes were added to the binders respectively to
assist with visual observations of the granules. Water is completely
hydrophobic to salicylic acid (contact angle is � ≈ 103◦ [1]) while
aqueous PVP undergoes a complexation reaction with salicylic acid
to form water-soluble chemical complexes [15] and would display
a contact angle of approximately 90◦. Therefore PVP transitionally
wets the salicylic acid (from � ≈ 103◦ to � < 90◦) and this border-
line wetting will be termed “transitional wetting” throughout this
paper.

2.2. Experimental set-up and procedure

All granulation and sieve fraction assay experiments were
carried out in duplicate. The granulation experiments involved
preparing 750 g of various ratios of salicylic acid and lactose pow-
der. The powders were granulated in a 5 L high-shear granulator
(KG-5 model, Key International Inc.). The impeller speed was set
at 285 rpm, which was beyond the minimum roping mixing speed

to minimise any transitional fluctuations between the transitional
mixing regime from ‘bumping’ to ‘roping’ mixing stages. The pow-
ders were dry-mixed for 1 min prior to granulation. The 5% PVP
binder fluid was sprayed into the granulator for 1 min and 20 s
through a flat spray nozzle (spray tip SS650017) connected to a
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Table 1
Powder properties for salicylic acid and lactose 200 mesh formulations.

wt% salicylic acid in mixture wt% lactose 200 mesh in mixture True particle density (g/cm3) d10 (�m) d50 (�m) d90 (�m)

0 100 1.540a 5.0 37 173
20 80 1.518 5.8 33 147
40 60 1.496 6.6 30 120
50 50 1.485 7.0 28 107
60 40 1.474 7.4 26 94
80 20 1.452 8.2 23 67

1.430b 9.0 19 41
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the granule size distribution curves appear to show a weak trend
with increasing proportion of salicylic acid in the mixture, as the
median granule size is centered around the 100 �m size fraction
for most formulation mixtures (see Fig. 1).
100 0

a Data taken from [17].
b Data taken from [7].

L spray pot (Spray systems) at a flow rate of 90 mL/min. Follow-
ng the addition of 120 mL of binder, the batch underwent 2 min of

et massing.
After granulation, each batch was dried overnight in an oven at

0 ◦C and a representative sample of the granular batch was col-
ected by using a chute splitter. Sieve fraction assay analysis was
hen performed to determine the composition of the granules in
ach sieve fraction. The granular material was sieved through 6
ieves using a mechanical dry sieve shaker (Retsch, A200), at an
mplitude of 0.5, to measure the granule size distribution and to
ollect at least 5 g of granules in the following sieve fractions: pan,
25 �m, 250 �m, 425 �m, 710 �m and 1 mm. For each size fraction,
5 g sample was dissolved in 100 mL of methanol to dissolve the

alicylic acid but leave the lactose powder undissolved. The solu-
ion containing methanol, lactose powder and dissolved salicylic
cid underwent vacuum filtration (Whatman filter grade number 2,
�m pore size) to filter out the lactose powder. The measurement
f the lactose filtrate mass enabled the calculation of the average
ranule composition in each sieve fraction. Calibration of the vac-
um filtration method showed that the method was accurate to
ithin ±5% of the theoretical powder composition.

To further understand the granulation mechanism of the
eterogeneous-wetting powder system and in particular the nucle-
tion of powder mixtures with binder, single drop nucleation
xperiments were carried out on the powder mixtures to mea-
ure the drop penetration time. The drop penetration time tp is
he time taken for a droplet to completely penetrate into a powder
ed [16]. The loosely packed powder conditions in the granulator
ere imitated by sieving powder through a 1.7 mm sieve into a Petri
ish with the top of the powder bed scraped smooth with a spat-
la. A single droplet with an average volume of 12.3 �L was gently
eposited onto the powder bed using a 1 cm3/mL syringe and a 21
auge needle tip. The syringe was clamped onto a rig such that the
mpact height stayed constant for all experimental runs at 0.5 cm.
nce the droplet impacted onto the powder bed, the penetration

ime was measured using a stopwatch and complete penetration
as signalled by the transition from dark green to pale green foot-
rint. The drop penetration kinetics was compared to the water
rop penetration kinetics taken from another study [17]. A total of
8 replicates were performed. Once the drop penetration was com-
leted, the nucleated powder beds were dried overnight at room
emperature (22 ◦C) and excavated to observe the granule morphol-
gy. Selected experiments were captured at different time intervals
sing a digital microscope camera (Motic).

. Results

.1. Effect of formulation hydrophobicity on the average granule

ize

The hydrophobicity of the formulation has a significant effect
n the extent of wetting between the powder particles and the
inder, which consequently affects the average granule size. Evi-
Fig. 1. Logarithmic granule size distribution of powder mixtures of increasing pow-
der hydrophobicity with aqueous PVP as the granulating fluid.

dence that the average granule size decreases as the proportion of
hydrophobic drug increases can be seen in granule size distribu-
tions (Figs. 1 and 2). The primary particle sizes for salicylic acid
and lactose are approximately 20 �m and 37 �m respectively (see
Table 1), and in this study, any material below 90 �m is considered
to be un-granulated powder.

Figs. 1 and 2 show the different trends in logarithmic granule
size distribution as a function of proportion of hydrophobic sali-
cylic acid (SA) in the powder mixture for PVP and water binders
respectively. For PVP granules, the amount of fine granules or
un-granulated powder in the granular product increases as the pro-
portion of salicylic acid in the powder mixture increases. However
Fig. 2. Logarithmic granule size distribution of powder mixtures of increasing pow-
der hydrophobicity with water as the granulating fluid.
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ig. 3. Comparison of the d10 and d90 granule sizes for PVP (open symbols) and water
closed symbols) with Aulton and Banks [1] “average” granule size (grey squares).

A strong trend of decreasing average granule size as the con-
entration of salicylic acid increases can also be seen for water
ranulated granules (see Fig. 2). The peaks of the granule size distri-
ution curves progress to the left towards 90 �m as the proportion
f salicylic acid increases. The progression in average granule size
owards 90 �m may suggest that there is weak granulation of sal-
cylic acid particles, consequently leading to the fine size fractions
onsisting of predominantly un-granulated salicylic acid, particu-
arly for high concentrations of salicylic acid in the formulation.
he weak granulation of salicylic acid is also evident in the nar-
ow granule size distribution curves produced by granulating with
ater, compared to the broader distribution curves produced by

ranulating with aqueous PVP fluid.
The decrease in granule size as a function of the formulation

ydrophobicity can also be seen in Fig. 3, which shows the d10 and
50 granule sizes as a function of the formulation hydrophobicity
or both PVP and water binder. To further understand the mecha-
isms behind Aulton and Banks’ [1] work, a comparison between
he experimental data and the Aulton and Banks data was carried
ut to see the similarity of the two studies. In Aulton and Banks’
ork, the “average” granule size was given [1] although the defini-

ion of “average” was not provided. The comparison in Fig. 3 shows
hat there is steady decrease in the d10 and d50 granule sizes, for
oth PVP and water data, which supports Aulton and Banks’ work.

owever the water-bound granule size decreases at a steeper rate
ompared to PVP which may suggests that different granulation
echanisms (immersion vs. solid spreading nucleation, discussed

n more detail in Section 3.4) are occurring at the extreme ends of

ig. 4. Granule size distribution and drug claim represented by mass sieve fractions
or 20 wt% salicylic acid and 80 wt% lactose 200 mesh.
Fig. 5. Granule size distribution and drug claim represented by mass sieve fractions
for 40 wt% salicylic acid and 60 wt% lactose 200 mesh.

the hydrophobicity spectrum. The d10 granule size for PVP appears
to be most consistent with Aulton and Banks’ data, possibly sug-
gesting that a finer grade of primary powder was used in their
work. However it should be noted that Aulton and Banks’ study
was carried out in a fluidised-bed granulator [1], which means that
the granulation process is undertaken in different conditions com-
pared to the high-shear mixer granulator used in this study (for
example different binder flow rate, simultaneous drying and dif-
ferent powder agitation method). Despite the different granulating
conditions, the high-shear mixer data agrees with the fluidised-bed
data, showing that the decrease in the granule size with increasing
hydrophobicity of the formulation is a consistent and important
trend.

3.2. Effect of formulation hydrophobicity on drug distribution

The drug distributions and the sieve mass fraction distributions
as a function of the sieve fraction are shown in Figs. 4–8. The bars
show the size distribution as the weight fraction retained in each
sieve, while the line shows the % drug claim of each size fraction,
which indicates the composition of each granule fraction. “100%
drug claim” means that the composition of that sieve fraction was
exactly equal to the theoretical drug claim (which is either 20%,
50%, 60% or 80% depending on the batch). A drug claim of “200%”
would mean that the size fraction contained twice as much drug
as was expected theoretically. The drug claim error bars reflect the

±5% maximum error in the vacuum filtration method used to mea-
sure the salicylic acid content. Theoretical drug mass balances are
within 10% of the theoretical composition for each batch, except for
the 80 wt% salicylic acid batch, where the discrepancy was found

Fig. 6. Granule size distribution and drug claim represented by mass sieve fractions
for 50 wt% salicylic acid and 50 wt% lactose 200 mesh.
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Fig. 7. Granule size distribution and drug claim represented by mass sieve fractions
for 60 wt% salicylic acid and 40 wt% lactose 200 mesh.
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Fig. 9. Drug claim for various heterogeneous-wetting powder mixtures, granulated
with 5% (w/v) aqueous PVP.

with salicylic acid that is granulated with lactose powder. The

T
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ig. 8. Granule size distribution and drug claim represented by mass sieve fractions
or 80 wt% salicylic acid and 20 wt% lactose 200 mesh.

o the 12.4% between the actual and theoretical drug content. The
iscrepancy can be attributed to the highly static charge of the
ydrophobic powder, which may have led to some drug loss dur-

ng the sieve fraction assay analysis. The drug distribution for each
ranulation batch, shown in Figs. 4–8, can be more clearly com-
ared using Figs. 9 and 10 for aqueous PVP and water respectively.

Figs. 4–10 show that the uniformity of the drug distribution is
trongly dependent on the wettability of the formulation. Where
he interaction between the binder and the powder formulation
s not strongly hydrophobic, as is the case with the PVP binder, a
omogeneous distribution of drug can be achieved across all gran-
le size fractions in the granulation batches. The composition of
he granules is relatively consistent across all size fractions, except

or the 40 wt% salicylic acid batch which has a slight deviation away
rom the theoretical amount. Therefore, when the formulation wet-
ability is mostly hydrophilic, the drug is uniformly distributed
hroughout the granular batch and closely approach 100% drug

able 2
rop penetration time summary for heterogeneous powder systems with varying magnit

wt% SA wt% L2M ε 5% (w/v) PVP

tp (s) �� (s) Max. tp (s)

0 100 0.75 7.9 0.51 12
20 95 0.75 13.8 0.90 24
40 90 0.77 13.9 0.60 19
50 85 0.77 16.7 0.79 25
60 75 0.78 17.9 0.42 22
80 50 0.80 20.7 0.64 28

100 0 0.85 18.4 0.66 23

ote: n, number of experiments; ε, bed porosity; V0, drop volume; tp, average penetration
Fig. 10. Drug claim for various heterogeneous-wetting powder mixtures, granu-
lated with water.

claim in all granule size fractions, regardless of the proportion of
hydrophobic component in the powder mixture.

In contrast, hydrophobic formulations granulated with a water
binder show a poor ability to achieve a uniform granule compo-
sition. From Fig. 10, it can be seen that the highest drug claims
are found in mainly the finest and coarsest size fractions. There-
fore it appears that the finest fractions compose of un-granulated
salicylic acid powder, while the coarse fractions are enriched
magnitude in deviations away from the theoretical drug content
becomes progressively worse as the formulation batch becomes
more hydrophobic. Consequently this leaves the intermediate
granule size fractions being deficient of salicylic acid. Hence gran-

udes of hydrophobicity.

Water, data taken from [17]

Min. tp (s) tp (s) �� (s) Max. tp (s) Min. tp (s)

4 0.02 0.0 0.02 0.02
9 0.3 0.1 1.8 0.03

11 17.8 2.5 34.9 0.7
11 57.7 1.8 67.4 48.5
16 57.4 3.8 87.4 33.9
17 88.8 2.6 104.4 74.0
13 91.8 1.8 102.3 75.7

time.
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ig. 11. Drop penetration time as a function of hydrophobicity of a powder bed
onsisting of varying ratios of salicylic acid and lactose 200 mesh.

lation of hydrophobic formulations compromises the granulation
erformance. Designing a formulation that exhibits hydrophilic

nteractions between the powder and binder would facilitate in
chieving the uniformity criterion for granular products set by the
DA and other regulatory agencies.

.3. Effect of drop penetration time
Previous studies have shown that the drop penetration of a
iquid binder into a powder bed is strongly dependent on the formu-
ation properties [16,17]. Table 2 supports these conclusions as the
rop penetration time is strongly influenced by the hydrophobicity
f the formulation.

ig. 12. Matrix of the drop penetration of a PVP droplet into heterogeneous-wetting po
L2M) powders. Actual drop penetration times are longer than shown due to the difficult
ng Journal 164 (2010) 330–339 335

The drop penetration times tp for a 5% PVP and water droplet
penetrating into powder beds of varying degrees of hydrophobicity
are summarised in Fig. 11. The bed voidage ε increases steadily
across all degrees of powder formulation hydrophobicity from 0.75
to 0.85 due to subtle packing differences between the two powders
and the inherent static of the salicylic acid which leads to poor
packing of particles in the powder bed.

From Fig. 11, the drop penetration time increases as the propor-
tion of salicylic acid in the formulation increases, in agreement with
a previous study [17]. Because aqueous PVP transitionally wets the
salicylic acid in the formulation, the penetration rate is faster than
that compared to the powder formulation nucleated with water,
which is completely hydrophobic to salicylic acid. In general for all
degrees of formulation hydrophobicity, a narrow drop penetration
time range is seen for formulations nucleated with aqueous PVP
droplets (time ranges from 4 to 28 s) compared to water droplets
(time ranges from 1 to 626 s).

The difference in the drop penetration time range can be more
clearly seen in Fig. 11, which shows the relationship between drop
penetration time and the amount of hydrophobic salicylic acid
in the powder mixture. The data in Fig. 11 includes a constant
estimated x-axis error of ±1% in the composition of the powder
bed and the y-axis error bars represent the standard error of the
mean. Although the penetration time is expected to increase with
an increase in hydrophobic drug proportion, Fig. 11 shows that
the sensitivity of the penetration time depends upon the formu-
lation hydrophobicity. For instance for water-bound nuclei, the
penetration time is very sensitive to the proportion of salicylic
acid in the powder mixture and a critical region at approximately

20 wt% salicylic acid can be found where the penetration time
increases significantly. This point indicates a transition from domi-
nant hydrophilic penetration to the slower dominant hydrophobic
penetration of binder droplets [17]. For formulations nucleated
with aqueous PVP droplets there is no change in penetration kinet-

wder bed composing of various ratios of salicylic acid (SA) and lactose 200 mesh
y of capturing the complete liquid penetration in the crater.
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Fig. 13. The granule morphology as a function of the powder bed hydroph

cs over the entire range of formulation hydrophobicity, which
llustrates the transitional wetting that PVP undergoes with sali-
ylic acid. The penetration kinetics are relatively insensitive to the
ormulation hydrophobicity for PVP binder.

.4. Drop penetration behaviour and granule morphology

Fig. 12 shows that the penetration of a droplet into a
eterogeneous-wetting powder bed can be complex with a tran-
ition from hydrophilic nucleation to hydrophobic nucleation.

For low proportions of hydrophobic component in the powder
ixture, the droplet immediately penetrates down into the powder

ed, indicating that the powder bed exhibits dominant hydrophilic
enetration behaviour or “immersion wetting”. When a significant
mount of salicylic acid is in the formulation (40 wt% salicylic acid),
here are signs that the powder bed is showing hydrophobic wet-
ability with some degree of “solid spreading nucleation” [18] or
preading of hydrophobic particles over the droplet surface, while
he droplet is still penetrating into the powder bed. This is shown

ore prominently in Fig. 12 for the 80% salicylic acid powder mix-
ure.

After impact of the droplet onto 100% salicylic acid powder (see
ottom row in Fig. 12), a liquid marble is initially formed, but after
pproximately 2 s, transitional wetting between the PVP and sali-
ylic acid occurs [15], consequently leading to immersion wetting
nd the PVP droplet eventually penetrates into the powder bed
o form a core-saturated granule. The fact that the 5% (w/v) PVP
roplet does penetrate into the 100% salicylic acid powder indicates
hat the contact angle between the hydrophobic powder and binder

uid is high but still less than 90◦, showing that drop penetration is
till possible. Overall the drop penetration times for aqueous PVP
re much faster than the penetration times for pure water for the
ame powder system [17] which suggests that the increased vis-
osity of the PVP binder solution is a minor effect compared to the
. Drop size constant at ∼12.3 �L. The scale markings indicate millimetres.

decreased contact angle achieved by using a 5% (w/v) PVP solution
instead of pure water.

Fig. 13 shows the transition in granule morphology from a core-
saturated granule to the formation of a collapsed liquid marble to
form a saturated nucleus. The granule morphology and strength is
dependent upon the formulation hydrophobicity.

Granules produced from low proportions of salicylic acid exhibit
a morphology that consists of a large granule with a highly sat-
urated nucleus, surrounded by an outer layer of semi-saturated
powder shell, similar to structures noted elsewhere [16,19–21]. The
core-saturated granule demonstrates high granule strength as the
granule is able to resist any deformation forces exerted on it during
the excavation process.

However the granule structure begins to weaken as the propor-
tion of salicylic acid increases. This is the case for 40 wt% salicylic
acid, where the outer semi-saturated powder layer is broken away
from the saturated core. Hence there is a formation of hetero-
geneous granule morphologies in the granulation batch from 40
to 60 wt% salicylic acid, although the mechanical or deformation
forces in granulator would be expected to break away most of
the semi-saturated powder layer making the granule morphology
more consistent. The 80 wt% salicylic acid granular material mor-
phology is more uniform where the batch is solely composed of
saturated-core granules, which is also seen for the nucleation of
pure salicylic acid powder. However, the saturated cores are irreg-
ular shaped, due to the weak adherence of salicylic acid particles
to each other and the weak resistance of the core to deformation
forces. The lack of a semi-saturated powder shell in granules pro-
duced from a higher loading of salicylic acid would assist in the

explanation of the decrease in granule size with increasing propor-
tion of hydrophobic component in the formulation. A similar trend
was found for granules nucleated with water, however the granules
looked less irregular and nucleation of pure salicylic acid composed
of fragmented lens-shaped hollow granules [17].
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. Discussion

.1. Effect of hydrophobicity on granule size

Fig. 3 shows that the incorporation of hydrophobic powder com-
onents into the formulation decreases the average granule size,
upporting the original work of Aulton and Banks [1]. We attribute
he observed decreases in average granule size to two comple-

entary effects: smaller nuclei are formed from each drop (as
een in Fig. 13) and these granules are structurally weaker due to
ewer and weaker liquid bridges between the hydrophobic parti-
les.

The key finding that the nucleus size is smaller as the hydropho-
icity increases is supported by Fig. 13 and a previous study [17]
hich shows that smaller granules are formed as the proportion

f salicylic acid in the formulation increases, even when the drop
ize remains constant. This is due to a transition in nucleation
echanism and granule structure. For hydrophilic formulations,

ontaining mostly lactose powder, the droplets of binder fluid
orm a core-saturated granule. Granules produced from formu-
ations containing larger proportions of salicylic acid consist of
nly a saturated core, and lack a semi-saturated outer powder
ayer. Some hybrid nucleation [17], involving simultaneous solid
preading nucleation [18] and drop penetration [16,17] may also
ccur.

The weak adherence of salicylic acid to lactose or other salicylic
cid powder particles during granulation exacerbates the reduc-
ion in granule size. During the nucleation stage, the wettability of
ranulating fluid determines the strength of the liquid bridges that
inds the primary particles together. Where the granulation of sal-

cylic acid and water occur, the hydrophobic interaction between
alicylic acid and water leads to a high contact angle between
he binder and the particle, which would form an unduloid liquid
ridge [22]. This type of liquid bridge reduces the contact area of
he solid–liquid interface, which subsequently leads to the binder
eing weakly adhered onto the particle. Weak nucleation is even
een for the granulation of a formulation containing a high loading
f salicylic acid granulated with PVP. Although immersion wetting
ccurs with the PVP binder, the penetration of the binder through
he powder bed is limited [17]. The binder does not diffuse exten-
ively into the powder bed to form a strong semi-saturated powder
hell surrounding the saturated core as seen in Fig. 13.

For formulations with water as the granulating fluid, the water
s able to form strong nodoidal liquid bridges between the lac-
ose particles [22], which would facilitate the formation of the
emi-saturated powder layer around the nucleus. This would be
he primary reason why the size of the granule made from a pre-
ominately hydrophilic powder mixture is coarser, even in the
ucleation of the powder mixture with aqueous PVP fluid. This
easoning is supported by Fig. 13, where granules produced from

predominantly hydrophilic powder system consist of a thick
emi-saturated powder layer, which reduces as the formulation
ydrophobicity increases. The decrease in the average granule size
ould then be attributed to the increased breakage rate producing
ragmented granules and/or liquid marbles. Therefore it would be
he combination of weak liquid bridges and limited binder diffu-
ion that account for the decrease in granule size as a function of
ncreasing formulation hydrophobicity.

.2. Drug distribution in wet granulation
To achieve a uniform distribution of drug within a granulation
atch, good wettability between the granulating fluid and the pow-
er is favourable. Figs. 4–10 demonstrate this where using aqueous
VP as the granulating fluid results in a fairly uniform distribution
f salicylic acid. The granules of each PVP batch contained granules
ng Journal 164 (2010) 330–339 337

that approached the theoretical composition of 100% drug claim.
The insensitivity of the distribution of drug in the granulation batch
to the proportion of hydrophobic component in the mixture may
be partially attributed to the primary particle sizes of the drug and
excipients used in the granulation process. Previous works have
demonstrated that granulation of a coarse drug with fine excipient
and vice versa leads to preferential granulation of the finer particles
or coarser particles due to the viscous Stokes law theory favouring
the granulation of fine particles [8]. In this work, the size preferen-
tial granulation effect has been minimised with the use of a similar
primary particle size for salicylic acid and lactose (see Table 1).
Hence the powder components are able to mix and granulate more
evenly and this is supported by the work of Vromans et al. [4] who
found that granulation of similar-sized drugs and excipients leads
to an even distribution of drug throughout the granulation batch.
The uniform drug distribution is also attributed to the hydrophilic
wettability of aqueous PVP to salicylic acid. Therefore, during nucle-
ation of these formulations with PVP binder, immersion wetting is
occurring and the nucleated salicylic acid and lactose powder are
then dispersed by mechanical impeller forces (“destructive nucle-
ation” [20]) which facilitate the even distribution of salicylic acid
throughout the granulation batch.

In granulation batches using water as the granulating fluid, the
drug distribution is severely compromised with a high drug claim
for granules less than 124 �m and greater than 1000 �m for all
cases except for 20 wt% salicylic acid concentration. This confirms
that salicylic acid is completely hydrophobic to water which leads
to poor nucleation and/or granulation, leaving the fine and coarse
granular material being enriched with salicylic acid and the inter-
mediate size fractions deficient in drug content. The uneven drug
distribution can be explained by the preferential granulation of
components due to preferential wetting of the hydrophilic lac-
tose powder. This would account for the lower drug content in
the granules between 125 and 710 �m. The high drug claim in
granules greater than 1000 �m suggests that the agglomeration of
lactose encases salicylic acid within the coarse lumps. While water
granulates lactose particles very efficiently, the hydrophobic sali-
cylic acid forms very weak unduloid liquid bridges [22] between
the particles. These liquid bridges are easily broken through han-
dling of the granular material or by impeller forces. In contrast
to the PVP granulation process, the mechanical impeller forces
does not facilitate material transfer between granules to distribute
the drug, rather the mechanical forces tend to break the salicylic
acid component from the granules. The resulting salicylic acid
remains un-granulated or undergoes a weak adherence and break-
age cycle. This phenomenon would account for the steep decrease
in granule size with increasing salicylic acid content as seen in
Fig. 3. Granulation with a hydrophobic formulation makes achiev-
ing the uniformity criterion difficult as the drug distribution is
non-uniform and there is granulation competition between the
hydrophilic and hydrophobic components in the formulation.

4.3. Drop penetration behaviour

The drop penetration time is strongly influenced by the pow-
der formulation hydrophobicity (see Table 2). When predominantly
hydrophilic powder is nucleated with a binder droplet, the pene-
tration time is relatively short, as seen in the penetration times
of less than 15 s for formulations up to 20 wt% salicylic acid. For
the PVP binder solution, which shows a transition between ini-
tially hydrophobic behaviour and then hydrophilic wetting, the

drop penetration time increases slightly to 20 s for penetration into
80 wt% salicylic acid powder mixture. The gradual increase in drop
penetration time indicates the progression to limiting percolation
[17] of the binder through the binary powder bed. However the
limiting percolation is not a significant factor in the penetration
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inetics compared to water systems. In contrast, the hydropho-
ic interaction between the water and the salicylic acid is shown
y a sharp increase in the drop penetration time (Fig. 11) which
lso corresponds to a dramatic transition in nucleation phenom-
na (Fig. 13). For low degrees of formulation hydrophobicity, there
s a strong hydrophilic nucleation behaviour of immersion wet-
ing, while for high degrees of hydrophobicity, the penetration time
lows down significantly or may not penetrate into the powder bed
t all, but instead undergoes solid spreading nucleation [17].

As seen with the drop penetration time profile of water [17],
he point of transition between the hydrophilic and hydrophobic
ehaviour is defined by the rapid increase in penetration time. In
he system studied, the rapid increase in penetration time occurred
t approximately 20 wt% salicylic acid. This point of transition is
efined as the critical or threshold concentration ratio pc [17] and
an be explained by the site percolation theory [23,24]. For the
inary system of heterogeneous-wetting powder components, the
hreshold concentration ratio pc defines the boundary at which
he percolation reaches its lowest limit for successful liquid pen-
tration through the powder capillaries. For a binary system that
ontains a large proportion of hydrophobic powder, successful pen-
tration can only occur if there is a hydrophilic pathway present
n the system and/or if the binder must overcome the high con-
act angle of the hydrophobic capillary walls. Nucleation with PVP
nitially exhibits hydrophobic behaviour, but transitional wetting
radually turned the hydrophobic formulation into a hydrophilic
ystem, allowing for the droplet to eventually penetrate into the
owder bed. The hydrophobic effect became more significant once
he salicylic acid concentration was more than 40 wt%, where solid
preading nucleation and simultaneous immersion wetting was
bserved (Fig. 12). For concentrations below 40 wt% salicylic acid,
he nucleation process undergoes immersion wetting producing
ore-saturated granules (Fig. 12). The drop penetration time corre-
ponds to the wettability of the formulation and gives an excellent
ndication of the nucleation mechanisms involved during the gran-
lation of heterogeneous powders.

The drop penetration time can also be correlated to the uni-
ormity of drug distribution in the granulation batch. As seen in
igs. 9 and 10 for PVP and water binders respectively, the drug
laim is relatively consistent at the theoretical drug claim for 20 wt%
alicylic acid in both the PVP and water-nucleated formulations.

hen the proportion of salicylic acid is at least 40 wt%, larger
eviations away from the target drug claim can be seen. This sug-
ests that for formulations with a drop penetration time below
he threshold concentration ratio pc, the wetting of the powder
s hydrophilic with minimum hydrophobic effects and hence the
rug distribution is even throughout the batch. When the thresh-
ld concentration ratio is exceeded, the hydrophobicity effects of
he salicylic acid become more dominant in the penetration kinetics
nd nuclei structure. This compromises the uniformity of the drug
istribution in the granulation process. Therefore the drop pene-
ration time and the threshold concentration ratio may be able to
redict the extent of drug distribution for a granulation batch. This

s the subject of further investigation.

.4. Granule morphology

The granule morphology in Fig. 13 gives an insight into the
omplex nucleation mechanisms occurring during granulation of
eterogeneous-wetting systems. Granulation of a hydrophilic for-
ulation yields granules that are uniform in morphology and
trong enough to resist forces in the granulator or subsequent
andling. The formation of core-saturated granules from formula-
ions with a high proportion of lactose allows for the dissolution
f lactose into water or aqueous PVP. During the drying pro-
ess, the lactose helps cement the lactose particles together [17].
ng Journal 164 (2010) 330–339

The addition of even small amounts of salicylic acid causes the
granule strength to be compromised, even at low magnitudes of
hydrophobicity, which also compromises the uniformity of the
granule structure for the granular product.

However, even for core-saturated granules formed from pure
lactose, the liquid bridges formed in the semi-saturated crust are
weaker than that formed in the saturated-core region and so the
semi-saturated powder layer can break away. This is known as
“destructive nucleation” [20] and will be a particularly impor-
tant mechanism when a high proportion of salicylic acid is found
in the formulation for both water and aqueous PVP nucleated
systems. The higher proportion of salicylic acid in the granule
would decrease the probability of the lactose particles cement-
ing together. The weakening adhesion strength of the liquid
bridge would make the granules more susceptible to attrition and
breakage under turbulent granulator conditions, and the resulting
granular product would compose of core-saturated nuclei without
their original shell.

The limited percolation theory also supports the finding
whereby the presence of salicylic acid in the system reduces the
pathways available for the liquid to penetrate efficiently through
the powder bed which hinders liquid bridge formation and reduces
granule strength. This would explain why PVP nucleated gran-
ules in this paper are more irregular in shape compared to
water-nucleated granules in a previous study [17]. Under typical
granulator conditions, the strength of the granules produced at high
drug loadings would not be able to resist the mechanical impeller
forces, compared to granules produced from low drug loadings.
Therefore the inclusion of complex hydrophobic drugs in granu-
lation and tablet manufacture compromises the uniformity of the
granulation batch in terms of granule morphology and strength. The
wettability of the formulation can be improved through the inclu-
sion of polymers in the binder, as seen in the case of nucleating and
granulating with aqueous PVP.

This investigation demonstrates that formulation wettability
is a critical factor in controlling the distribution of drug during
the granulation. Formulations with a short penetration time are
relatively hydrophilic and mechanical impeller forces would be
important for distributing the drug evenly in the granulation batch
to produce a final product with a narrow granule size distribu-
tion and close to 100% drug claim/content. However the granule
morphology consistency may not be achieved due to the poten-
tial hydrophobic behaviour effect between the powder and binder
(particularly at high drug loadings) which would lead to breakage
and attrition of granules during the granulation process.

For more hydrophobic formulations with long drop penetration
times, the nuclei formed will be smaller and the impeller forces
would have a detrimental effect on the drug distribution as there is
weak adherence between the powder and binder. To improve the
drug distribution, physical operation procedures could be adopted
such as a longer wet-massing period but this could broaden the
granule size distribution. Coarse granules could also be selected
(such as in this case 710 �m granules) with the desired drug con-
tent and recycle the undesired granules. However this approach
may be economically infeasible or time, energy and material con-
suming. Using a surface chemistry approach and adding a polymer
or surfactant to the binder will improve the wettability of the for-
mulation, although this is not always feasible. Very low levels of
hydrophobic powders (approximately up to 20% in proportion for
this formulation) can be used in a granulation formulation without
having a detrimental effect on the wetting between the binder and

powder. However this may not meet the requirements of the final
dosage design and so both surfactant and/or mechanical forces are
expected to play an important role in breaking up caked saturated
powder masses and evenly distribute the drug in the granulation
batch.
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. Conclusions

Investigations into the granulation and nucleation of
eterogeneous-wetting formulations have found that the nucle-
tion and granulation of heterogeneous-wetting components are
nfluenced by a complex combination of powder wettability and
ucleation mechanism for a formulation with a matched particle
ize between the hydrophilic and hydrophobic components.

This study is a significant extension on the influential work of
ulton and Banks [1] which validates their original conclusions but
rovided a much more detailed analysis of the granules size, struc-
ure and composition. The study confirmed that the average granule
ize decreases as the proportion of hydrophobic powder increases.
his is attributed to the weaker and less effective liquid bridges as
ell as due to smaller size of the nuclei formed due to the absence

f the semi-saturated outer layer. These smaller and weaker gran-
les would also be more susceptible to deformation and breakage.
ranulation with a hydrophilic formulation produced a batch with
niform drug content, granule morphology and size. In contrast,
ranulation of hydrophobic formulations compromised the granule
orphology and size uniformity and made achieving a consistent

rug content that approached the ideal drug claim difficult for all
ize fractions. To improve the wettability of a hydrophobic formula-
ion, the inclusion of a polymer or a surfactant into the binder can be
mployed. The drop penetration time increased as the proportion
f salicylic acid in the powder mixture increased, where there was
weak threshold concentration of approximately 40 wt% salicylic

cid for aqueous PVP nucleated cases and a strong threshold con-
entration of approximately 20 wt% for water cases. The threshold
ignalled the transition of hydrophilic to hydrophobic nucleation
ehaviour as evident by hybrid solid nucleation-immersion wet-
ing penetration of the droplet into the powder bed. The threshold
oncentration may also give an indication to the magnitude of the
ydrophobic effects and hence the uniformity of drug distribution

n the granulation batch.
The granulation of heterogeneous-wetting formulation is not

eemed to pose significant problems in achieving a uniform gran-
lar product as long as the primary particle sizes of the drug and
xcipients are relatively similar and there is a hydrophilic wetta-
ility between the powder and binder to produce strong liquid
ridges, essential for granule growth and strength. An even dis-
ribution of drug during the granulation process relies on efficient

aterial transfer between granules and this is dependent on the
ydrophilic wettability of the formulation and mechanical impeller

orces to induce granule material transfer.
cknowledgments

This project was financially supported by an Australian Research
ouncil Discovery Grant (DP0770462) and the Monash Research
raduate School (Postgraduate Publications Award).

[

[

ng Journal 164 (2010) 330–339 339

References

[1] M.E. Aulton, M. Banks, Influence of the hydrophobicity of the powder mix on
fluidised bed granulation, in: International Conference on Powder Technology
in Pharmacy, Powder Advisory Centre Basel, Switzerland, 1979.

[2] Z. Belohlav, L. Brenkova, J. Hanika, P. Durdil, P. Rapek, V. Tomasek, Effect of drug
active substance particles on wet granulation process, Chemical Engineering
Research and Design 85 (7) (2007) 974–980.

[3] K.T. Jaiyeoba, The granulation of ternary mixtures: the effect of the wettability
of the powders, Journal of Pharmacy and Pharmacology 32 (6) (1980) 386.

[4] H. Vromans, H. Poels-Janssen, H. Egermann, Effects of high-shear granulation
on granulate homogeneity, Pharmaceutical Development & Technology 4 (3)
(1999) 297–1297.

[5] P.F. Dimond, Using nanotechnologies in biotech and medicine, Drug Discovery
Channel 25 (6) (2005).

[6] J.A. Straub, et al., Intravenous hydrophobic drug delivery: a porous parti-
cle formulation of paclitaxel (AI-850), Pharmaceutical Research 22 (3) (2005)
347–355.

[7] K.P. Hapgood, B. Khanmohammadi, Granulation of hydrophobic powders, Pow-
der Technology 189 (2) (2009).

[8] J.D. Litster, B.J. Ennis, The science and engineering of granulation processes,
in: P.B. Scarlett (Ed.), Particle Technology Series, Kluwer Academic Publishers,
Dordrecht, The Netherlands, 2004.

[9] S.I.F. Badaway, T.J. Lee, M.M. Menning, Effect of drug substance particle size on
the characteristics of granulation manufactured in a high-shear mixer, AAPS
Pharmaceutical Science Technology 1 (4) (2000) (p. article 33).

10] K.P. Hapgood, R. Plank, J. Zega, A case study of drug distribution in wet gran-
ulation, in: World Congress of Particle Technology, vol. 4, Sydney, Australia,
2002.

11] R. Plank, J. Zega, Wai.F L., Granule content as a function of size studied for wet
granulation of a 3-component system, in: AIChE Annual Meeting, Reno, USA,
2001.

12] Y. Zhang, K.C. Johnson, Effect of drug particle size on content uniformity of low-
dose solid dosage forms, International Journal of Pharmaceutics 154 (2) (1997)
179–183.

13] C.F. Lerk, A.J.M. Schoonen, J.T. Fell, Contact angles and wetting of pharmaceu-
tical powders, Journal of Pharmaceutical Sciences 65 (6) (1976) 843–847.

14] T.M. Crowder, Sampling and measurement biases, in: A Guide to Pharmaceuti-
cal Particulate Science, Interpharm/CRC, Florida, US, 2003, pp. 39–40 (Chapter
3).

15] V. Buhler, Polyvinylpyrrolidone Excipients for Pharmaceuticals, Springer-
Verlag, Berlin/Heidelberg, 2005.

16] K.P. Hapgood, J.D. Litster, S.R. Biggs, T. Howes, Drop penetration into porous
powder beds, Journal of Colloid and Interface Science 253 (2) (2002) 353–366.

17] T.H. Nguyen, W. Shen, K. Hapgood, Drop penetration time into heterogeneous
powder beds, Chemical Engineering Journal 64 (2009) 5210–5221.

18] K.P. Hapgood, L. Farber, J.N. Michaels, Agglomeration of hydrophobic powders
via solid spreading nucleation, Powder Technology 188 (3) (2009).

19] S.H. Schaafsma, P. Vonk, N.W.F. Kossen, Fluid bed agglomeration with a narrow
droplet size distribution, International Journal of Pharmaceutics 193 (2) (2000)
175–187.

20] P. Vonk, C.P.F. Guillaume, J.S. Ramaker, H. Vromans, N.W.F. Kossen, Growth
mechanisms of high-shear pelletisation, International Journal of Pharmaceutics
157 (1) (1997) 93–102.

21] B. Waldie, Growth mechanism and the dependence of granule size on drop
size in fluidized-bed granulation, Chemical Engineering Science 46 (11) (1991)
2781–2785.

22] S.J.R. Simons, R.J. Fairbrother, Direct observations of liquid binder–particle
interactions: the role of wetting behaviour in agglomerate growth, Powder
Technology 110 (1–2) (2000) 44–58.
23] G. Alderborn, C. Nystrom, Pharmaceutical Powder Compaction Technology, vol.
71, Marcel Dekker, New York, 1996 (Drugs and Pharmaceutical Sciences).

24] A.D. Salman, M.J. Hounslow, J.P.K. Seville, Granulation process control – produc-
tion of pharmaceutical granules: the classical batch concept and the problem
of scale-up, in: J.C. Williams, T. Allen (Eds.), Handbook of Powder Technology,
Elsevier, Amsterdam, The Netherlands, 2007 (Chapter 15).


	Effect of formulation hydrophobicity on drug distribution in wet granulation
	Introduction
	Experimental
	Materials characterisation
	Experimental set-up and procedure

	Results
	Effect of formulation hydrophobicity on the average granule size
	Effect of formulation hydrophobicity on drug distribution
	Effect of drop penetration time
	Drop penetration behaviour and granule morphology

	Discussion
	Effect of hydrophobicity on granule size
	Drug distribution in wet granulation
	Drop penetration behaviour
	Granule morphology

	Conclusions
	Acknowledgments
	References


