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ABSTRACT
Purpose The purpose was to calculate distributions of powder
strength of a cohesive bed to explain the de-agglomeration of
lactose.
Methods De-agglomeration profiles of Lactohale 300® (L300)
and micronized lactose (ML) were constructed by particle sizing
aerosolised plumes dispersed at air flow rates of 30–180 l/min. The
work of cohesion distribution was determined by inverse gas
chromatography. The primary particle size and tapped density
distributions were determined. Powder strength distributions were
calculated by Monte Carlo simulations from distributions of particle
size, work of cohesion and tapped density measurements.
Results The powder strength distribution of L300 was broader
than that of ML. Up to 85th percentile, powder strength of L300
was lower than ML which was consistent with the better de-
agglomeration of L300 at low flow rates. However, ~15% of
L300 particles had higher powder strength than MLwhich likely to
cause lower de-agglomeration for L300 at high air flow rates.
Conclusion Cohesive lactose powders formed matrices of non-
homogenous powder strength. De-agglomeration of cohesive
powders has been shown to be related to powder strength. This
study provided new insights into powder de-agglomeration by a
new approach for calculating powder strength distributions to
better understand complex de-agglomeration behaviour.
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INTRODUCTION

Both active pharmaceutical ingredients (API) and ternary
components such as lactose, commonly used in dry powder
inhaler (DPI) formulations, are micron-sized and form co-
hesive matrices due to interparticulate interactions (1). In
powder mixtures, these cohesive structures may be complex
depending on the propensity of the cohesive-adhesive inter-
actions of the materials (2). The de-agglomeration and aero-
solization of these cohesive matrices are essential for
effective delivery to the lower respiratory tract, the principal
target of most respiratory drug delivery treatment (3). Al-
though the target particle size of de-agglomerated powders
is determined by the utilization purpose, it should be less
than 5 μm for deposition in the lower respiratory tract (4).
The factors influencing the complex de-agglomeration pro-
cess have been a focus of research for better formulation
design. One of the important factors that strongly influence
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the de-agglomeration and aerosolization processes is the ten-
sile strength of the agglomerates (5). Tensile strength can be
defined as the force per unit area of fracture that is necessary
to split a powder compact (6). A number of models have been
proposed to calculate tensile strength (6,8–10). One of the
earliest models was that proposed by Rumpf (11):
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where σ is the tensile strength of agglomerate, ε is the porosity
of the aggregate, k is the coordination number (number of
contacts per particle),H is the strength of interparticular bond
and d is the particle diameter. This model formed the platform
for further research on tensile strength calculation; however, it
was based on the assumptions that all particles in the agglom-
erates are uniformly distributed mono-sized spheres, and the
effective bonding bridges between particles fail simultaneous-
ly. Based on the Rumpf model, a number of modified equa-
tions for tensile strength calculation have been put forward
over time which were documented by Schubert (7). One of the
latest and widely accepted models was proposed by Kendall
and Stainton (12):

σ ¼ 15:6
8 4W
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where, d is the particle diameter, φ is the packing fraction
(volume of particles/volume of aggregates) andW is the work
of adhesion or cohesion of particles.

De-agglomeration of powders, in general, decreases as the
strength of agglomerates increases (5,13). An inverse relation-
ship between dispersion and the strength of agglomerate has
been reported for mannitol (14). However, the de-
agglomeration of micronized pharmaceutical powders, stud-
ied by laser diffraction particle sizing of the aerosol cloud
produced from commercial inhalation devices and shown by
the percentage of particles less than 5.4 μm, fitted a sigmoidal
function when the air flow rate (breaking force) was increased
from 30 l/min to 180 l/min (15,16). The non-linear
de-agglomeration behavior was attributed to a non-
homogeneous powder-bed structure (where powder structure
was considered to be a combination of the packing fraction,
work of cohesion and particle size). The non-linear relation-
ship of de-agglomeration profiles (15,16) has encouraged the
authors of this paper to rethink about the de-agglomeration
determining factors. In reality, cohesive powders consist of
particles of varying size. Particle surfaces will have a distribu-
tion of surface energy (17) and therefore, the work of cohesion
of powders is best represented by a distribution. The packing
fraction will also vary across the powder bed. As all the three
parameters, particle size, work of cohesion and packing frac-
tion, have distributions in real interactive powder systems, it is
hypothesized that the tensile strength of a powder will have a

distribution, and the de-agglomeration will be related to ten-
sile strength distributions rather than average values.

The purpose of this project was to test the hypothesis that
the differing de-agglomeration behaviour of two micronized
lactose powders can be explained by distribution of a tensile
strength rather than average values. Using the equation of
Kendall and Stainton (Eq. ii) above, the tensile strength dis-
tribution can be determined from the particle size distribu-
tion, the work of cohesion distribution and the packing
fraction distribution. The determination of particle size distri-
bution using laser diffraction is well established. The work of
cohesion distribution, calculated from the surface energy dis-
tribution using inverse gas chromatography (17), is now pos-
sible using the van Oss concept (18). An experimental method
for determination of packing fraction distribution in a cohe-
sive powder bed is not available. In this study, the tapped
density distribution (density of interactive powder bed at cer-
tain number of taps) was used in place of the packing fraction.
From the distributions of particle size, work of cohesion and
tapped density (ρt), a function of the tensile strength distribu-
tion which is termed as powder strength distribution in this
paper (σ*) was calculated using Monte Carlo simulation meth-
odology and a slightly modified Eq. ii as follows:

σ* ¼ 15:6
ρ4t W
d

� �
ðiiiÞ

The de-agglomeration-air flow rate profile of the lactose
samples were explained using the powder strength
distributions.

MATERIALS AND METHODS

Materials

Two lactose samples, Lactohale 300® (L300, Borculo Ingre-
dients domo, Borculo, The Netherlands) and micronized lac-
tose (ML) produced by micronization of α-lactose
monohydrate (Lactose New Zealand, Hawera, New Zealand)
using a fluid energymill (K-tron Soder, NJ, USA) (5) were used.

Methods

Pre-processing of Powders

Powders were pre-processed before investigation according to
a standardised hand mixing method developed in our lab and
published previously (19). The mixing would ensure the pow-
ders to be exposed to similar mechanical processing. Each
powder (5 g in each batch) was mixed in a jar for 5 min using
three ceramic balls (10 mm diameter). After each 30 s mixing,
the jar was tapped vertically and horizontally to loosen any
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powder stuck to the jar wall. Primary particle size distributions
(PSD) of lactose were compared before and after mixing. No
significant difference in PSD was observed before and after
mixing (result was not shown) indicating that size reduction
was not happened as a result of this process.

Dispersion of Lactose in Air by Laser Diffraction

Accurately weighed 20±1 mg of powders were dispersed
from gelatine no 3 capsules (Capsugel, NSW, Australia)
through an inhalation cell of the laser diffraction instrument
(Spraytec®, Malvern Instruments, Worcestershire, UK)
horizontally for five seconds at 30, 45, 60, 90, 120, 150
and 180 l/min using a Rotahaler® (GSK, Middlesex, UK).
The measurement was carried out, capturing 100 measure-
ments per second over five seconds. Measurements were
made on five replicates. The output provided a standard
format of average scatter data together with concentration
weighted average for the particles less than a specific size
(15,16). The air flow rates used in this current investigation are
realistic and are within the air flow rates of patients with
respiratory disorders (50–400 l/min) (20–23). However, this
manuscript reports on fundamental mechanistic study of the
relative de-agglomeration of powders and the flow rates select-
ed to provide an appropriate “relative de-agglomeration versus
air flow rate” profile to characterise the de-agglomeration
behaviour of the cohesive material.

Work of Cohesion Calculation by Determining Surface
Energy Using Inverse Gas Chromatography

Surface energies were determined using an inverse gas chro-
matography (IGC, Surface Measurement Systems Ltd, and
London, UK). Pre-silanised glass columns (300 mm×3 mm
internal diameter) were packed with approximately 0.33 g of
each powder and silanised glass wool was used to close both
ends. All the columns were packed by tapping for four minutes
using a tapping apparatus for powder packing (Surface Mea-
surement System, London, UK). The powder filled columns
were conditioned for 2 h at 303 K before each measurement to
remove impurities from surface. All probes were carried into
the column by helium run at a flow rate of 10 sccm (standard
cubic centimetre per minute). The retention times were
detected by a flame ionization detector, and the dead volume
was calculated based on the elution time of methane which was
run at a concentration of 0.1 p/p0 (where p denotes the partial
pressure and p0 the vapour pressure).

Surface Energy Determination at Infinite Dilution

GC grade hexane, heptane, octane, nonane and decane (all
from Sigma-Aldrich GmbH, Steinheim, Germany) for non-
polar surface energy (γNP), and two polar probes (i.e.,

dichloromethane and ethyl acetate) for polar surface energy
(γP) were used at a concentration of 0.03p/p0. The basic
character (γ-) of the surface was determined from the free
energy of interaction of the monopolar acidic probe,
dichloromethane and the acidic character was determined
from the free energy of interaction with the monopolar basic
probe, ethyl acetate (24). The γP was then calculated from
the acidic and basic characters of surface using the van Oss
concept (24,25). The total surface energy (γT) was the addi-
tive result of non-polar (γNP) and polar contributions (γP)
(26). The work of cohesion (W) was calculated from surface
energy values (18,27). The experiments were conducted in
triplicate on the same batch.

Surface Energy and Work of Cohesion Distributions and Surface
Area Determination at Finite Dilution

The non-polar surface energy distributions (γNP profile) were
determined according to the method described elsewhere
(28,29). The Brunauer-Emmet-Teller (BET) surface area
was calculated from hexane adsorption isotherms. The surface
coverage (n/nm) was calculated from the adsorbed amount (n)
and monolayer capacity (nm, the number of moles of the
probe adsorbed for monolayer coverage). At each surface
coverage, the net retention volume (VN) was calculated
for each probe. The γNP was then calculated from the slope
(2 NA √γNP) of a plot of RTlnVN against a √γNP of alkanes
(30). The γP, γT and W were calculated at each surface
coverage and their profiles were constructed (17).

Tapped Density Distributions

The bulk density was measured by pouring the pre-processed
powders slowly into a 10 ml measuring cylinder from a fixed
height. The tapped density was determined after 1024 taps of
an automatic tapper (AUTOTAP™, Quantachrome Instru-
ments, Boynton Beach, FL, USA). The tapper was operated
with a 3.18 mm vertical travel at a tapping speed of 260 taps/
min. Four replicates of each sample were carried out. The
Carr Index (31) was calculated from the bulk density and
tapped density using the following Eq. iv:

Carr Index ¼ tapped density� bulk density
tapped density

� �
ðivÞ

Primary Particle Size Distributions

The primary particle size distributions of processed L300 and
ML were determined by laser diffraction (Mastersizer®-S,
Malvern Instruments, Worcestershire, UK) using 300RF lens
equipped with 150 ml dispersion unit. Approximately 150 mg
samples were sonicated in 5 ml dispersant (isopropyl alcohol)
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for a specified time (5 min) prior to the measurement. An
imaginary refractive index of 0.01 was used in this investiga-
tion. The mean particle size distribution of six replicates was
characterized by the derived parameters (d10, d50 and d90).

Monte Carlo Simulations to Predict Powder Strength
Distributions

Monte Carlo sampling methodology was employed to de-
termine the powder tensile strength distribution shown in
Eq. v below. The distributions for work of cohesion, packing
fraction, and particle diameter were obtained experimentally.
Cumulative probability distributions for these quantities were
constructed by linear interpolation between the frequent
measurements.

One random deviate each was drawn from the distribu-
tion of work of cohesion (Wi), tapped density (ρti), and
particle diameter (di). Powder strength (σi

*) was calculated
from these three random deviates as (index i denotes the ith

random deviate):

σ*
i ¼ 15:6

ρ4tiWi

di

� �
ðvÞ

In total, 1,000,000 random powder strength samples
were calculated for each powder to obtain a distribution
for powder strength of L300 and ML. These random sam-
ples for σi

* were utilized to calculate descriptive statistics
such as the expectation value (arithmetic mean), standard
deviation, and representative percentiles of powder strength to
compare the L300 and ML powders. Perl scripts were devel-
oped to numerically implement these calculations and data
processing. TheMath random Perl package (version 0.71) was
used to draw random deviates.

Statistical Modelling and Analysis

Dispersion data obtained from the laser diffraction instru-
ment were modelled using a non-linear least square regres-
sion analysis in the SigmaPlot 9.0® software (Systat
Software, Inc., IL, USA). The statistical significance was carried
out using one-way analysis of variance with Tuckey’s post-hoc
analysis and between the groups was carried out using inde-
pendent sample t-test using an alpha of 0.05 in SPSS (version
17.0, SPSS, Inc., IL, USA)

RESULTS

D-agglomeration of Lactose Powders

The relative de-agglomeration profiles of L300 and ML were
obtained as shown elsewhere (16). Briefly, relative de-

agglomeration was determined from the cumulative particle
size of the aerosolised powder less than 5.4 μm (obtained from
laser diffraction particle sizing of the aerosol plume) compared
with the full availability of particles (measured by laser diffrac-
tion particle sizing of the powder in a liquid dispersant) in that
size range. The relative de-agglomeration versus air flow rate
profiles for both powders following aerosolization through the
Rotahaler® are presented in Fig. 1. The relative de-
agglomeration versus air flow rate profiles of the two lactoses
showed two different profiles over the range of air flow rates
used in this study (Fig. 1).

Both lactose samples showed an increase in relative de-
agglomeration with increasing air flow rate. For L300, the
relative de-agglomeration increased rapidly at low air flow
rates but then began to level at 90 l/min with a relative de-
agglomeration of about 30%. In contrast, the relative de-
agglomeration of ML increased more slowly with increasing
air flow rate reaching about 35% at 120 l/min. The relative
de-agglomeration of L300 was significantly greater (p<0.05)
than ML at air flow rates between 30 and 90 l/min (Fig. 1).
For example, the relative de-agglomeration at 60 l/min was
around 18% for L300 compared to 13% for ML.

The relative de-agglomeration of ML was not significant-
ly different between 120 and 180 l/min (p>0.05) whereas
the relative de-agglomeration of L300 also was not signifi-
cantly different between 90 and 180 l/min (p>0.05). At flow
rates greater than 120 l/min, although the relative de-
agglomeration of ML was higher than L300, the de-
agglomeration was only significantly different at 150 l/min
(p<0.05).

The data of de-agglomeration profiles were empirically
modelled by a nonlinear least squares (32) regression using
SigmaPlot 9.0 software using sigmoid 3-parameter model
(Eq. vi). This approach has been used in previous studies to
allow the estimation of the sigmoidal equation parameter
(‘a’ and ‘b’ and x0) which characterized the aerosolization

Fig. 1 The relative de-agglomeration profile of percent of particles less
than 5.4 μm versus air flow rate for the aerosolised plume of Lactohale 300
(L300) and micronized lactose (ML) from Rotahaler determined by laser
diffraction (n05).

Powder Strength Distributions for Understanding De-agglomeration 2929



behaviour of the powders. The requirements for determin-
ing the best fit have been described previously (33).

y ¼ a

1þ e�
x�x0
bð Þ ðviÞ

where, ‘a’and ‘b’ represent the maximum extent of relative de-
agglomeration of the powder and the change in relative de-
agglomeration with air flow rate, respectively. The parameter
‘x0’ is the air flow rate required to achieve 50% relative de-
agglomeration. The estimated parameters for L300 and ML
using sigmoid 3-parameter fitting are shown in Table I. The
estimated maximum relative de-agglomeration for ML of
40% was higher than that for L300 which was 29.5%. These
estimated parameters were consistent with the experimental
de-agglomeration versus air flow rate profiles for the two lac-
tose samples. Also, the other estimated parameters of change
in relative de-agglomeration (‘b’) with air flow rate and the air
flow rate required to achieve 50% relative de-agglomeration
(x0) were different for the two lactose samples. It was not
possible to test the significance of these differences due to the
need to use all replicates of relative de-agglomeration in the
one modelling event in order to have sufficient data to esti-
mate meaningful parameters. The data presented here in the
relative de-agglomeration profile and modelling show clearly
that the two lactose samples behave quite differently in their
de-agglomeration characteristics.

Surface Energy

Surface Energies at Infinite Dilution

The non-polar, polar and total surface energies at infinite
dilution are shown in Fig. 2. No significant difference in non-
polar surface energy was observed between L300 (46.9±
0.4 mJ/m2) and ML (46.0±0.4 mJ/m2) (p>0.05). The polar
surface energy of L300 was significantly lower than that of ML
(P<0.05) which resulted in the total surface energy of L300
being significantly lower than ML (p<0.05). The polar surface
energy calculation was based on the van Oss acidic and
basic numbers of dichloromethane and ethyl acetate. In
the calculation, the acidity value of dichloromethane was
used as 5.20 mJ/m2 and the basicity value for ethyl
acetate was used as 19.20 mJ/m2 (Surface Measurement
Systems). However, in the literature different values are

available for each solvent (17,34). If the other values of
acidity of dichloromethane and basicity of ethyl acetate
are used, the ultimate basic and acidic property of lactose
samples would change resulting in the change in polar
energy and total energy. Moreover, these two probes
were considered monopolar although dichloromethane
has little basicity and ethyl acetate has little acidity values.
Therefore, the accuracy of the ultimate polar and total
surface energy values depends on these input parameters.
The polar and total surface energy showed similar values
to those found in other studies (24,25). The surface ener-
gy at infinite dilution provided the surface energy of the
most energetic sites and was used in the surface energy
distributions.

Surface Energy at Finite Dilution

The non-polar, polar and total surface energy distributions
determined at finite dilution using IGC are shown in Fig. 3.
The surface coverages of this experiment were different for
these two lactoses, and the maximum surface coverage was just
under 6%. The maximum surface coverage is determined by
the surface area of the material and the retention volumes of
probes where no intermolecular interactions between probe
molecules take place. The surface coverage is calculated by
dividing the adsorbed amount by monolayer capacity of sol-
vent. The monolayer surface coverage for small lactose is
higher than monolayer surface coverage for coarse lactose as
themonolayer capacity is calculated by dividing surface area of
the material by the surface area of the solvent. Therefore, a
greater surface coverage can be achieved for coarse lactose
than small lactose. To authors’ experience, 20–25% surface
coverage was obtained for coarse lactose whereas only around
5% surface coverage was obtained for micronized lactose (34).
The non-polar surface energy (Fig. 3a) of L300 was higher
than that of ML over the surface coverage of about 4 %.
However, the polar surface energy of L300 was lower than
ML over the surface coverage of 3% (Fig. 3b). Similarly, the
total surface energy of L300 was lower than ML over surface

Table I Nonlinear Least Squares Estimated Parameters of a, b and x0 for the
3-parameter Fitting of the Relative De-agglomeration Versus Flow Rate Profile
for Lactohale 300 (L300) and Micronized Lactose (ML)

Material a b x0

L300 29.48 18.60 48.01

ML 39.97 25.10 79.84
Fig. 2 Non-polar, polar and total surface energies of Lactohale 300 (L300)
and micronized lactose (ML) determined by inverse gas chromatography at
infinite dilution.
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coverage of 3% (Fig. 3c). The limitations of surface energy
distribution measurement have been discussed previously
(17,29). In addition, the surface energy was determined based
on the interaction of probes with surface sites. The infinite
dilution measurement was developed to maintain an environ-
ment so that no competition occurred among adsorbate mol-
ecules for interaction with the adsorbent surface sites. In finite
dilution, the adsorbate concentration was increased to finite
dilution range leading to increased concentration of molecules
on the surface sites. There was a possibility of interactions
among adsorbent molecules that might change retention vol-
umes. Therefore, careful attention was given in accepting the
retention volumes of probes at finite dilution. Retention vol-
umes would be expected to decrease with increasing adsorbate
concentration; however, where deviations were found in this
trend, those data were not accepted. Moreover, in the calcu-
lation of surface energy, only the surface energy values with
r2 ≥0.999 were accepted.

Work of Cohesion

The work of cohesion of L300 was lower than that of ML up
to approximately 3% of surface coverage (Fig. 4a). The work
of cohesion approached a constant value of around
186 mJ/m2 at surface coverages of 3.18% for L300 and of
5.19% for ML. For powder strength distribution calculation,
the data were rearranged as the per cent surface coverage
versus work of cohesion (Fig. 4b).

Particle Size by Liquid Dispersion in Laser Diffraction

The cumulative undersize versus particle size distributions are
shown in Fig. 5. The volume mean diameter of ML (2.8±
0.1 μm) was significantly lower than that of L300 (4.1±
0.1 μm) (p<0.05). Little difference was observed between
two lactoses for the smaller size particles and this is shown
by the fact that there was no significant difference in the d10 of
the distributions of both powders (i.e. d10 for L300 and ML
were 0.2±0.1 μm and 0.3±0.1 μm, respectively (p>0.05).
However, the distribution does diverge at the larger particle
sizes with the d90 being significantly different (i.e. d90 for L300
and ML were 9.1±0.1 μm and 6.7±0.3 μm, respectively (p<
0.05). No particles were greater than 21 μm for both L300
and ML.

Tapped Density and Other Bulk Properties

No significant difference (p>0.05) was observed in bulk
properties such as bulk density and Carr Index between
the two powders (Table II). However, the tapped density
was significantly different (p<0.05). Therefore, the tapped
density versus number of taps profile of the two powders was
compared over 1024 taps.

The tapped density versus number of taps profile provided
an indication of the packing fraction distribution of both

Fig. 3 (a) Non-polar, (b) polar, (c) total surface energy distributions of
Lactohale 300 (L300) and micronized lactose (ML) determined by inverse
gas chromatography at finite dilution.
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powders. Tapped density is measured as weight per volume
of powder and numerically is similar to packing fraction. It

is difficult to experimentally measure packing fraction across
small sections of a powder bed in order to determine a
distribution. In this case, the distribution was determined
by measuring the change in tapped density with number of
standard taps. Micro-areas of a powder bed having a greater
packing fraction will consolidate to a greater extent during
the tapping process, and vice versa. For these powders, the
bulk properties of the two lactose samples, shown by the
bulk density and Carr Index are not different. However, the
powders behaved differently to consolidation processes re-
vealing that the structure of the powders was different.

The tapped density versus number of taps profile has been
converted to a cumulative distribution and the difference in
behaviour of the lactose samples is seen in Fig. 6. The
tapped density was not significantly different up to around
10% relative taps. However, as the number of taps was
increased, the tapped density of L300 was increasingly
higher than ML.

Powder Strength Distribution (σ*)

The distribution of the powder strength (σ*) was notably
wider for L300 compared to ML (Fig. 7).

Both L300 and ML had similar arithmetic means, but the
variance was approximately 2.0 fold larger for L300 com-
pared to ML (Table III). Percentiles were used as a nonpara-
metric representation of the powder strength distribution. Up
to the 85% percentile, every percentile was lower for L300

Fig. 4 (a) Work of cohesion distribution at different surface coverage. (b)
Cumulative probability distributions of work of cohesion of Lactohale 300
(L300) and micronized lactose (ML) determined by inverse gas chromatogra-
phy at finite dilution (the difference in work of cohesion was shown in the inset).

Fig. 5 Cumulative particle size distribution (PSD) of lactoses (L300 and
ML) determined by laser diffraction in liquid medium (n05, data represents
mean ± standard deviation).

Table II Bulk Properties of Lactohale 300 (L300) and Micronized Lactose
(ML)

L300 ML p-value

Bulk density (g/ml) 0.279±0.009 0.274±0.021 0.666

Tapped density (g/ml) 0.518±0.010 0.484±0.020 0.020

Carr index 0.462±0.013 0.435±0.024 0.094

Fig. 6 Cumulative probability distributions of tapped density of lactoses
(L300 and ML) (n04, data represents mean ± standard deviation).
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compared to ML (Table III). However, the 95% and 99.5%
percentile was notably higher for L300 compared to ML. The
powder strength distribution of L300 had a 99% nonparamet-
ric interval (0.5 to 99.5% percentile) from 4.47 to 326, whereas
this interval for ML was from 6.39 to 196 (Table III).

DISCUSSION

The purpose of this research was to test the hypothesis that the
de-agglomeration behaviour can be better explained by the
powder strength of the cohesive lactose samples. The de-
agglomeration and aerosolization behaviours of the two mi-
cronized powders (L300 and ML) were different as shown in
Fig. 1. The properties of the powder bed that affect de-
agglomeration (particle size, work of cohesion and density)
were different between both powders (Figs. 2, 3, 4, 5, and 6
and Tables I and II). However, neither of these three proper-
ties alone could explain the behaviour of the two lactoses.
While the increased de-agglomeration of L300 over ML at air
flow rates between 30 and 90 l/min could be explained by the
slightly larger size and lower work of cohesion of L300, this
explanation did not hold for de-agglomeration behaviour at
higher air flow rate over 90 l/min.

The cohesive lactose samples were considered to be an
interacting matrix which possessed a distribution of particles
size, tapped density and work of cohesion. Using the equation
of Kendall and Stainton (12) and the distributions of particle
size, tapped density and work of cohesion, a distribution of the
powder strength was determined for the two lactose samples
(Fig. 7). The estimated strength distributions of the two lac-
toses were different.

L300 had a broader distribution of powder strength and
possessed both lower and higher powder strengths than ML.
This was consistent with the de-agglomeration behaviour
where L300 showed a greater propensity to de-agglomerate
at low air flow rates (and low energies) because the powder
contained cohesive structures which were less strong than
ML. In contrast, at high flow rates, L300 possessed cohesive
structures of higher powder strength than ML. In fact, the
powder strengths were so high that L300 failed to de-
agglomerate further after an air flow rate of 90 l/min.

While the present study proposes the, to our knowledge,
first approach to calculate the distribution of tensile strength
by Monte Carlo simulation methodology, it is important to
discuss the assumptions of this approach. In this study, the
powder strength was calculated from particle size distribution,
work of cohesion distribution and tapped density distribution
using Kendall and Stainton equation (12) by Monte Carlo
simulations. This calculation of the distribution was based on
several assumptions. Firstly, the work of cohesion of the two
lactoses will be similar and constant over the remaining sur-
faces beyond approximately 3.0% for L300 and 5.0% forML.
The surface energy and thus work of cohesion could not be
determined beyond 3.18% for L300 and 5.19% for ML since
the retention volume started to decrease as the concentration
of the probe was increased beyond this concentration. The
assumption of similar and constant surface energy was a
reasonable one as the surface energy of several pharmaceuti-
cal powders has been found to reach constant values at higher
surface coverage in previous studies (33,35). This means that
the heterogeneity of surface energy (and thus work of cohe-
sion) of the L300 and ML was associated with the higher
energy differences for only a small area of the surface. The
distribution of the packing fraction of Kendall and Stainton
equation (12) was replaced by tapped density distribution
during this calculation. Additional studies are necessary to
further support these assumptions and potentially refine the
proposed computational approach.

CONCLUSIONS

The cohesive lactose samples formed interacting matrices of
non-homogenous powder strength. The distributions of the
key de-agglomerating properties of two cohesive lactose sam-
ples were determined, including particle size, tapped density
and work of cohesion. The differing de-agglomeration and
aerosolization behaviour of the two lactose powders was

Fig. 7 Powder strength (σ*) distribution of Lactohale 300 (L300) and
micronized lactose (ML) determined from cumulative work of cohesion
distribution (Fig. 4b), particle size distribution (Fig. 5) and tapped density
distribution (Fig. 6) by Monte Carlo simulation.

Table III Powder Strength Distri-
butions for Lactohale 300 (L300) and
Micronized Lactose (ML) Based on
1,000,000 Monte Carlo Samples

Sample Average Variance 0.5% 5% 25% 50% 75% 85% 95% 99.5%

L 300 52.6 2502 4.47 12.2 23.5 38.0 63.5 84.7 140 326

ML 51.8 1237 6.39 14.9 27.1 42.1 66.2 84.2 123 196
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explained by the differing distributions of powder strength
calculated based on Kendall and Stainton (12) tensile strength
equation using Monte Carlo simulations. The study demon-
strated the advantages of using the distributions of key control-
ling parameters to calculate the powder strength distribution in
order to explain the de-agglomeration behaviour. This Monte
Carlo approach seems preferable, since it does not require the
use of average values.

The study’s limitations and assumptions include the use of
tapped density distributions to represent packing fraction, the
inherent limitations of inverse gas chromatography in deter-
mining surface energy at finite dilution and the extrapolation
of work of cohesion data to determine the full surface energy
distributions.

The methodology needs to be extended to other cohesive
powders to confirm its application in a more general sense.
However, it does provide a valuable approach to better un-
derstand de-agglomeration behaviour of cohesive powders by
calculation of distributions for powder strength.
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