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Abstract: Glidants and lubricants are often used to modify interparticle friction and adhesion
in order to improve powder characteristics, such as flowability and compactability. Magnesium
stearate (MgSt) powder is widely used as a lubricant. Shear straining causes MgSt particles to break,
delaminate, and adhere to the surfaces of the host particles. In this work, a comparison is made
of the effect of three mixer types on the lubricating role of MgSt particles. The flow behaviour
of α-lactose monohydrate, coated with MgSt at different mass percentages of 0.2, 0.5, 1, and 5 is
characterised. The mixing and coating process is carried out by dry blending using Turbula, ProCepT,
and Mechanofusion. Measures have been taken to operate under equivalent mixing conditions,
as reported in the literature. The flow resistance of the coated samples is measured using the FT4
rheometer. The results indicate that the flow characteristics of the processed powders are remarkably
similar in the cases of samples treated by Turbula and Mechanofusion, despite extreme conditions
of shear strain rate. The least flow resistance of samples is observed in the case of samples treated
by the ProCepT mixer. High-velocity collisions of particles round off the sharp corners and edges,
making them less resistant to flow. The optimal percentage of magnesium stearate is found to be
approximately 1% by weight for all mixer types, as the addition of higher amounts of lubricant does
not further improve the flowability of the material.

Keywords: mixing; coating; magnesium stearate; lubricant; Turbula; ProCepT; Mechanofusion;
flowability; rheometry; flow energy

1. Introduction

Lubricants and glidants are commonly used in powder processing to reduce bulk
powder friction in order to promote flowability and impart other desirable attributes, such
as tabletability and compactability [1–3]. Good examples are magnesium stearate (MgSt)
acting as a lubricant [4,5], and nano-particles of silica acting as a glidant [6,7]. Their use
is highly desirable for preparing appropriate formulations for further processing, such
as compaction and tabletting in the pharmaceutical industry [8]. The coating process is
carried out by mixing, for which a wide variety of mixers are available [9]. By adding a
small quantity of lubricant/glidant to a powder system, the energetic sites on the host
particle surfaces get separated by a thin layer of the lubricant, thereby reducing the van der
Waals interactions and sliding friction significantly [10], thus, the term ‘flow aid’ is used to
describe their functionality. Due to the huge size difference between the host and guest
particles, the strong intermolecular forces between them cause the guest particles to adhere
strongly to the surfaces of the host particles. Moreover, shear straining in the presence
of lubricants and glidants modifies the surface characteristics of the host powder, and
produces new functionalities and features [11,12]. The quantity of flow aids that is necessary
to achieve an optimal flow performance remains unknown to date. Conesa et al. [13]
found that at 0.3 wt%, silica-coated polyester-based particles have optimal flowability.
Castellanos [14] later converted this gravimetric value into surface area coverage (SAC)
and found that it was approximately 20%. The work of Fulchini et al. [15] led to the same
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conclusion as that of Castellanos [14]. They used the image analysis technique to quantify
the SAC from SEM micrographs of zeolite-coated silanised glass beads, and found that
the optimal SAC for maximum flow improvement to be approximately 20%. Beyond this
optimal value, the flowabilility decreased, as the system was then dominated by guest–
guest rather than host–guest particle interactions. However, the work of Jallo et al. [16],
on the coating of APIs with nano-silica particles, found an optimal SAC value of 293%
instead, implying a multilayer coating gives rise to better flow performance. Sato et al. [17]
coated sugar granules with MgSt powder in a Cyclomix mixer and reported that the guest
particles were initially covered discretely, and then formed a film over the surfaces of the
host particles. In addition, attrition was induced by excessive operating conditions, which
resulted in the worsening of dry coating performance.

Through coating α-lactose monohydrate (α-LM) crystals with MgSt using the Mechan-
ofusion device, Zhou et al. [18] found that the optimum SAC to be 64.5%, estimated from
X-ray photoelectron spectroscopy and time-of-flight of the secondary ion mass spectrometry
(Tof-SIMS). However, MgSt delaminates upon shearing [19–21] and the optimal amount
would depend on the mixer type and shearing conditions. Moreover, Hussain et al. [19]
propose that a Langmuir-type coating is first achieved with MgSt, followed by a patchy
coverage in powder form. Therefore, the characterisation of SAC of MgSt on lactose crystals
has yet to be satisfactorily established.

The preparation of a powder formulation is usually carried out on a small scale in a
laboratory mixer, and extension to a large-scale operation is very challenging. Therefore, a
‘recipe’ for mixing equivalency is highly desirable. The attention here is on batch mixing,
for which the literature is vast, addressing numerous aspects. These include the evaluation
of the performance of various mixer types, assessment of mixing time and operational
scale, operating conditions, the optimal amount of flow aids, and the development of
models [5,12,22,23]. Horibe et al. [24] recently assessed the effect of mixing time and the
concentration of flow aids on the flow properties of the end product. They found that the
mixing time has a higher correlation to the flow properties than the concentration of flow
aids, signifying the importance of the process and mixing conditions in improving the flow
behaviour of a particulate system. As quoted from Bridgwater’s review paper [9], process
design and operation are largely based on judgement rather than science. Finding the
optimal mixing conditions for new materials is often a time-consuming and challenging
task. The quality of a mixture depends on the mixer selected. Asachi et al. [25] critically
evaluated current techniques for the evaluation of powder mixing. Of special interest here
is the work of Barling et al. [26] who carried out an experimental evaluation of various
mixer types, and presented a methodology for establishing an ‘equivalent extent’ of batch
mixing amongst various mixer types at different scales. They used fine iron oxide powder
as a tracer, and evaluated its spreading over the surfaces of α-lactose monohydrate in
several batch mixing devices by monitoring the changes in the colour intensity and hue
through a colour measurement methodology. The powder blend changed colour as a result
of mixing and coating. By quantifying changes in the intensity and hue of the colour of the
mixture, the extent of mixing and coating of iron oxide was determined, based on which
a mixing ‘equivalency’ was proposed for different mixer types. It was found that under
specific operating conditions, a mixing equivalency could be established among different
coating devices, namely Turbula T2F (figure-eight tumbler type), Key International KG5
(high shear mixer, two sizes, 1 L and 5 L), Hosokawa AMS-MINI Mechanofusion (extreme
shear rate), T.K. Fielder high shear mixers (TRV25 and PMA65), and Diosna P100 (high
shear mixer type).

In this work, the above equivalency criterion is followed and applied to the coating
of α-LM by MgSt powder. In particular, samples treated by different mixers, but with
equivalent mixing conditions, are prepared and analysed for the effect of MgSt on the flow
behaviour of α-LM. Three types of mixers, Turbula, Mechanofusion, and ProCepT high
shear mixer are used. The last one is close in geometry and operation to the T.K. Fielder
TRV25, 1 L high shear mixer. The equivalent mixing conditions, estimated based on the
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work of Barling et al. [26], are given in Table 1. The flowability of the coated samples,
prepared at different MgSt compositions and mixer types, is then evaluated based on the
mechanical work expended to penetrate a rotating impeller into a confined powder bed
using the Freeman Technology FT4 rheometer. This will also enable the sensitivity to the
shear strain rate to be quantified. The outcome provides a guideline on the amount of MgSt
to be used for its effect on the flowability.

Table 1. Mixing speed and time for achieving mixing equivalency adapted from Barling et al. [26],
Elsevier, 2015.

Coating Device Speed (RPM) Mixing Time (Minutes)

Turbula 72 45
TRV25 235 20

Mechanofusion 600 1

2. Materials and Methods
2.1. α-Lactose Monohydrate (α-LM) Crystals

α-lactose monohydrate (C12H22C11·H2O) is the hydrate crystal form of lactose sugar,
widely used in the pharmaceutical industry as an excipient for tablet formulation as well
as a host for the delivery of the active pharmaceutical ingredient (API) in the dry powder
inhaler. The α-LM crystals used in this work were ‘Pharmatose 50M’ donated by DFE
Pharma. They were first classified by sieving into the size range from 200 to 400 µm using
BS410 sieves. Large particles were used deliberately so that the fluid drag of the medium
does not affect the flowability testing. The surfaces of α-LM are very energetic with
heterogeneous energy distribution, referred to as hot spots [27]. They attract a considerable
amount of very fine particles of the same material, due to attrition during manufacturing,
herein referred to as debris [28]. In fact, for dry powder inhalation, additional fine α-LM
powder is often added to blind these hot spots, so that the adhesion and detachment of the
active pharmaceutical ingredients are more controllable [29]. The crystals were therefore
washed and rinsed in a fine sieve to separate the adhered lactose debris with isopropyl
alcohol (propa-2-ol, supplied by VWR, Leighton Buzzard, UK). Crystals of α-LM are not
soluble in this liquid carrier, and the process removes fines that are adhered to the crystal
surfaces [30]. Following this stage, the crystals were left in a fume hood to air dry at room
temperature prior to further analysis.

2.2. Magnesium Stearate (MgSt)

Magnesium stearate, a solid soap with a chemical composition of Mg (C18H35O2)2, is
a white cohesive powder, commonly used as a lubricant in tablet and capsule formulations
to reduce friction, and to a lesser extent as a glidant and anti-adherent. In the latter
case, it is also used in dry powder inhaler formulations. Pure MgSt is often not available
commercially, as it is very cohesive and does not possess the best lubricating properties [20].
Commercial MgSt powder is usually a blend of several different fatty acids (for example
stearic acid and palmitic acid), which performs better as a lubricant compared to its
unblended counterpart. The MgSt powder (MF-2-V Premium grade, vegetable source)
used in this work was donated by Peter Greven (Bad Münstereifel, Germany). It has stearic
acid and palmitic acid contents of between 63% and 27%, respectively. It is in crystalline
form and has plate-shaped morphology. It is easily deformed and smeared over surfaces
by frictional traction, so its size changes during the mixing.

2.3. Coating α-Lactose Monohydrate Crystals with Magnesium Stearate Powder

The washed and dried α-LM crystals were divided into a series of smaller samples,
each having a fixed mass of 30 g. These samples were subsequently subjected to blending
with MgSt powder of different weight percentages (0.2, 0.5, 1, 2, and 5% w/w) through
mechanical means using a Turbula T2F mixer (GlenMills, Clifton, NJ, USA), high shear
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granulator (ProCepT, Zelzate, Belgium), and Mechanofusion mixer (Hosokawa Micron
Ltd., Cheshire, UK). The operating conditions used for these mixing and coating devices
(Table 1) were selected according to the ‘mixing equivalency’ procedure proposed by
Barling et al. [26], assuming that the ProCepT design and operation are similar to those of
the TRV25 mixer.

Blending of the α-LM and MgSt powder mixtures in the Turbula mixer was performed
through a three-dimensional harmonic interaction of rotation, translation, and inversion of
a 1 L glass vessel, in which they were tumbled around and mixed. The second mixer was
the ProCepT high shear granulator. It has a three-bladed impeller in a 250 mL glass vessel.
In the Mechanofusion device, the powder is pressed against the wall by centrifugal action
and sheared against a press head, by which MgSt is ‘smeared’ over the surfaces of α-LM.

2.4. Flowability Measurement Using FT4 Rheometer

The influence of MgSt coating on the flowability of α-LM particles was assessed using
an FT4 Rheometer (Freeman Technology, Tewkesbury, UK). This is a dynamic powder
tester, which measures the mechanical work (commonly referred to as the ‘flow energy’)
expended by a two-bladed impeller, as it rotates and penetrates through a bed of powder
of known volume in a glass vessel. In the downward motion, the impeller rotates anti-
clockwise and applies compressive and shear stresses on the powder bed. Expressing the
work per unit mass of the powder, which has undergone shear straining, is termed the
specific downward flow energy (SDFE). It is indicative of the ease with which bulk powder
flows under compressive and shear stresses. Moreover, as the impeller is retracted from
the base to the free surface, whilst cutting and lifting the bed, the associated work per
unit mass of the sheared bed is commonly referred to as the specific upward flow energy
(SUFE). Under this configuration, the powder bed is relatively unconfined and is subjected
to tensile stresses, hence the energy expenditure is highly dependent on the bulk cohesion.
Bulk friction and cohesion play a role here, but the former is the more dominant contributor
in the downward test, as it will be shown in the difference of the results between SDFE
and SUFE later below. Samples of α-LM crystals were treated with five different mass
percentages of MgSt (0.2, 0.5, 1.0, and 5.0%) using the three mixing technologies described
above. Triplicate measurements of both specific downward and upward flow energies
were carried out and the results are reported below.

2.5. Powder Stability and Sensitivity to Shear Strain Rate

Powder beds may undergo segregation and attrition under shear straining, depending
on the mechanical strength and particle size distribution. By repeating the measurement
of powder flow energy in a series of consecutive tests a number of times, and comparing
the energy recorded for each repetition, the stability of a powder can be inferred. The
measurement can also be extended to assess the shear strain rate sensitivity of a powder
by varying the impeller speed. A “stable” and “strain rate insensitive” powder should
result in little to no change in the flow energy regardless of the number of times the
measurement is repeated or different impeller speeds used. The standard procedure, as
recommended by Freeman Technology, is followed here [31]. It involves repeating the
flow energy measurement of the same sample at an impeller speed of 100 RPM eight times
(referred to Test 1 to 8), followed by another three measurements (Test 8 to 11) at decreasing
impeller speeds of 70, 40, and 10 RPM, as shown in Figure 1. A conditioning cycle is run
between two consecutive measurements to remove any residual strains and stresses in the
powder from the previous measurement.
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Figure 1. Flow chart of 11 standard FT4 tests (C: Conditioning; TN(RPM)): Test number N at
specific RPM).

2.6. Quantification of Particle Breakage through Sieving

Depending on the stresses experienced, the relative motion of particles, with respect
to each other, could cause surface wear, attrition, or even fragmentation if the particles are
weak. As the α-LM crystals are subjected to different levels of mechanical stresses during
the blending process, a certain extent of damage is inflicted. Size classification by sieving
of crystals, treated with the three mixing technologies discussed earlier, indicates their
breakage of the crystals. In addition to the sieve corresponding to the lower limit of the
sieve cuts used to initially classify the crystals (200 µm), two smaller sieve sizes (180 and
150 µm) were also used to analyse the debris formed. The size analysis was repeated three
times for each of the mixing technologies.

3. Experimental Results and Discussions
3.1. Effect of Washing on the Flow Behaviour of α-LM

The presence of fines in a granular assembly changes its flow properties (see for
example [32]). The consequences of having fines in a particulate system could be double-
edged. In some cases, fines could provide a gliding effect by three-body rolling [15].
Alternatively, the presence of fines could result in a more compact and cohesive packing
of the powder bed, leading to poor flow [33,34]. A comparison of the specific downward
flow energy (SDFE) measured for twelve samples is shown in Figure 2; eight samples as
supplied, i.e., unwashed, and four washed samples, showing test to test variation. For
each sample, eleven consecutive tests were carried out to test their stability and strain rate
sensitivity, with the first eight tests conducted at 100 RPM and the rest, i.e., nine to eleven
were run at decreasing impeller speeds of 70, 40, and 10 RPM. The SDFE recorded for the
unwashed α-LM samples (filled symbols) varies widely. The data recorded in Test 1 (cf.
Figure 1) for the fresh samples are taken as the most representative of all the tests. The
powder bed carries no previous measurement history in this case and has not experienced
attrition. Despite this, the SDFE of the eight unwashed samples measured in Test 1 still
ranges from approximately 9 mJ/g to ~120 mJ/g, an approximately 12-fold difference. In
addition, the observed trend also varies greatly when the test is repeated (cf. Sample 5).
This shows that the presence of fines in α-LM samples has an adverse effect on the stability
of the powder flow in terms of temporal repeatability of the test results. This could be
attributed to the detachment of the debris and its segregation. The strain rate sensitivity
tests (Tests 8 to 11) show a fairly consistent upward trend of the SDFE as the impeller
speed is reduced from 100 to 10 RPM. Compared to the unwashed samples, washed α-LM
samples (empty symbols) exhibit a more repeatable pattern. Using the same sample, the
resistance of the powder bed to flow is found to only increase marginally from Tests 1 to8.
Decreasing the impeller speed (Tests 9 to 11), the SDFE increases, similar to the trend of the
unwashed samples. In general, the SDFE recorded for the washed samples is much lower
than that of the unwashed ones, indicating better flowability.
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Figure 2. Specific downward flow energy of α-lactose monohydrate (α-LM) for twelve samples,
eight samples as received and unwashed, and four samples washed with isopropyl alcohol, showing
sample to sample variation. Data are for eleven consecutively repeated tests for each sample, showing
test stability and strain rate sensitivity, the first eight at 100 RPM and the last three at 70, 40, and
10 RPM.

3.2. Effect of MgSt on α-LM Bulk Flow

Coating of MgSt onto α-LM crystals changes the flow behaviour of the powder bed.
However, the way coating is carried out is influential, as the interactions are no longer
limited to particles of the same kind, but rather a more complex interaction of binary
mixture of MgSt and α-LM. The effect of mixing MgSt with α-LM using the three mixers
on the flow behaviour is shown in Figure 3. Note that each data point shown in the plot is
a mean value of three measurements taken from Test 1 for every MgSt composition tested,
and the associated error bar represents the standard deviation of the three repetitions.

The diamond data point legends
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in Figure 3a,b represent the specific down-
ward and upward flow energies, respectively, recorded for unwashed and untreated α-LM
samples (mixing done without the addition of α-LM). With the addition of MgSt, the
ProCepT-treated samples exhibit the least resistance to flow. Samples treated by Turbula
and Mechanofusion exhibit remarkably similar specific flow energy for all MgSt concentra-
tions, despite having undergone extreme shear strain rates. For all mixer types, increasing
the composition of MgSt to 1 wt% improves the flow performance. Above 1 wt%, the spe-
cific upward and downward flow energies both converge to asymptotic levels, suggesting
that the flow behaviour of the α-LM samples has now stabilised and is dominated by MgSt.
Notably, the concentration of 1 wt% MgSt appears to be the threshold value, beyond which
there is no significant improvement in the flow performance of α-LM, regardless of the
type of mixer used.

An interesting phenomenon is observed in the strain rate sensitivity of the α-LM
samples when MgSt is added. For α-LM samples alone, reducing the impeller speed leads
to an increase in the specific flow energies (Tests 8–11 in Figure 2). The opposite trend
prevails for the samples coated with MgSt for all three cases of mixer type, as shown in
Supplementary Material, Figures S1–S3.
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3.3. Effect of Mixer Type on Powder Flow

The operating procedure used for mixing α-LM and MgSt follows the work of Bar-
ling et al. [26]. According to their work, a mixing equivalency is achieved amongst
the three mixers when the mixing is done under the operating conditions specified in
Table 1. A comparison of the SDFE and SUFE recorded for the three mixers at different
mass percentages of MgSt is shown in Figure 3a,b, respectively. There exists a large dif-
ference in the SDFE among the three mixers at 0% MgSt. The α-LM samples treated with
Mechanofusion have the highest SDFE (~25 mJ/g) and those treated with Turbula have the
lowest SDFE (~10 mJ/g). The difference among the three mixers diminishes with the MgSt
wt% and converges at 1 wt% MgSt. Apart from 0% MgSt, samples treated with Turbula
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and Mechanofusion show almost identical behaviour, suggesting a mixing equivalency is
achieved using the proposed operating procedure. Unfortunately, the same remark could
not be made for ProCepT-treated samples. In this case, the difference in SDFE between the
initial two consecutive cases (0 and 0.1 wt% MgSt) diminishes quickly, and then reaches
a plateau. The results seem to suggest that ProCepT is a more efficient coating device
compared to Turbula and Mechanofusion since a lower amount of MgSt is needed to
improve the flow behaviour of the α-LM bulk solids. However, the ‘improved’ flowability
seen in ProCepT at low MgSt wt% is likely due to the rounding of the corners and edges of
the crystals, rather than the efficiency of the mixer in spreading MgSt over the surfaces of
α-LM crystals. The latter is most effective when a dense particle bed is strongly sheared.
This facilitates the ‘smearing’ of MgSt particles over the surfaces of the host particles. In the
case of the ProCepT mixer, the impeller action aerates the bed, thereby reducing the bulk
friction and shear viscosity of the particle bed. The scanning electron microscope images,
taken from a Hitachi Benchtop SEM TM3030 Plus, as shown in Figure 4, indicate that chips
and fragments are present in ProCepT-treated samples, and, also, to a lesser extent in the
case of Mechanofusion, as it can be implicitly inferred from the extent of breakage reported
below. The magnification of the images is shown as a line bar with a 1 mm scale.
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Figure 4. Scanning electron microscope images of isopropyl-alcohol-washed α-lactose monohydrate
crystals treated with Turbula, Mechanofusion, and ProCepT with 0.2 wt% MgSt, showing notable
breakage in the case of ProCepT mixer.

In terms of SUFE, the trend of the results of samples treated with MgSt by Turbula
and Mechanofusion almost overlap. ProCepT-treated samples generally have much better
flow performance compared to Turbula- and Mechanofusion-treated samples at the same
MgSt wt%.
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3.4. Extent of Breakage

α-LM crystals experience different levels of mechanical stresses due to agitation in the
three mixers. Vigorous relative motion between the particles during the mixing process
damages the particles, and a reduction in particle size is expected. Following the mixing
process, a sieving analysis is performed to quantify and compare the extent of size reduction
of the α-LM particles in the three mixers. The size distributions of the α-LM samples treated
with Turbula, ProCepT, and Mechanofusion with 0.2 wt% MgSt are shown in Table 2. The
size of the α-LM particles is reduced as a result of mixing, but only to a small extent. The
following criterion is adopted to quantify the extent of breakage: the mass of particles
collected by a sieve that is two sizes (according to BS410 sieves) below the feed sieve size is
used as a breakage indicator. The extent of particle breakage is found to be in the range
of ~0.1%. This suggests that the breakage mode of the α-LM particles in the three mixers
of interest is dominated by attrition and surface abrasion. The amount of debris collected
in Turbula-treated samples is the least amongst the three mixers. This is expected as the
mixing action is the gentlest amongst the three mixers and involves no moving mechanical
part that comes into direct contact with the particles in the mixing chamber.

Table 2. Particle size distribution of α-lactose monohydrate particles, treated by Turbula, Pro-
CepT, and Mechanofusion with 0.2 wt% MgSt under equivalent mixing conditions according to
Barling et al. [26].

Sieve Size, µm

% Mass

Mechanofusion ProCepT Turbula

Mean SD Mean SD Mean SD

<150 0.13 0.03 0.19 0.10 0.08 0.05
150–180 0.18 0.18 0.15 0.00 0.19 0.11
180–200 0.62 0.33 1.11 0.24 0.41 0.15

>200 99.06 0.29 98.55 0.29 99.32 0.23

4. Conclusions

The influence of mixer type on the coating of α-LM crystals with a small quantity of
MgSt powder has been assessed. Three different types of mixers, i.e., Turbula, ProCepT,
and Mechanofusion have been used. The assessment method is based on the effect of
MgSt coating on flowability, as measured by the mechanical work expended by penetrating
a rotating impeller into a powder bed by using an FT4 rheometer. The flowability of
α-LM crystals is affected by the presence of debris, i.e., fine particles of the same material,
adhered to their surfaces, causing a wide sample to sample variation. Washing the α-LM
crystals using a liquid carrier, which does not dissolve them, reduces the variation as
well as the magnitude of the expended work significantly, implying improved flowability.
The addition of MgSt to α-LM particles further improves the flowability for powders
coated in all of the three mixers under equivalent mixing conditions, described in the work
of Barling et al. [26]. There exists a threshold at ~1 wt% MgSt above which the further
addition of MgSt does not improve the bulk flow performance of α-LM. Samples coated
by both Turbula and Mechanofusion mixers show remarkably similar flow performance,
despite extreme shear strain rate. At the same MgSt composition, the ProCepT-treated
α-LM samples consistently perform better in terms of flow behaviour. This is attributed to
collisional impacts in this mixer, rounding off sharp corners and edges. Mixing equivalency
is best achieved between the Turbula and Mechanofusion mixers.

A breakage analysis due to mixing is also performed, and the results suggest that α-LM
samples coated using Turbula experience the least damage. The particle size distribution of
the treated samples reveals that attrition and surface abrasion create the dominant breakage
mode, particularly in the case of Turbula and Mechanofusion mixers, with their breakage
extent being found to be in the range of approximately 0.1%.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pharmaceutics13081211/s1, Figure S1. Specific downward flow energy of α-lactose mono-
hydrate coated with different mass percentages of magnesium stearate, prepared by Turbula, for
11 consecutively-repeated tests for each sample. Figure S2. Specific downward flow energy of
α-lactose monohydrate coated with different mass percentages of magnesium stearate, prepared by
ProCepT, for 11 consecutively-repeated tests for each sample. Figure S3. Specific downward flow
energy of α-lactose monohydrate coated with different mass percentages of magnesium stearate,
prepared by Mechanofusion, for 11 consecutively-repeated tests for each sample.

Author Contributions: Conceptualization, M.G.; methodology, W.P.G.; validation, A.M.S. and W.P.G.;
formal analysis, A.M.S.; investigation, A.M.S.; data curation, A.M.S.; writing—original draft prepa-
ration, W.P.G.; writing—review and editing, W.P.G. and M.G.; visualization, A.M.S. and W.P.G.;
supervision, W.P.G. and M.G.; funding acquisition, M.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Engineering and Physical Sciences Research Council, grant
number EP/001766/1.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The financial support of the Engineering and Physical Sciences Research Council
for the project (grant number EP/001766/1), as a part of ‘Friction: The Tribology Enigma’ Programme
Grant (www.friction.org.uk, date accessed: 20 July 2021) is gratefully acknowledged. The authors
are grateful to Hosokawa Micron Ltd., Runcorn, UK, for their support in providing access to the
Mechanofusion device and are thankful to Kathryn Hipkins and Erin Holman for their help. The test
material, crystals of α-lactose monohydrate were kindly donated by DFE Pharma, Goch, Germany,
for which we wish to thank Bastiaan Dickhoff for facilitating it. Our thanks are also extended to Peter
Greven (Bad Münstereifel, Germany) for kindly donating the magnesium stearate powder.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References
1. Chen, Y.; Yang, J.; Dave, R.N.; Pfeffer, R. Fluidization of coated group C powders. AIChE J. 2008, 54, 104–121. [CrossRef]
2. Quintanilla, M.A.S.; Castellanos, A.; Valverde, J.M. Correlation between bulk stresses and interparticle contact forces in fine

powders. Phys. Rev. E 2001, 64, 031301. [CrossRef] [PubMed]
3. Espin, M.J.; Ebri, J.M.P.; Valverde, J.M. Tensile strength and compressibility of fine CaCO3 powders. Effect of nanosilica addition.

Chem. Eng. J. 2019, 378, 122166. [CrossRef]
4. Faqih, A.M.N.; Mehrotra, A.; Hammond, S.V.; Muzzio, F.J. Effect of moisture and magnesium stearate concentration on flow

properties of cohesive granular materials. Int. J. Pharm. 2007, 336, 338–345. [CrossRef]
5. Ouabbas, Y.; Chamayou, A.; Galet, L.; Baron, M.; Thomas, G.; Grosseau, P.; Guilhot, B. Surface modification of silica particles by

dry coating: Characterization and powder ageing. Powder Technol. 2009, 190, 200–209. [CrossRef]
6. Chattoraj, S.; Shi, L.; Sun, C.C. Profoundly improving flow properties of a cohesive cellulose powder by surface coating with

nano-silica through comilling. J. Pharm. Sci. 2011, 100, 4943–4952. [CrossRef] [PubMed]
7. Kunnath, K.; Huang, Z.; Chen, L.; Zheng, K.; Davé, R. Improved properties of fine active pharmaceutical ingredient powder

blends and tablets at high drug loading via dry particle coating. Int. J. Pharm. 2018, 543, 288–299. [CrossRef]
8. Muzzio, F.J.; Shinbrot, T.; Glasser, B.J. Powder technology in the pharmaceutical industry: The need to catch up fast. Powder

Technol. 2002, 124, 1–7. [CrossRef]
9. Bridgwater, J. Mixing of powders and granular materials by mechanical means—A perspective. Particuology 2012, 10, 397–427.

[CrossRef]
10. Mullarney, M.P.; Beach, L.E.; Dave, R.N.; Langdon, B.A.; Polizzi, M.; Blackwood, D.O. Applying dry powder coatings to

pharmaceutical powders using a comil for improving powder flow and bulk density. Powder Technol. 2011, 212, 397–402.
[CrossRef]

11. Pingali, K.; Mendez, R.; Lewis, D.; Michniak-Kohn, B.; Cuitino, A.; Muzzio, F. Evaluation of strain-induced hydrophobicity
of pharmaceutical blends and its effect on drug release rate under multiple compression conditions. Drug Dev. Ind. Pharm.
2011, 37, 428–435. [CrossRef] [PubMed]

12. Sato, A.; Serris, E.; Grosseau, P.; Thomas, G.; Chamayou, A.; Galet, L.; Baron, M. Effect of operating conditions on dry particle
coating in a high shear mixer. Powder Technol. 2012, 229, 97–103. [CrossRef]

https://www.mdpi.com/article/10.3390/pharmaceutics13081211/s1
https://www.mdpi.com/article/10.3390/pharmaceutics13081211/s1
www.friction.org.uk
http://doi.org/10.1002/aic.11368
http://doi.org/10.1103/PhysRevE.64.031301
http://www.ncbi.nlm.nih.gov/pubmed/11580326
http://doi.org/10.1016/j.cej.2019.122166
http://doi.org/10.1016/j.ijpharm.2006.12.024
http://doi.org/10.1016/j.powtec.2008.04.092
http://doi.org/10.1002/jps.22677
http://www.ncbi.nlm.nih.gov/pubmed/21698602
http://doi.org/10.1016/j.ijpharm.2018.04.002
http://doi.org/10.1016/S0032-5910(01)00482-X
http://doi.org/10.1016/j.partic.2012.06.002
http://doi.org/10.1016/j.powtec.2011.06.008
http://doi.org/10.3109/03639045.2010.521160
http://www.ncbi.nlm.nih.gov/pubmed/20942612
http://doi.org/10.1016/j.powtec.2012.06.014


Pharmaceutics 2021, 13, 1211 11 of 11

13. Conesa, C.; Saleh, K.; Thomas, A.; Guigon, P.; Guillot, N. Characterization of flow properties of powder coatings used in the
automotive industry. KONA Powder Part. J. 2004, 22, 94–106. [CrossRef]

14. Castellanos, A. The relationship between attractive interparticle forces and bulk behaviour in dry and uncharged fine powders.
Adv. Phys. 2005, 54, 263–376. [CrossRef]

15. Fulchini, F.; Zafar, U.; Hare, C.; Ghadiri, M.; Tantawy, H.; Ahmadian, H.; Poletto, M. Relationship between surface area coverage
of flow-aids and flowability of cohesive particles. Powder Technol. 2017, 322, 417–427. [CrossRef]

16. Jallo, L.J.; Ghoroi, C.; Gurumurthy, L.; Patel, U.; Dave, R.N. Improvement of flow and bulk density of pharmaceutical powders
using surface modification. Int. J. Pharm. 2012, 423, 213–225. [CrossRef] [PubMed]

17. Sato, A.; Serris, E.; Grosseau, P.; Thomas, G.; Galet, L.; Chamayou, A.; Baron, M. Experiment and simulation of dry particle
coating. Chem. Eng. Sci. 2013, 86, 164–172. [CrossRef]

18. Zhou, Q.; Qu, L.; Gengenbach, T.; Denman, J.A.; Larson, I.; Stewart, P.J.; Morton, D.A. Investigation of the extent of surface
coating via mechanofusion with varying additive levels and the influences on bulk powder flow properties. Int. J. Pharm.
2011, 413, 36–43. [CrossRef]

19. Hussain, M.S.H.; York, P.; Timmins, P. A study of the formation of magnesium stearate film on sodium chloride using energy-
dispersive X-ray analysis. Int. J. Pharm. 1988, 42, 89–95. [CrossRef]

20. Marwaha, S.B.; Rubinstein, M.H. Structure-lubricity evaluation of magnesium stearate. Int. J. Pharm. 1988, 43, 249–255. [CrossRef]
21. Shah, A.C.; Mlodozeniec, A.R. Mechanism of surface lubrication: Influence of duration of lubricant-excipient mixing on processing

characteristics of powders properties of compressed tablets. J. Pharm. Sci. 1977, 66, 1377–1382. [CrossRef]
22. Portillo, P.M.; Muzzio, F.J.; Ierapetritou, M.G. Characterizing powder mixing processes utilizing compartment models. Int. J.

Pharm. 2006, 320, 14–22. [CrossRef] [PubMed]
23. Siraj, M.S.; Radl, S.; Glasser, B.J.; Khinast, J.G. Effect of blade angle and particle size on powder mixing performance in a

rectangular box. Powder Technol. 2011, 211, 100–113. [CrossRef]
24. Horibe, M.; Sonoda, R.; Watano, S. Scale-Up of lubricant mixing process by using V-Type blender based on discrete element

method. Chem. Pharm. Bull. 2018, 66, 548–553. [CrossRef]
25. Asachi, M.; Nourafkan, E.; Hassanpour, A. A review of current techniques for the evaluation of powder mixing. Adv. Powder

Technol. 2018, 29, 1525–1549. [CrossRef]
26. Barling, D.; Morton, D.A.V.; Hapgood, K. Pharmaceutical dry powder blending and scale-up: Maintaining equivalent mixing

conditions using a coloured tracer powder. Powder Technol. 2015, 270, 461–469. [CrossRef]
27. Ho, R.; Muresan, A.S.; Hebbink, G.A.; Heng, J.Y.Y. Influence of fines on the surface energy heterogeneity of lactose for pulmonary

drug delivery. Int. J. Pharm. 2010, 388, 88–94. [CrossRef] [PubMed]
28. Bonakdar, T.; Ghadiri, M. Analysis of pin milling of pharmaceutical materials. Int. J. Pharm. 2018, 552, 394–400. [CrossRef]
29. Jones, M.D.; Price, R. The Influence of fine excipient particles on the performance of carrier-based dry powder inhalation

formulations. Pharm. Res. 2006, 23, 1665–1674. [CrossRef]
30. Majd, F.; Nickerson, T.A. Effect of Alcohols on Lactose Solubility. J. Dairy Sci. 1976, 59, 1025–1032. [CrossRef]
31. Freeman Technology. Stability & Variable Flow Rate Method. In FT4 Rheometer User Manual; Freeman Technology: Gloucester,

UK, 2007.
32. Madian, A.; Leturia, M.; Ablitzer, C.; Matheron, P.; Bernard-Granger, G.; Saleh, K. Impact of fine particles on the rheological

properties of uranium dioxide powders. Nucl. Eng. Technol. 2020, 52, 1714–1723. [CrossRef]
33. Kurz, H.P.; Munz, G. The influence of particle size distribution on the flow properties of limestone powders. Powder Technol.

1975, 11, 37–40. [CrossRef]
34. Liu, Y.; Lu, H.; Guo, X.; Gong, X.; Sun, X.; Zhang, Z. The influence of fine particles on bulk and flow behavior of pulverized coal.

Powder Technol. 2016, 303, 212–227. [CrossRef]

http://doi.org/10.14356/kona.2004013
http://doi.org/10.1080/17461390500402657
http://doi.org/10.1016/j.powtec.2017.09.013
http://doi.org/10.1016/j.ijpharm.2011.12.012
http://www.ncbi.nlm.nih.gov/pubmed/22197769
http://doi.org/10.1016/j.ces.2012.07.037
http://doi.org/10.1016/j.ijpharm.2011.04.014
http://doi.org/10.1016/0378-5173(88)90164-0
http://doi.org/10.1016/0378-5173(88)90281-5
http://doi.org/10.1002/jps.2600661006
http://doi.org/10.1016/j.ijpharm.2006.03.051
http://www.ncbi.nlm.nih.gov/pubmed/16698203
http://doi.org/10.1016/j.powtec.2011.04.004
http://doi.org/10.1248/cpb.c17-01026
http://doi.org/10.1016/j.apt.2018.03.031
http://doi.org/10.1016/j.powtec.2014.04.069
http://doi.org/10.1016/j.ijpharm.2009.12.037
http://www.ncbi.nlm.nih.gov/pubmed/20038447
http://doi.org/10.1016/j.ijpharm.2018.09.068
http://doi.org/10.1007/s11095-006-9012-7
http://doi.org/10.3168/jds.S0022-0302(76)84319-6
http://doi.org/10.1016/j.net.2020.01.012
http://doi.org/10.1016/0032-5910(75)80020-9
http://doi.org/10.1016/j.powtec.2016.07.022

	Introduction 
	Materials and Methods 
	-Lactose Monohydrate (-LM) Crystals 
	Magnesium Stearate (MgSt) 
	Coating -Lactose Monohydrate Crystals with Magnesium Stearate Powder 
	Flowability Measurement Using FT4 Rheometer 
	Powder Stability and Sensitivity to Shear Strain Rate 
	Quantification of Particle Breakage through Sieving 

	Experimental Results and Discussions 
	Effect of Washing on the Flow Behaviour of -LM 
	Effect of MgSt on -LM Bulk Flow 
	Effect of Mixer Type on Powder Flow 
	Extent of Breakage 

	Conclusions 
	References

