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ABSTRACT: The effect of hydrophilic and hydrophobic colloidal silicon dioxide types
(CSD) on the flow characteristics of microcrystalline cellulose (MCC) under different
mixing conditions was macroscopically measured using the angle of repose method, the
bulk and tapped densities. CSD ameliorated the flow characteristics in general, but
hydrophobic CSD was more effective compared to the hydrophilic types under gentle
mixing conditions. Themacroscopic effectwas explained on the particle level by scanning
electron (SEM) and atomic force microscopy (AFM) studies. The CSD distribution on the
MCC surface was more uniform for the hydrophobic type and was independent from the
mixing conditions used in this study. From the cumulative adhesion force distributions of
the mixtures, determined by AFM, the mean and the standard deviation of the adhesion
force were calculated. The means were 44.8 nN for MCC alone, 25.2 and 28.3 nN for
mixtures containing the two hydrophilic types, and 13.8 N for the hydrophobic CSD
under gentlemixing conditions in aTurbulamixer. Strongermixing in aplowsharemixer
led to a further reduction to 17.5 and 17.4 nN for the two hydrophilic types, while the
hydrophobic CSD showing a value of 13.9 nN was unchanged. A linear correlation
between the angle of repose and the adhesion force could be established, indicating that
for routinemeasurements of the efficiency of a glidant the simple angle of reposemethod
is sufficient. � 2004 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci

93:2635–2644, 2004
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INTRODUCTION

Powder mixing as a unit operation in the manu-
facture of solid dosage forms determines not only
the technological properties of the mixture but
also the content uniformity of the active ingre-
dient.1–6 From a technological point of view, the

homogeneity of low dosed excipients like magne-
sium stearate and colloidal silicon dioxide (CSD)
is of importance.7,8 They are added to cohesive
powders or granules andmust be uniformly distri-
buted to fulfill their lubricant or glidant function.
Powder processing is also of major importance for
the uniform distribution of CSD. The primary
particles of CSD are linked into relatively stable
aggregates that can range up to several hundred
nanometers in size, which in turn form larger
agglomerates. Mixing conditions strongly influence
the size and distribution of the agglomerates and
aggregates and as a result the flowability of the
powder mixture. Sindel et al.9 examined the
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homogeneity of a mixture of CSD and lactose by
measuring the angle of repose and by determining
the variance of the CSD content. At the optimum
mixing time, a significant reduction of the angle of
repose was found.

Physical test methods for powder flow charac-
terization described in the literature are numer-
ous.10,11 For this study, the classical angle of
repose, bulk and tapped densities12 were chosen
to evaluate the action of CSD on microcrystalline
cellulose (MCC) on a macroscopic level. To char-
acterize the glidant action, complementary inves-
tigations were performed to visualize the degree
of CSD particle (aggregates and agglomerates)
coverage and distribution on theMCC surface and
to determine the interparticulate forces within
the powder mixture. Previously used techniques
for the determination of interparticulate forces
include the vibration method, the centrifuge
technique, and the impact separation method.13

These methods determine the adhesion force by
measuring the amount or number of drug particles
that detach from a surface at a given force. Atomic
force microscopy (AFM) is an alternative techni-
que whereby the adhesion force is determined
using single particle detachment.

AFM was developed by Binning et al.14 in 1986
to overcome the limitations of scanning tunnel-
ling microscopy in achieving atomic resolution
of metals and semiconductors. It enables high-
resolution topographical imaging of surfaces and
records fundamental properties of sample surfaces.
By mounting a particle to a cantilever, AFM
permits the measurement of forces between this
specific particle and a substrate surface. For this
purpose, the probe particle is glued to the end of a
microfabricated cantilever and the substrate is
attached to the flat surface on the AFM piezo-
electric transducer, which is used to change the
relative position between the particle and the
substrate. The cantilever deflection is recorded
as it interacts with the moving substrate and is
converted into an interaction force. A schematic
diagram of and complementary information on
AFM can be found in the literature.15,16 Interac-
tion forces can be studied over a wide range of
environmental conditions such as temperature,
humidity, and gas atmosphere.

AFM has paved the way for new experiments.
The applications are numerous and concern
various fields, for example, physics, biophysics,
biochemistry, microelectronics, and metallurgical
engineering.17–20 Recently, AFM has found ap-
plication in the pharmaceutical field for evaluat-

ing the surface or the adhesional properties of
carriers,15,21,22 drug substances,24,25 or in deter-
mining their interaction.26,27 Additional studies
have been reported in other pharmaceutical fields.
Ibrahim et al.23 measured the adhesion force of
individual lactose particles to the surface of
gelatine capsules, while Wang et al.28 used AFM
to model adhesion phenomena in tablet compres-
sion. Ohta et al.29 and Weth et al.30 used AFM to
investigate glidants and correlated the attractive
forces with the powder flow.

The purpose of the present investigation was to
compare the flow-enhancing properties of diffe-
rent types of CSD on MCC with respect to mixing
conditions and to explain the changes in the
powder flow characteristics by scanning electron
microscopy (SEM) and AFM.

MATERIALS AND METHODS

Materials

AEROSIL1 200, a hydrophilic and non-compacted
CSD, AEROSIL1 200 VV Pharma and AERO-
SIL1 130 V, two hydrophilic and compacted
CSDs, AEROSIL1 R 972 V and AEROSIL1 R
974 V, two hydrophobic and compacted CSDs were
used as received from Degussa AG (Düsseldorf,
Germany). Their physico-chemical properties are
listed in Table 1.31

AEROSIL1 130 and AEROSIL1 200 are the
starting materials for the synthesis of AEROSIL1

R 972 V and AEROSIL1 R 974 V, respectively.
MCC (Avicel1 PH 101, FMC Biopolymer, Cork,

Ireland) was used as supplied.

Preparation of Mixtures

Based on preliminary investigations, the CSD
concentration was set to 0.5% w/w. CSD was pre-
screened through a 315 mm sieve onto a portion of
the MCC. The remaining portion of MCC was
added and mixed by hand. The mixture was
sieved through an 800 mm sieve before and after
10 min mixing in a free-fall mixer (Turbula T2C,
W. A. Bachofen, Basel, Switzerland) with a 2 L
vessel, a maximum filling degree of 75% and a
rotational speed of 42 rpm. The resulting mixture
was namedM1. A second batch of mixture M1 was
prepared and mixed an additional 10 min in a
high speed mixer based on the plowshare prin-
ciple (SW 1/S, Erweka, GmbH, Heusenstamm,
Germany) to produce mixture M2.
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Physical Characterization

Bulk density was measured using a plastic powder
funnel (run out diameter 3 cm). Approximately
150–200 mL of mixture corresponding to 70.0 g of
powder mixture were filled into a tared 250 mL
graduated cylinder (base diameter 6 cm). The
cylinder containing the product was weighed to
�0.1 g (model PG 4002-S, Mettler Toledo GmbH,
Giessen, Germany) and the volume was read to
�1 mL. The bulk density was calculated as g/cm3.
Three samples per lot were tested for themixtures.
The values from CSD were obtained from batch
records. After measuring the bulk density, the
filled cylinder was placed in a settling apparatus
(model STAV 2003, J. Engelsmann AG, Ludwig-
shafen, Germany) and tapped 1250 or 2500 times.
The final volume was recorded to �1 mL and the
tapped density was calculated in g/cm3 using the
weight obtained during the bulk density measure-
ment. Three samples per lot were tested for the
mixtures. The values from CSD were obtained
from batch records.

The specific surface area was determined by
nitrogen gas adsorption at a temperature of 77 K
according to ISO Norm 9277 (based on the BET
method) for disperse, nonporous solids. Samples
were first prepared by drying overnight at 1058C,
followed by degassing for 1 h at 2008C in vacuo
before performing the analysis using the volu-
metric method (Model ASAP 2400, Micromeritics,
Norcross, GA). Six data points were recorded for
0.05<p/p0< 0.22.

The particle size distributions of Avicel1 PH
101 was measured by laser diffraction spectro-
metry (Mastersizer 2000, Malvern Instruments
GmbH, Herrenberg, Germany) using the dry-
dispersing system Scirocco 2000 (Malvern Instru-

ments GmbH). The dispersing air pressure was
3 bar. Data were collected directly by means of the
system software (Malvern Instruments GmbH).
The mean value of three measurements was
calculated.

The angle of repose of the mixtures was mea-
sured using a sieve-cone-method according to DIN
ISO 4324. The distance between the sieve and the
metal cylinder was kept at 10 cm. First, 100 g of
material were sieved through an 800 mmsieve onto
a metal cylinder with a radius (r) of 25 mm to
determine the exact distance between the cone and
the sieve. The sieve was then fixed 3 cm above the
top of the powder cone, the cylinder surface was
cleaned, and 100 g ofmaterial were sieved through
an 800 mm sieve onto the metal cylinder. The
height (h) of the powder cone was measured with
digital counter type height gage (model 192-106,
Mitutoyo Meßgeräte GmbH, Neuss, Germany)
with a 0.03 mm accuracy. The angle of repose (a)
was calculated using the following equation: tan
a¼h/r. The mean, the standard deviation and
the 95% confidence interval of six samples were
calculated.

The MCC surface was examined by SEM using
a Zeiss DSM 940 A instrument (Carl Zeiss,
Oberkochen, Germany) equipped with a Contax
M 167 MT camera (Yashica-Kyocera, Hamburg,
Germany). Each mixture was fixed on an alumi-
nium pin using double-adhesive tape (Tempfix)
and then coated with a thin gold layer prior to
examination using a Sputter Coater E 1500 (Bio-
Rad, Munich, Germany). The samples were sput-
tered four times for 60 s and exposed to 20 mA
current and 2.1 kV acceleration voltage at a
vacuum of 0.02–0.03mbar. Themicrographs were
taken at 5 kV and at magnifications of 5000 and
20000.

Table 1. Physicochemical Properties of Hydrophilic and Hydrophobic Colloidal Silicon Dioxide (CSD) Types Used
in This Study

AEROSIL1

200
AEROSIL1

200 VV
AEROSIL1

130 V
AEROSIL1

R 972 V
AEROSIL1

R 974 V

Average primary
particle size (nm)a

12 12 16 16 12

BET surface area (m2/g)b 206 201 138 111 176
Bulk density (g/cm3)b 0.050 0.119 0.104 0.094 0.089
Tapped density (g/cm3)b 0.054 0.134 0.118 0.115 0.105
Silanol group

density (nm�2)a
Approximately

2
Approximately

2
Approximately

2
Approximately

0.75
Approximately

0.75
Behavior towards water Hydrophilic Hydrophilic Hydrophilic Hydrophobic Hydrophobic

aTypical values.
bBatch record, ex-plant.
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AFM

Sample Preparation

Powder samples for adhesion measurements were
prepared immediately before use. Samples of bulk
MCC and mixtures M1 and M2 containing
AEROSIL1 200, AEROSIL1 200 VV, and AERO-
SIL1 R 972 V were immobilized on an AFM stub
using a doubled-sided adhesive tape. Excess loose
powder was removed. The mean particle diameter
of Avicel1 PH 101 particles, determined by laser
diffraction spectroscopy, was 48.8, 49.5, and 49.7 mm
for MCC as bulk, and after mixing conditions 1
and 2, respectively.

Cantilever Preparation

A selected small and almost isometric MCC particle
(10 mm in size determined using an optical micro-
scope) was attached to the apex of an oxide-
sharpened silicon nitride cantilever (Type NP-20,
Digital Instruments, Veeco Inst., Santa Barbara,
CA) with a small quantity of epoxy resin (UHU
plus endfest 300, UHU GmbH & Co., KG, Bühl,
Germany) under an optical microscope (Ergolux,
Ernst Leitz, Wetzlar, Germany). Care was taken
to prevent the spreading of epoxy resin around
the cantilever and the particle. The MCC functio-
nalized cantilever was examined under an optical
microscope after drying overnight to ensure the
successful attachment of the MCC particle and
also after eachmeasurement to ensure the particle
integrity.

The cantilever spring constant (k¼ 0.23 N/m)
was determined using a dynamic method as de-
scribed by Cleveland.32 A glass sphere of known
mass was attached to the end of the cantilever and
the change in resonance frequency was measured.
The glass sphere adhered naturally and could be
easily removed before using the cantilever, mak-
ing the method non-destructive.

Adhesion Measurements

Adhesion measurements were performed in air
at room temperature (20–258C) and ambient
relative humidity (40–50% RH) using an atomic
force microscope (Multimode SPM, Digital Instru-
ments). All force–distance measurements were
recorded with the following settings: 6 mm
approach-retraction cycle and 1 Hz cycle rate. A
digital camera (Coolpix 990, Nikon) was used to
locate the MCC functionalized cantilever on top
of an individual MCC particle from the sample.
The adhesion force distribution was obtained from

adhesion measurements of at least 50 individual
sites for mixtures M1 and M2 and 30 sites for
MCC. Ten force plots were captured at each site.
The force–distance plot of the atomic force micro-
scope is well-described in the literature.20,26,33

The adhesion force (F) was calculated according to
Hook’s law, F¼ kx, where k is the spring constant
and x is the vertical displacement of the canti-
lever. For an accurate adhesion force calculation,
the vertical displacement was recorded using a
piezoscanner that measures the difference in dis-
tance (Dz) between the point at which the probe,
in contact with the surface, crossed the zero
deflection line, and the point at which the probe
pulled free from the surface.34

RESULTS AND DISCUSSION

Powder Flow Characterization

The flowability test using a standard funnel could
not be performed because Avicel PH 101 without
CSD did not flow through the funnel. The angle of
repose of the mixtures, which as reported in our
previous study,35 correlated well to the measure-
ment of flow rate using a dynamic conveyor
belt method, was then measured using a sieve-
cone-method. The flow characteristics were differ-
ently affected by the mixing conditions although
the particle size of MCC remained unchanged
(49.5 and 49.7 mm for MCC after mixing condi-
tions 1 and 2, respectively). The mixing condition
did not significantly influence the powder flow
characteristics of mixtures containing MCC with-
out CSD, namely the angle of repose, the bulk and
tapped densities (Table 2).

EachCSD-type increased thebulkdensity to the
same extent and the values ranged from 0.389 to
0.416 g/cm3. Therefore, the density of the powder
cone resulting during the angle of reposemeasure-
ments of mixtures containing CSD was not
influenced by the different CSD-types and the
mixing conditions. The interparticle distance be-
tween MCC particles was the same for all MCC–
CSD mixtures. As expected, the addition of CSD
decreased the angle of repose of MCC under both
mixing conditions (Fig. 1). The small spherical
CSD agglomerates adhered to the surface of MCC
and reduced the attraction forces between two
MCC particles. MCC mixtures containing hydro-
phobic CSD-types exhibited lower angles of repose
compared to mixtures containing hydrophilic
CSD-types, resulting in better flow properties at
very similar interparticle distance. Moreover,
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mixtures containing hydrophilic CSD were influ-
encedby themixing conditions.Theangle of repose
decreased (by 5.5–8.7%), i.e., the flowability
increased, under forced mixing conditions in the
plowshare mixer. By contrast, the mixtures M1
and M2 containing hydrophobic CSD showed no
statistically significant differences in the angles of
repose and therefore seemed to be independent
from the mixing steps.

Addition of CSD increased the tapped density of
MCC. The CSD particles adhering to the MCC
surface reduced the interparticle forces between
the MCC and increased the roller friction com-
pared to the sliding friction. During tapping, the
MCC particles moved closer to each other and
reduced the space between them. The same
influence of the CSD and the mixing conditions
was previously observed with the angle of repose.
Figure 2 is the mirror image of Figure 1. The ad-
dition of hydrophobic CSD showed higher tapped
densities compared to the addition of hydrophilic
CSD and was not influenced by the mixing con-
ditions (Fig. 2 and Table 2).

The primary particle size of theCSD type cannot
be held responsible for these differences because

AEROSIL1 200 VV and AEROSIL1 130 V have
the same primary particle sizes as AEROSIL1 R
974 V and AEROSIL1 R 972 V, respectively
(Table 1). Additionally, no dependence of the angle
of repose on CSD surface area and tapped density
was observed. The results indicate that other
factors like surface chemistry influence the glidant
properties of different CSD types.

SEM

In order to analyze and to elucidate the afore-
mentioned differences between different CSD
types, SEM images were taken to visualize the
degree of CSD particle coverage and distribution
on the MCC surface. This study included AERO-
SIL1 200, a conventional and commonly used
CSD,AEROSIL1 200VV, a new compacted hydro-
philic CSD, and AEROSIL1 R 972 V, a new com-
pacted hydrophobic CSD. SEM-samples were
carefully checked to make sure that the differ-
ences observed were representative for each par-
ticular mixture. The comparison of Figure 3a,c,e,
shows that the MCC surface was covered with
small particles of CSD (aggregates and agglom-
erates), however, to varying degrees. The distri-
bution of hydrophobic CSD on the surface of MCC

Table 2. Angle of Repose (n¼ 6), Bulk and Tapped Densities (n¼ 3) of the Different CSD Types–Microcrystalline
Cellulose (MCC) Mixtures at Mixing Conditions 1 and 2

MCC
AEROSIL1

200
AEROSIL1

R 200 VV
AEROSIL1

130 V
AEROSIL1

R 972 V
AEROSIL1

R 974 V

M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2

Angle of repose (8) 46.8 47.3 40.7 37.2 39.2 37.1 40.5 38.1 35.7 35.7 36.3 35.5
Bulk density (g/cm3) 0.356 0.357 0.389 0.4 0.404 0.407 0.394 0.402 0.416 0.411 0.411 0.407
Tapped density (g/cm3) 0.457 0.455 0.468 0.51 0.471 0.508 0.476 0.5 0.518 0.518 0.519 0.524

Figure 1. The effect of colloidal silicon dioxide (CSD)
andmixer type on the angle of response of microcrystal-
line cellulose (MCC) mixtures. Error bars indicate the
95% confidence interval of six measurements.

Figure 2. The effect of CSD and mixer type on the
taped density of MCC mixtures. Error bars indicate the
95% confidence interval of three measurements.
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was regular, uniform, and homogeneous without
enrichment of CSD particles at the edges or in
cavities (Fig. 3a). Additional mixing M2 (Fig. 3b)
did not influence the degree and uniformity of
coverage of hydrophobic CSD. Although the
proportion of CSD in the mixture was the same
for every sample, the coverage of MCC was less
extensive and the distribution was less homo-
geneous for mixtures containing hydrophilic CSD
(Fig. 3c,e). Furthermore, large CSD particles were
observed on the MCC surfaces or in cavities,
indicating that the CSD agglomerates were not
sufficiently broken up under mixing conditions 1.
Figure 3d,f show that higher energy mixing
conditions were necessary to achieve a homoge-
neous distribution of hydrophilic CSD particles.
The degree of coverage qualitatively correlated to

the flow-enhancement. A higher degree of cover-
age allowed a better action of the glidant particles.

This SEM analysis indicated that the degree
and uniformity of coverage of the CSD on theMCC
surface plays a key role in the reduction of the
angle of repose. This observation can be explained
by the nature of the CSD. Primary particles of
CSD are linked into relatively stable aggregates,
which in turn form larger agglomerates. The pre-
vailing forces within the agglomerates are hydro-
gen bonds. By reacting the silanol groups with
organosilicon compounds to create hydrophobic
CSD, the density of silanol groups of hydrophobic
CSD decreases as shown in Table 1. Consequently
the hydrogen bonds within the agglomerates are
fewer, leading to softer agglomerates compared to
the hydrophilic types. Agglomerates of hydropho-
bic CSD are therefore easily broken up and reach
their final size and optimum distribution already
under gentle mixing conditions (M1), while higher
energies (M2) are required to break up agglomer-
ates of hydrophilic CSD and to achieve an uniform
coverage.

Adhesion Force Measurements

The adhesion force measurements between aMCC
functionalized cantilever (‘‘MCC-probe’’) andMCC–
CSD mixtures or bulk MCC were performed with
AEROSIL1 200, AEROSIL1 200 VV, and AERO-
SIL1 R 972 V.

A typical plot of an individual measurement
cycle is presented in Figure 4. To be sure that the
MCC functionalized cantilever remained uncon-
taminated and intact during the course of the
experiments, the particle integrity was examined
under an optical microscope after each measure-
ment cycle and the 300–500 values from each
single run were evaluated in order to ascertain
whether a systematic increase or decrease due to
a change in the surface of the MCC probe had
occurred. For all experiments, there was no syste-
matic time dependent variation between single
values within a run and the optical observation
indicated no change of the MCC probe surface.

The cumulative distributions Q0 of the adhe-
sion forces are depicted in Figure 5. The curves
represent the cumulative experimental measure-
ments standardized to 1 for each sample. Each
distribution indicates a non normal distribution.
To characterize the samples, the mean, the stan-
dard deviation, and the standard error of the
mean were calculated. Furthermore, the different
samples were compared using a nonparametric

Figure 3. Scanning electron microscopy (SEM)
images of MCC containing 0.5% AEROSIL1 R 972 V
[M1, (a);M2, (b)], 0.5%AEROSIL1 200 [M1, (c);M2, (d)],
and 0.5% AEROSIL1 200 VV [M1, (e); M2, (f)]. The bar
represents 500 nm.
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Kruskal–Wallis or H-test followed by a Dunn’s
comparison test36 (Table 3).

The cumulative frequencies, means, and non-
parametric statistical test results showed that
CSD reduced the adhesion force between theMCC

functionalized cantilever and the MCC sample.
This corroborates with the sandwich contacting
system that describes the position of a small
particle between two larger spheres—in our system
CSD between two MCC particles. The smaller
glidant particle increases the distance between
the two larger excipient particles and the van der
Waals forces between them are reduced.37

Under mixing conditions 1, adhesion forces
obtained with MCC without CSD or with AERO-
SIL1 200, AEROSIL1 200 VV, and AEROSIL1 R
972 V ranged from 18 to 110 nN, from 2 to 106 nN,
from2 to 110nN, and from2 to 40nN, respectively.
Differences in adhesion between individual sites
were expected for MCC and could be explained by
thematchstick-like or rod-like structure ofMCC.38

Through this structure, the number of contact
points between the MCC particle mounted to the
cantilever and the sample varied from one site to
the other, leading to a large adhesion force range.
This situation is depicted in Figure 6a. Mixtures
M1 containing either compacted or non-compacted
hydrophilic CSD showed no statistically signifi-
cant differences in their adhesion means. The
means were smaller compared to pure MCC, as
expected, but the range of adhesion was still high.
This observation can be attributed to the degree of
coverage of CSD on MCC. SEM analysis revealed
that the surface of the MCC was not completely
covered by hydrophilic CSD under mixing condi-
tions 1. Consequently, during the measurement,
the cantilever can reach a MCC surface either
without, with few, or with many CSD particles as
depicted schematically by Figure 6b. These var-
ious contact point possibilities resulted in a wide
range of adhesion forces. By contrast, addition of
0.5% hydrophobic CSD led to a small range and
statistically significant lowermeanof theadhesion
force. As shownbySEM images, the distribution of
hydrophobic CSD onMCCwas homogeneous after
gentle mixing in the free-fall mixer. This homo-
geneous coverage allowed a MCC–CSD–MCC
contact (Fig. 6c), which led to a smaller adhesion
force mean and a smaller range of the adhesion
force compared to the sample M1 containing
hydrophilic CSD.

Through additional mixing in the high speed
mixer (M2), themean, the standard deviation, and
the range of the adhesion force decreased for
mixtures containing hydrophilic CSD.The smaller
range of the adhesion force distribution, from 1
to 74 nN and from 1 to 60 nN for AEROSIL1 200
and AEROSIL1 200 VV, respectively, was attri-
buted to a better distribution of the CSD, as

Figure 4. Illustration of the measurement of deflec-
tion of the cantilever versus the extension of the piezo
tube of an individual adhesion measurement between
a MCC functionalized cantilever and MCC containing
0.5% AEROSIL1 200.

Figure 5. Cumulative adhesion forces between a
MCC particle attached to the cantilever and bulk MCC
( ) or MCC containing 0.5% AEROSIL1 200 ( ), 5%
AEROSIL1 200VV ( ), 0.5%AEROSIL1R 972 V ( ) for
mixtures M1 (a) and mixtures M2 (b).
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observed by SEM images (Fig. 3d,f). Schemati-
cally, the measurements under mixing conditions
2 could be described by Figure 6c. In this case
primarily MCC–CSD–MCC contact occurred.
Consequently, the means for both samples M2
were statistically significant smaller compared to
M1 and approached the mean of sample M2 with
hydrophobic CSD. Mixtures M1 and M2 contain-
ing hydrophobic CSD presented no statistically
significant differences in adhesion force means
and showed nearly the same curve shape and
range of adhesion force distribution, as they
already presented the same degree and uniformity
of coverage. This observation indicated that adhe-
sion force was dependent on the degree and
uniformity of coverage of the CSD on the MCC
surface.

Correlation between Angle of Prepose
and Adhesion Force

As shown in Figure 7, the correlation between the
angle of repose and the adhesion force mean
was linear. The smaller the angle of repose, the
smaller the adhesion between the MCC particle
affixed to the cantilever and the sample surface.
The measurement of the angle of repose explains

the global and effective action of the CSD onMCC.
AFM allowed the characterization of the glidant
action on an MCC particle-to-particle contact
level. The adhesion force measurement performed
by AFM was not the absolute adhesion force,
because the area of each sampling point was
unknown.25 The mean of the distribution was
calculated, the adhesion measurements of each
sample were statistically compared and the
results represented best the phenomena within
the powder mixtures. Both methods, namely the
angle of repose and AFM, showed that the glidant
properties depended on the nature of the CSD and
the mixing conditions.

CONCLUSION

The angle of repose of MCC as a measure of its
flow properties was reduced, depending on the
mixing conditions, from 478 to between 38 and 408

Table 3. Means, Standard Deviations (SD), Standard Errors (SE), and Number of Measurements of the Adhesion
Force Distributions

MCC

Mixture 1 Mixture 2

AEROSIL1

200
AEROSIL1

200 VV
AEROSIL1

R 972 V
AEROSIL1

200
AEROSIL1

200 VV
AEROSIL1

R 972 V

Mean (nN) 44.8 25.2 28.4 13.9 17.5 17.4 13.8
SD (nN) 19.3 19.8 20.9 7.4 14.1 8.7 9.9
SE (nN) 1.2 0.9 0.9 0.3 0.6 0.4 0.4
n 254 536 600 485 543 572 596

Figure 6. Schematic representation of three contact
possibilities between theMCC functionalized tip and the
MCC sample during the adhesion free measurement,
focusing on the coverage of MCC sample by CSD types:
(a) MCC–MCC contact; (b) MCC–MCC or/and MCC–
CSD–MCC contact; and (c) MCC–CSD–MCC contact.

Figure 7. Correlation between the angle of repose
and the adhesion force mean of MCC containing 0.5%
AEROSIL1R972V [M1, (*)M2, (*)], 0.5%AEROSIL1

200 [M1, (&); M2, (&)], 0.5% AEROSIL1 200 VV [M1,
(~); M2, (~)], andMCC as bulk (^). Error bars indicate
the standard error (SE) of the mean.
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by the addition of different hydrophilic CSD
types. Hydrophobic CSD resulted in a reduction
to 368 independent of the mixing conditions. This
macroscopic effect supported by bulk and tapped
densities could be verified by SEM images and
AFM measurements. SEM images showed a uni-
form distribution of hydrophobic CSD particles
on the MCC surface even under gentle mixing
conditions while for hydrophilic CSD stronger
mixing conditions were required. The AFM mea-
surements resulted in an adhesion force reduction
of the mean from 44.8 nN for pure MCC to at least
17.5 nN for hydrophilic and 13.9 nN for hydro-
phobic CSD, the latter being independent from
the mixing conditions. In addition the adhesion
force variation was lower with hydrophobic CSD.
A linear correlation between the angle of repose
and the adhesion force was established. These
results indicate that hydrophobic CSD has some
advantages in powder mixing compared to the hy-
drophilic type. For routine measurements the
angle of repose is a sufficient method to compare
different types of flow enhancing substances.
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