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Purpose. The object of this work was to investigate the mechanism of
how the surface geometric structure of flow agents affects on the
flowability of pharmaceutical powder mixtures.
Methods. Nonporous and porous silicas were mixed with directly
compressible fillers as flow promoting agents. The geometric struc-
ture of flow agents was investigated by gas adsorption and laser dif-
fraction analysis. Flowability was evaluated with Carr’s index mea-
surement. Adhesion force between fillers and flow agents was deter-
mined using atomic force microscopy.
Results. Flowability was improved with the addition of both nonpo-
rous and porous flow agents. In the case of nonporous flow agents,
effect to promote flowability decreased with the increase of particle
diameter, whereas porous flow agents highly improved flowability
independent of particle diameter. Atomic force microscopy measure-
ment found that the adhesion force between a porous agent and filler
was smaller than that between a nonporous agent and filler.
Conclusions. Enhancement of flowability varies depending on the
geometric structure of flow agents. Porous flow agents improve flow
properties more than nonporous agents, because porosity is highly
contributed to reduction of adhesion force between particles.

KEY WORDS: flowability; flow agent; geometric structure; adhe-
sion force; atomic force microscope.

INTRODUCTION

Flow property is one of the important characteristics of
pharmaceutical powder mixtures because it influences con-
tent and weight uniformity at the process of mixing, tableting,
and capsulation. For the purpose of improving the flowability
of particles, flow agents, such as talc, colloidal silicas, and
magnesium stearate (1–3), are widely incorporated in solid
dosage forms.

The field of flow agent is treated by many authors.
Chowhan and Yang (4) reported that powder mixtures com-
prising up to 1% colloidal silica generally resulted in the in-
crease of flow rate. Lubner and Ricciardiello (5) verified that
addition of colloidal silicas is effective only when used at

optimal concentration ranges. Otsuka (6) observed that the
adhesive force was remarkably reduced in the presence of
ultra fine particles and the addition of adequate amount of
flow agent led to an increase of powder fluidity.

However, most of these studies are focused on the opti-
mal concentration range of flow agent but the mechanism to
improve of the flowability or effect of geometric structure of
flow agent has not been investigated qualitatively. Sindel and
Zimmermann (7) considered that flow properties were deter-
mined by adhesion force acting between particles and estab-
lished the technique to measure the force between individual
lactose particles, but the effect of surface geometric structure
on the flowability was not studied sufficiently.

The main object of this work is to investigate the effect of
geometric structure of flow agent on flowability and to clarify
the mechanism of enhancing flowability. Six nonporous and
porous silicas were used as flow promoting agents and flow-
ability was evaluated by Carr’s index. Adhesion force be-
tween particles was measured by atomic force microscope
(AFM). The relationship between flowability and geometric
structure was analyzed, being related to the adhesion force
between particles.

MATERIALS AND METHODS

Materials

The following silicas were purchased from commercial
suppliers and used as received: Aerosil 200 and Aerosil 50
(Nippon Aerosil Co., Ltd., Tokyo, Japan); SO-C1 and SO-C5
(Admatechs Co., Ltd., Aichi, Japan); CARPLEX CS-5
(Shionogi & Co., Ltd., Osaka, Japan); and Adsolider 101
(Freund Industrial Co., Ltd., Tokyo, Japan). Tablettose 80
(MEGGLE GmbH, Wasserburg, Germany) and Avicel
PH101 (Asahi Kasei Corporation, Osaka, Japan) were used
as directly compressible fillers.

Methods

Sample Preparation

Tablettose 80 and Avicel PH101 were premixed at the
ratio of 7:3 in drum mixture (Nisida Chemical Equipment
Mfg. Ltd, Osaka, Japan) for 30 min and screened with a 1-mm
mesh sieve. Sieved mixture was poured into silica particles
that were screened with a 500-�m mesh sieve and mixed in a
Turbula mixer T2C (Willy A.Bachofen AG Maschinenfabrik,
Bassel, Switzerland) for 20 min. The total amount of powder
mixture was fixed at 350 g and prepared samples were stored
at 18–26°C and 30–60% relative humidity.

Determination of Surface Geometric Structure of Silica
and Fillers

Specific surface area and porosity were evaluated by gas
adsorption method. Adsorption isotherms of nitrogen at
−196°C were measured by FlowSorb 2300 and TriStar 3000
(Shimadzu Corporation, Kyoto, Japan). The general value of
�N2 � 0.162nm2 was taken as the cross sectional area of a
nitrogen molecule. The specific surface areas SN2 of the
samples were calculated by the BET method and the pore size
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distributions were figured out by the BJH Desorption Pore
Distribution method (8).

Laser diffraction analysis was used for the determination
of particle size distribution. The particle size of fillers was
measured in gas phase mode and the size of silicas was con-
ducted in liquid phase mode. In advance of liquid mode mea-
surement, silica particles were dispersed into distilled water
with adding Polysorbate 80 as surfactant. Prepared dispersion
was exposed to super ultrasonic for 10 min to avoid the ag-
gregation of single particles and these samples were set to
diffraction analyzer Heros & Rodos (Sympatec GmbH,
Clausthal-Zellerfeld, Germany). Particle size of Aerosil 50
and Aerosil 200 is too small and below detection limit, there-
fore these values are quoted from Aerosil catalogues.

Evaluation of Flowability

Flowability was expressed as Carr’s index. This total in-
dex was obtained from particle size uniformity, repose angle,
compressibility and spatula angle. Particle size uniformity was
calculated from undersize distribution of initial filler mixture
and the value 4.3 was used for all the samples. The other
indexes were measured by Powder Characteristics Tester
(Hosokawamicron Corporation, Osaka, Japan).

Adhesion Force Measurement Using AFM

There had been several techniques to measure the adhe-
sion force between particles such as centrifugal and impact
separation methods. However, all of these methods are re-
stricted to be applied only on bigger sample quantities and
measurement on an individual particle had turned out to be
very difficult until recent technological development of adhe-
sion force measurement devices (9–11). For instance, Shi-
mada et al. (9) recently developed a new apparatus that can
measure adhesion force and monitor the behavior of indi-
vidual particles simultaneously.

AFM is one of these measurement devices (12). The
head unit of AFM (Fig. 1) consists of a cantilever that works
as a probe and piezo unit. Piezo unit controls the displace-
ment of substrate and force measurement is conducted be-
tween a probe and substrate in “force curve” mode. In this
operating mode, the substrate displacement was controlled by
the piezo movement, and adhesion force was converted from
the deflection of a cantilever and its spring constant. In this

study, all the measurements were obtained by AFM SPI300
(Seiko Instruments Inc., Chiba, Japan) and analyzed using a
SPA3700 system.

Adhesion force was measured between a silica particle
and a filler tablet. A filler tablet was prepared by single-punch
tablet press (Korsch AG, Berlin, Germany) at 1000 kg tablet-
ing force. A powder mixture (340 mg) was compacted into
flat-faced tablets with a diameter of 10 mm without any lu-
bricant. A silica particle was fixed on the top of cantilever
using epoxy resin (1). Before the measurement, the diameter
of a particle was confirmed by optical microscope and an
obtained force f was normalized by the following equation.

F =
f

R
(1)

where R is the curvature radius of a silica particle attached to
the cantilever. Adhesive force measurement was conducted
under 30% relative humidity to avoid the significant influence
of liquid bridge adhesion force (13,14).

RESULTS AND DISCUSSION

Surface Geometric Structure

Geometric structure of silica particles is summarized in
Table I. Hysterisis loop in desorption isotherm of nitrogen
was observed only for Adsolider 101 and CARPLEX CS-5.
Hysterisis loop is a characteristic of porous structure (15) and
did not appear in other four silicas. Figure 2 shows pore size
distribution of Adsolider 101 and CARPLEX CS-5. In Table
I, surface roughness G was listed by calculated according to
the equation given below (15,16),

G =
SN2

A
(2)

A =
6
� �

k=1

27 Dk

Lk
(3)

SN2 is specific surface area obtained from gas adsorption. A is
specific surface area calculated, assuming the ideal case that
particles are equal-sized and perfectly spherical in shape.
Here, � is the true density and Dk is a particle size frequency
at each section. Particle size distribution was divided into 27
sections and Lk is the mean particle size in each section. G �
1 means that the sample has a unique size and smooth surface
structure. A large G value demonstrates that the sample has
wider size distribution and rougher surface structure.

Table I shows that four samples are nonporous and the
other two samples are porous particles, as expected from the
manufacturing process. Particle size of nonporous silica is in
the order of Aerosil 200 < Aerosil 50 < SO-C1 < SO-C5 and
particle size of SO-C5 is almost the same as Adsolider 101,
which has a porous structure. Specific surface area of nonpo-
rous samples decreased in inverse proportion to particle di-
ameter because nonporous silica has no internal surface area
whereas porous samples that included large internal surface
area revealed high surface areas.

Differences in surface structure also appeared in surface
roughness. The value of surface roughness G is extremely
high on porous samples, whereas it is near to 1.0 in the case of

Fig. 1. Illustration of head unit of atomic force microscope. A probe
silica particle was glued to the top of cantilever by epoxy resin and a
substrate is a filler tablet. Adhesion force was measured between
probe silica and a filler tablet.
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nonporous silica. In other words, nonporous silica has a
smooth surface and porous silica holds much rougher surface
structures.

Flowability

Figure 3a depicts the Carr’s index of series of nonporous
silicas. Index value of initial filler mixture without any flow
agent is 66.0, and it increased in accordance with the addition
of flow agent to show a local maximum value. In the case of
nonporous silicas, the enhancement of flowability reduced
with the increase of particle diameter, while optimum con-
centration shifted to higher ratio with the increase of diam-
eter. For example, when focused on the local maximum value,
Aerosil 200, with a diameter of 12 nm, showed maximum
value 75.0 at 0.1wt%, but it deceased to 72.0 at 3 to 5wt% with
the addition of SO-C5, which are 1.0 �m in diameter.

However, different tendency was obtained in the case of
porous silica, as seen in Fig. 3b. Flowability was highly im-
proved and showed maximum value, independent of particle
size. For instance, particle diameter of CARPLEX CS-5 is as
twice as Adsolider 101, but local maximum values of these
two samples were almost the same at the same concentration.
Considering the effect of porosity, Adsolider 101, which is a
porous structure and has similar diameter to nonporous SO-
C5, showed higher ability to enhance the flowability com-

pared with SO-C5. This result indicated flowability is strongly
affected by the porosity and rougher surface structure is ef-
fective as flow promoting agents.

According to these results, effect of surface geometric
structure can be summarized as follows:

1. In the case of nonporous silicas, enhancement of flow-
ability reduces with the increase of particle diameter.

2. In the case of porous silicas, flowability is highly im-
proved, independent of particle size.

Fig. 2. BJH Desorption Pore Distribution of porous silicas. Hysterisis
loop in desorption isotherm was observed for Adsolider 101 and
CARPLEX CS-5. Hysterisis loop is a characteristic of porous struc-
ture and indicates that only these two silicas involve pore in particle
structure.

Fig. 3. (a) Carr’s index of series of nonporous silica series. (b) Carr’s
index of series of porous silicas.

Table I. Surface Geometric Structure of Silica Samples

Manufacturing
process

Mean
particle

size (�m)

Specific
surface

area (m2/g)

Pore size
diameter

(nm)
Pore volume

(mL/g)
True density

(g/mL)

Surface
roughness

G

Aerosil200 Gas phase 0.012 194 Nonporous Nonporous 2.2 0.85
Aerosil50 Gas phase 0.030 53.2 Nonporous Nonporous 2.2 0.59
SO-C1 Gas phase 0.42 13.6 Nonporous Nonporous 2.2 1.8
SO-C5 Gas phase 1.0 3.62 Nonporous Nonporous 2.2 1.1
Adsolider 101 Liquid phase 0.97 289 19 1.6 2.2 69
CS-5 Liquid phase 2.0 136 31 0.81 2.0 65

Note: Manufacturing process and true density are quoted from each silica catalogs. Surface roughness was calculated from Eqs. (2) and (3).
Mean diameter of Aerosil 50 and Aerosil 200 is quoted from Aerosil catalog and used for calculation for surface roughness.

Ohta, Fuji, and Chikazawa806



3. If particle diameter is the same, porous silica is more
effective to enhance the flowability than nonporous silica.

AFM

Relationship between the surface geometric structure
and flowability was shown but the mechanism how surface
structure effects on the flowability remains unsolved. Otsuka
(6) investigated flowability and adhesion force between indi-
vidual particles and verified that flowability was improved
with the reduction of adhesion force. Based on this concept,
effect of surface structure on adhesion force and how it affects
on flowability were evaluated.

Adhesion force was measured using AFM. Adsolider 101
and SO-C5 were chosen as probe particles, since these
samples have almost the same particle size and different sur-
face geometric structure. Before measurement, topography
images of filler tablets were acquired in noncontact mode.
Force measurement was conducted only after surface clear
image was taken and adhesion force was obtained more than
20 individual sites.

Adhesion force f is normalized by Eq. (1) and plotted in
Fig. 4 as cumulative distribution of normalized adhesion
force. The 50% medium value was figured out and listed in
Table II. Adhesion force between porous Adsolider 101 and
filler is smaller than that between nonporous SO-C5 and filler
as to the same fillers. This result indicated that porous struc-
ture is effective to reduce the adhesion force. Mizes et al. (17)
analyzed the adhesion force and reported that adhesion force
is controlled by the surface roughness. Table I shows that
porous silica includes much more surface roughness com-
pared with nonporous silica. Consequently, it is considered
that roughness is contributed to the reduction of adhesion
force between particles, and leads to enhancement of flow-
ability.

The mechanism how surface roughness reduces adhesion
force has been discussed mainly from two viewpoints (18–22).
One is the effect of contact area and the other is effect of
surface curvature at the contact points. Cooper et al. (18)
reported that the contact areas varied considerably depending
on the degree of surface roughness and that microscale rough-
ness played a controlling role in particle adhesion. Schaefer et
al. (19) studied adhesion force between particles and ex-
plained the disparity between theoretical and experimental
values by estimating radius of the contact asperity.

Regarding to silica particles, both factors can be consid-
ered to determine the adhesion force. Surface roughness of
porous Adsolider 101 leads to reduce the contact area com-
pared with nonporous SO-C5, which has a rather smooth sur-
face structure. This effect can be further investigated if tested
another porous silica, which has different porous structure
from Adsolider 101.

The latter factor also should be worked to reduce the
adhesion force. Adhesion force between a silica particle and
filler can be expressed by Derjaguin approximation (23) given
by the following:

F = 2�W � RsRf

Rs + Rf
� (4)

Where Rs and Rf are the radius of surface curvature at the
point of contact for a silica and filler particle, respectively. W
is the work of adhesion. In this study, Rf can be considered to

be constant regarding to the same filler, therefore adhesion
force is determined by Rs. In the case of nonporous silica, Rs

increases in proportion to particle diameter, because nonpo-
rous silica has smooth surface structure and is almost near to
true spherical shape. Therefore, adhesion force increases with
particle diameter and results in the reduction of flowability.
When it comes to porous silica, surface roughness reduces Rs
and flowability is highly improved independent of particle
diameter. This mechanism is illustrated in Fig. 5.

Table II. Adhesion Force between a Silica and Filler Tablet

Filler table Median value (N/m)

SO-C5 Tablettose80 8.9 × 10−2

Avicel PH101 4.9 × 10−2

Adsolider101 Tablettose80 1.7 × 10−2

Avicel PH101 1.2 × 10−2

Note: Obtained adhesion force was normalized by Eq. (1).

Fig. 4. Adhesion force measured by atomic force microscope be-
tween a silica particle and (a) Avicel PH101 tablet, (b) Tablettose80
tablet. This graph represents the cumulative of normalized adhesion
force expressed in percentage.
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Another interesting finding in Fig. 4 and Table II is that
adhesion force works with Tablettose 80 is approximately
twice as large as that with Avicel PH101.

This difference could be explained in terms of higher
surface energy of Tablettose 80 than that of Avicel PH101
because it would change the work of adhesion between silica
and fillers. However, this hypothesis is denied by the fact that
there is only a slight difference in surface energy, which was
verified by contact angle measurement. (24)

Another inference is influence of surface morphology,
which was already discussed above. Table III shows the mean
particle size and specific surface area of fillers. Mean particle
size of Avicel PH101 is slightly smaller than that of Tablet-
tose80, though specific surface area is much larger than that of
Tablettose80. Large surface area and small diameter indi-
cated that Avicel PH101 has rougher surface compared to
Tablttose80. Therefore, it is considered that the degree of
surface roughness altered contact area and radius of surface
curvature Rf in equation (4) and arisen the reduction of the
adhesion force.

From adhesion measurement, it can be concluded that
porosity of silica plays an important role to reduce the adhe-
sion force and it leads to the enhancement of flowability more
than nonporous structure. Additionally, higher adhesion
force observed between silica and Tablettose 80 can be ex-
plained from the aspect of difference of surface morphology.

CONCLUSION

Nonporous and porous silica was mixed with pharmaceu-
tical filler mixture and flowability was evaluated. Enhance-

ment of flowability is reduced with the increase of particle
diameter of nonporous silica. Although porous flow agents
improve flow properties independent of particle size. AFM
force measurement verified that adhesion force between po-
rous silica and filler is smaller than that between a nonporous
silica and filler. These results indicated that porous structure
is highly contributed to reduction of adhesion force because
of rougher surface structure. Both reduction of contact area
and smaller radius of curvature at the point of contact account
for the decrease of adhesion force and lead to the improve-
ment of flowability. In addition, it was also seen that adhesion
force was alerted because of the different morphology of filler
surfaces.
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