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a b s t r a c t

One of the techniques used to decrease the cohesive force between particles is the admixing of nano-
particles. However, the optimal conditions that will produce a minimum amount of force have not been
established. In this study, we investigated the effects of the agglomerated state and the gap of coverage
for admixed particles on particle-bed packing fractions in uni-axial compression. The main particles were
made up of 397 nm silica particles. The admixed particles included 8, 21, 62 and 104 nm silica particles.
The main and admixed particles were mixed using a mortar and pestle for 5 min for various mass ratios.
SEM images were used to analyse the coverage diameter and the surface coverage ratio. As a result, the
packing fractions with admixed particles of 8 and 21 nm were larger than when admixed particles were
not used, and these admixed particles adhered onto the surface of the main particles as agglomerates.
However, packing fractions of 62 and 104 nm were almost constant and were independent of the cover-
age states of admixed particles. Furthermore, these admixed particles with relatively larger diameters
were adhered onto the surface as single particles. From the coverage diameter and actual surface cover-
age ratio obtained by the SEM image, the average gaps between agglomerates of 8 and 21 nm on the main
particle were calculated. When the gap approached twice the size of the coverage diameter, packing
fractions of 8 and 21 nm proved to be the maximum values. However, when the gap was less than the
coverage diameter, the packing fractions deteriorated.
� 2013 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

Fine particles have a high reactivity and solubility due to a large
specific surface area. Thus, they are widely used throughout the
chemical, pharmaceutical, cosmetic, and food industries. Particles
are known to become cohesive, however, when the diameter is de-
creased. The cohesiveness of particles causes trouble with handling
processes such as feeding, mixing and packing. Therefore, tech-
niques that decrease the cohesive forces are required for improving
such handling processes of fine particles.

One of the techniques used to decrease the cohesive force is the
admixing of nano-order particles. The admixed particles adhere
onto the surface of a main particle, which results in an increased
surface roughness [1–8]. Liu et al. [8] reported that a shear test
showed that the combination of an ibuprofen particle and lactose
nano-particles produced the minimum value for cohesiveness at
an admixed mass ratio of about 50%. However, in a system
comprised of a lactose particle and silica nano-particle, Ohta and
Toyoshima [3] reported that one of the cohesive properties, the

angle of repose, showed its minimum value at an admixed mass ra-
tio of about 0.1%.

As shown in the literatures, the optimal admixed mass ratio for
achieving a minimum cohesive property strongly depends on the
combination of the main materials and that of the admixed parti-
cles. Furthermore, the van der Waals force, which is the dominat-
ing force of cohesive properties, depends on other particle
characteristics, such as diameter, shape, hardness and elasticity
[9]. Because of the complexity of the effects of these factors on
cohesive properties, the optimal admixed ratio cannot be pre-
dicted, and then the optimal mixing conditions must be decided
by trial and error. To predict the optimal mixing ratio, it is neces-
sary to clarify the effect of each factor on the cohesive properties.
However, there has been little investigation on the effect of each
factor although there are many reports on the cohesive properties
of various practical systems. Hence, we intended to investigate the
effect of the diameters of main and admixed particles on cohesive
properties. In order to clarify the effect of the diameter, we em-
ployed a simple system. We used spherical silica particles as both
the main and the admixed particles and we focused on the
cohesive properties that appeared in the packing process [10]. As
a result, the details of the relationship between the coverage state
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and the packing fraction were unclear, although we found that the
admixed particle diameter was an important factor for increasing
the packing fraction. Thus, in the present study, we measured the
compressed packing fractions of the mixed particles for various ad-
mixed particle diameters and mixing mass ratios. In the experi-
ments, we analyzed the 2-dimensional coverage diameter and
the actual surface coverage ratio of admixed particles on main par-
ticles using SEM images. From these results, in particular, the ef-
fects of the agglomerated state and the gap of the coverage for
admixed particles on the packing fraction were discussed.

2. Experiment

2.1. Mixing and compressing procedures

Spherical silica particles with a count median Martin diameter
of 397 nm were employed as the main particles, while the same
silica particles with diameters, Dad, of 8, 21, 62 and 104 nm were
used as admixed particles. Here, the sphere equivalent diameters
were 8 and 21 nm, while the count median Martin diameters were
62 and 104 nm. These count median Martin diameters and sphere
equivalent diameters were obtained by SEM image analysis and
the BET method, respectively. The true density for all silica parti-
cles was 2.2 � 103 kg/m3.

The admixed particles were mixed with the main particles
using an alumina mortar and pestle for 5 min. The mixing mass ra-
tio ranged from 0.5% to 33.3%. We placed 0.5 g of mixed particles
into a cylindrical container with an inner diameter of 8.8 mm,
and the mixed particles were then compressed from the top using
0.19 MPa. The packing fraction (=solid fraction), /mix, was calcu-
lated from an apparent volume of the compressed particle bed.
As a control, only the main particle was stirred using a mortar
and pestle for 5 min, then a packing fraction of 0.5 g of the main
particle without the admixed particle, /main, was measured. Each
experiment was repeated 3 times. From these results, we calcu-
lated the difference in packing fractions, D/ = (/mix � /main). Here,
/main was 39.1 ± 0.7%.

The theoretical surface coverage ratio, Rtc, was calculated from
mixing mass ratio, Rm. For the calculation, it was assumed that all
of the admixed particles had adhered onto the main particles in a
single layer. The coverage ratio was then defined as the ratio of the
total projected area of admixed particles to the area required for
the completion of a single layer with closely packed (triangle lattice)
main particles. Hence, an Rtc of more than 100% indicated that the
admixed particles had formed multiple layers on the main particle.

2.2. Definition of 2-dimensional coverage diameter and actual surface
coverage ratio

The 2-dimensional coverage diameter of the admixed particles,
D, and the actual surface coverage ratio of the admixed particles,

Rac, were evaluated by the following procedures. The mixed parti-
cles were observed using SEM (image magnification: about 100 K).
In some of the experiments, the admixed particles adhered onto
the main particles as agglomerates. Then, 80 of the agglomerates,
or single admixed particles, onto a main particle were selected
and their Martin diameters, Di, were measured using image analy-
sis software (i = 1–80). The 2-dimensional coverage diameter of an
admixed particle, D, was defined by the average of the Di.

Here, for simplification we assumed that the periphery shape of
the agglomerates could be approximated by a circle. Then, a pro-
jected cross-sectional area of admixed particles, Sa (=pD2/4), was
calculated from D. On the other hand, 20 of the main particles were
selected and their Martin diameters were measured. From these
diameters, half of the surface area of the main particle, S1�j, was
calculated. The number of agglomerates of admixed particles on
20 of the main particles, Nj, was also counted (j = 1–20). The total
projected area of admixed particles on each main particle, S2�j,
was calculated by multiplying Nj and Sa. Then, the actual surface
coverage ratio of each main particle, Rac�j, was calculated by divid-
ing S2�j by S1�j. By averaging Rac�j, the actual surface coverage ra-
tio, Rac, was calculated by the following equation.

Rac ¼
P20

j¼1
S2�j

S1�j

20
¼
P20

j¼1
NjSa

S1�j

20
ð1Þ

3. Results and discussions

Fig. 1 shows the differences in packing fractions, D/, as a func-
tion of the mixing mass ratio, Rm, at Dad = 8 nm. Here, the error bars
of white key indicate standard deviations for three independent

Nomenclature

D admixed particle diameter obtained by SEM (m)
Dad primary particle diameter of admixed particle (m)
Gpp average gap between agglomerates of admixed particles

adhered onto the main particles (m)
N number of admixed particles on half surface area of a

main particle (–)
Rm mixing mass ratio (%)
Rac actual surface coverage ratio obtained by SEM (%)
Rtc theoretical surface coverage ratio (%)

S1 half surface area of a main particle (m2)
S2 product of N and Sa (m2)
Sa projected cross sectional area calculated using D (m2)
D/ difference of /mix subtracted from /main (%)
D/net net packing fraction difference by admixture (%)
/mix packing fraction with admixed particles (%)
/main packing fraction when admixed particles were not

used (%)
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Fig. 1. Dependences of difference in packing fractions on mixing mass ratio
(Dad = 8 nm). (Case B: the admixed particles were simply placed in the void between
the main particles with the same packing fraction as that of the control).
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