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Abstract—We report the particle size distribution of poly component particulate systems studied in three kinds of
experimental methods. Six analyzers, such as Mastersizer Microplus (Malvern Instruments Ltd., UK), LS230 (Coulter
Electronics Ltd., USA) LMS30 (Seishin, Japan), Analysette22 (Fritsch, Germany), HELOS (Sympatec, Germany) based
on a laser diffraction and scattering method, and the SKC-2000S (Seishin Co., Ltd., Japan) based on the centrifugal
sedimentation method, were used to study the particle size distribution. The results do not show reasonably good agree-
ment between the different analyzers and different sample systems. There is a discrepancy regarding the absolute values,
which can be explained by the fact the techniques used are based on different measuring principles. The results of the
present study reflect that the investigator must carefully select the particle size analyzer for a particular application.
Therefore, we suggest that it is necessary to measure the particle size distribution by using at least two types of ana-

lyzers or more of different makers.
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INTRODUCTION

The particle size distribution (PSD) of particulate materials is an
important parameter that governs the proper function of many in-
dustrial products such as metal powders, drug formulations, lattices,
pigments, and ceramic materials. From the perspective of obtaining
a better handle on manufacturing processes, it is essential to define
the characteristics of particulate materials in a particular state in order
to draw up specifications and quality levels which can be accept-
able for raw materials [1-4]. Many kinds of instruments have been
developed and used in various industrial fields [5,6] to measure the
particle size distribution in order to achieve better manufacturing.

In the last few years, the measurement techniques of particle size
distribution of fine particles have also progressed together with the
development of laser technology and hardware and software for
personal computers [7]. Many kinds of instruments for particle size
measurement based on physical principles such as visual observation,
Stokes’s sedimentation law, laser diffraction and scattering theory
and electrical counting of particles have been developed and used.
From the research point of view, it is interesting to do a compara-
tive study of the particle size distribution of a particulate system by
using different types of particle size analyzers.

We have investigated the particle size distribution of a polydis-
persive particulate system and mixed samples of two or three mono
dispersion particles. Particularly, the aim of the present study was
to see the influence on the particle size distribution using different
apparatus. For this reason, we have used a different apparatus for
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each test sample [8-14].
EXPERIMENTS

The samples used in the first study were two kinds of calcite pow-
ders. One consisted of fine particles (FP1) of x5,=0.42-0.62 um in
size and another consisted of coarse particles (CP1) of x,,=47.80-
60.39 um in size. The calcite powders of two monocomponent par-
ticles with significantly different median diameters, 1: 1, 1 : 2 and
2: 1, based on mass, were examined and compared with the cal-
culation value of particle size distribution and experimental ones. To
compare the particle size distribution of these samples, we meas-
ured and analyzed the particles using different analyzers such as the
Mastersizer Microplus (manufactured by Malvern Instruments Ltd.,
UK), LS230 (manufactured Coulter Electronics Ltd., USA) based
on a laser diffraction and scattering method, SKC-2000S (Seishin
Co., Ltd., Japan) based on the centrifugal sedimentation method.

In the second experiment, an analysis was made using the fine
particles (FP2, AMS-9) in the submicron range (x5,=0.47-0.85 um),
middle particles (MP, AM-21) of x,=3.20-5.89 um and coarse par-
ticles (CP2, CF-50F) of x,=54.48-63.89 um. In the sample mix-
ing method of the second study, we selected four kinds of poly-
component particulate systems, 1:1:1,1:1:2,1:2:1and2:1:1,
based on mass. The particle size distribution of these systems was
measured, analyzed and compared by using the following setup:
Mastersizer Microplus (Malvem Instruments Ltd., UK), LS230 (Coul-
ter Electronics Ltd., USA), Analysette22 (Fritsch, Germany), LMS30
(Seishin, Japan), and HELOS (Sympatec, Germany) based on a laser
diffraction and scattering method.

In the third experiment, we studied two kinds of calcite powders
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as test samples. This included the ground calcite S500 (x5,=10.26-
13.26 um) made by Wangpyo Chemical Co., Ltd., Korea, and pre-
cipitated calcite silver-white (x5,=1.65-3.08 wm) made by Shiraishi
Kogyo Co., Ltd., Japan. The sample mixing methods of the third
study were 1 :1,1:3,1:9,3:1and9: 1, based on mass. The par-
ticle size distribution of these systems was measured, analyzed and
compared by using the following setup: Mastersizer Microplus (Mal-
vemn Instruments Ltd., UK), the LS230 (Coulter Electronics Ltd.,

Table 1. Comparison of the results of particle size, x,, X5, and Xy,
of PSD using various methods and particle size analyzer
for monocomponent samples and mixed samples in first

experimental method [unit=pm]

Analyzer Mastersizer ~ LS230  SKC-2000S
FP1 X10 0.42 0.17 0.22
Xs0 0.62 0.42 0.69
Xop 0.88 5.98 2.84
CP1 X0 40.79 45.17 32.26
Xs0 57.75 60.39 47.80
Xop 77.21 80.16 64.60
FP1:CP1 X0 0.49 0.21 0.46
1:1 Xs0 30.25 48.88 29.01
Xop 78.54 80.35 46.04
FP1:CP1 X0 0.53 0.19 0.49
1:1 Xs0 44.54 42.15 44.37
Xop 82.65 69.99 48.42
FP1:CP1 Xi0 0.48 0.21 0.50
1:1 Xs0 1.39 51.38 12.91
Xop 71.44 80.16 45.27

USA) and the Analysette22 (Fritsch, Germany) based on a laser
diffraction and scattering method.

RESULTS AND DISCUSSION

Tables 1-3 show the comparison of the results of particle size,
Xy, Xso and Xy, of particle size distribution with various methods
and a particle size analyzer for the monocomponent samples and
mixed samples. The measurement results of the monodispersed sam-
ples are similar; however, the mixed samples are not in good agree-
ment. These results may be attributed to the configuration or the
software of the equipment. This is a significant problem in particle
size measurement. None of the methods tested in the current work
provided a reliable value on the median diameter of particle size
distribution measurement. This means that the scatter of data meas-
ured should be discussed in detail.

1. First Experiment

Fig. 1 shows a typical particle size distribution of each sample
measured with various particle size analyzers. A direct qualitative
comparison of the particle size distribution curves shows that Mas-
tersizer, LS230 and SKC-2000S give similar results in all cases,
but that microscopy with image analysis and laser methods cannot
be considered similar on a mass basis. Particle size distribution on
a mass basis is proportioned into three powers of particle size on a
number basis. Accordingly, the frequency of large particles is meas-
ured at a high percentage. However, it is not easy to compare the
three techniques’ results of particle size analysis on a mass basis
because the laser diffraction, scattering methods and microscopy
method have very different measuring principles. In a polycompo-
nent particulate system, samples of fine and coarse particles, fine

Table 2. Comparison of the results of particle size, x,,, X5, and x,), of PSD using various methods and particle size analyzer for mono-

component samples and mixed samples in second experimental method [unit=pm]
Analyzer Mastersizer LS230 LMS30 Helos Anaysette 22
FP2 X0 0.18 0.20 0.21 0.31 0.41
Xs0 0.47 0.51 0.67 0.064 0.85
Xop 1.32 1.49 1.92 1.24 242
MP X0 0.42 1.72 1.59 0.24 1.11
Xs0 5.89 4.69 4.02 3.20 4.45
Xop 15.54 17.65 8.76 7.35 19.81
CpP2 X0 48.28 45.05 38.50 42.30 6.66
Xs0 63.89 63.85 56.08 59.46 54.48
Xop 86.19 83.43 79.60 83.60 81.77
FP2 : MP : CP2 X0 0.40 0.28 0.23 0.43 0.92
1:1:1 Xs0 54.33 3.96 0.96 2.66 7.49
Xop 98.89 50.26 12.76 14.63 65.90
FP2: MP : CP2 X0 0.17 0.39 0.23 0.39 1.13
1:1:2 Xs0 25.45 11.23 0.88 1.18 15.63
Xop 79.02 75.41 9.21 7.19 69.69
FP2: MP : CP2 X0 0.17 0.30 0.23 0.38 0.94
1:2:1 Xs0 438 3.28 1.00 1.36 5.58
Xop 57.46 56.60 54.52 3.59 60.11
FP2: MP : CP2 X0 0.15 0.26 0.23 0.33 0.78
2:1:1 Xs0 1.08 1.27 0.93 0.75 5.55
Xop 59.79 16.25 48.90 1.61 62.58
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Table 3. Comparison of the results of particle size, X,, X5, and Xy,
of PSD using various methods and particle size analyzer
for monocomponent samples and mixed samples on third

particles are not expressed by the microscopy measurement on a
mass basis.
The calculated cumulative particle size distribution of mixed sam-

experimental method [unit=pm] ples for the first experiment was obtained from the following equation:
Analyzer Mastersizer LS230  Analysette-22 Q=B Qs (K1 o) () M
X)= X)+H(1— X),
$500 X10 0.45 121 1.26 e e
Xs 10.26 11.38 13.26 where @,,, is mass fraction of the fine powder for the mixed sam-
Xoo 23.19 25.10 25.40 ple, and Q; s, and Q; ¢ are the cumulative distribution of each
S-W Xuo 0.30 1.52 0.80 raw sample, respectively [15].
Xso 1.65 3.08 251 The degree of agreement between the calculated particle size dis-
Xoo 551 545 4.78 tribution and the experimental ones worsened when utilizing the
S500:S-W  x,, 031 1.41 0.86 Mastersizer, LS230, SKC-2000S, and microscope in the ascending
1:1 X 253 3.75 312 order. A direct qualitative comparison of the distribution curves shows
Xoo 15.72 17.95 15.36 that Mastersizer, LS230 and SKC-2000S give similar results in all
S500:S-W  x,, 0.30 1.40 0.73 cases. However, microscopy with image analysis is considerably
1:3 Xso 1.84 3.29 213 different due to the difficulty in preparing a slide glass sample having
Xoo 718 851 364 uniform mixing number concentration for optical microscopy.
$500:S-W  x, 029 1.39 0.81 2. Second Experiment _
1:9 Xsp 1.69 3.06 255 In the case of monocomponent samples, the measuring curves
Xeg 581 545 4.99 show very similar results for each piece of equipment. However, in
S500: S-W  x 033 137 101 the case of mixed samples, the results of particle size do not really
101 Xm 338 590 590 accord with the preparation ratio of the samples, which may be due
: 50 . . . .
X 2134 21.52 23.43 to the followmg reasons: . .
S500:S-W  «x 036 138 1.06 (1) The particle dispersion in the fine particle area occurred with
9 A ) Xm 6. a4 7' 95 8.73 certain particle size distribution which was not measured directly.
’ X50 5 4' 30 23' 00 ) 4'3 0 However, in this case, the monocomponent particulate system and
2 i i i polycomponent particulate system were repeated.
100 100
(a) (b)
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Fig. 1. Comparison of cumulative particle size distribution of 1st experimental using different particle size analyzers.

(a) mastersizer, (b) LS230, (c) SKC-2000S

January, 2009
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(2) When the particle was circulated in the particle size analyzer,
coarse particle circulation was difficult. In this case, many of the
fine particles in the fine particle area were measured more often
than coarse particles.

(3) In the case of the dry method of the particle size analysis, the
coarse particles and middle particles may have been worn by the
circulating nozzle of the particle size analyzer. In this case, the ratio
of fine particles was increased. Therefore, in the dry method, one
must consider the relationship between the particle size analyzer and

particle characteristics more carefully.

Fig. 2 also shows a typical example of cumulative particle size
distribution of mono ingredients and of all components with the
value of calculation and measurement for each piece of equipment.

Here, the calculated cumulative particle size distribution of mixed
samples for the second experiment was obtained from the follow-
ing equation:

Qi(X)= Dy Qs o(X)+ Dy Qs 1p(X)+ Py Qs, c2(X) )

1 10
X (m)

Fig. 2. Comparison of cumulative particle size distribution of mixed samples in second experimental using different particle size analyzers.
(a) mastersizer, (b) LS230, (c) LMS30, (d) Analysette-22, () HELOS

15.8kV X38.0K 1.880sm

15.8kV %X58.8k

Fig. 3. Typical micrograph of third experimental samples (a), (b) S500 and (c), (d) S-W.
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Dipy+ Dyt Depy=1, 3

where @,,, @, and @, are mass fraction of the mono compo-
nent powder for the mixed sample, and Q; z» and Q; (» are the cu-
mulative distribution of the single component sample, respectively.

The comparison of the calculated and measurement values re-
vealed some differences. The difference between the calculated and
experimental value for each piece of equipment did not appear to
be so great; however, the cumulative particle size distribution of the
monocomponent almost showed the same value without large devi-
ation. From this, it can be concluded that one can measure the par-
ticle size distribution of particles of narrow shape ranges. The meas-
ured value of the particle size distribution is more or less similar
for all of the particle size analyzers.

3. Third Experiment

Fig. 3 shows the typical SEM photographs of two types of cal-
cite samples used to investigate the effects of particle shapes in the
present study. Ground calcite SS00 was made by Wang Pyo Chem-
ical Co., Ltd., Korea, and precipitated calcite silver-white (S-W) was
made by Shiraishi Kogyo Co., Ltd., Japan. It can be clearly seen
from the micrograph that the particle shape of calcite S500 with xy,
of 10.0 um is irregular and blocky and its ratio of longest length to
shortest length is less than 2.0. However, in case of calcite S-W with
X5, 0f 2.0 um, the shape of the particle is like a spindle, and its ratio
of length to diameter of the particle is more than 2.0.

Fig. 4 also shows the comparison of cumulative particle size dis-
tribution of raw samples together with three mixed samples. The
calculated cumulative particle size distribution of three kinds of mixed
samples for the third experiment was obtained from the following
equation:

Qi(X)= PrsooQs, s500(X)+ Py Qs 51(X) (©)]
Dot D=1, (5)

where @, and @y, are mass fraction of the calcite S500 and cal-
cite SW for three mixed samples, and Q; 5, and Q; g, are the cumula-
tive distribution of each monocomponent sample, respectively. As
the mass fraction of spindle-shaped calcite SW is increased from
10% to 90%, it is found that there is a deviation in experimentally
observed and calculated data of particle size distribution. These re-
sults demonstrate that the simple linear additive rule may not apply
when expressing the cumulative particle size distribution of samples

(@)

—e—e— B[23]

including irregular particle shapes far away from spherical particle
shapes.

CONCLUSION

We have investigated the particle size distribution of a polydis-
persive particulate system and mixed samples of two or three mono-
dispersion particles. Particularly, the aim of the present study was
to see the influence on the particle size distribution by using differ-
ent apparatus. For this reason, we have used a different apparatus
for each test sample. The comparative study of methods to deter-
mine particle size distribution for poly component particulate sys-
tems using different analyzer suggests that without great attention,
the result obtained from any given instrument may not describe the
particulate system for a certain purpose and usage with accuracy.
The results of this study also suggest that investigators must care-
fully select the appropriate particle size analyzers for given appli-
cations. It is strongly recommended that the observation of particle
size distribution should be conducted in two steps at least: the ob-
jective of the first observation step is to identify the total range of
the size distribution itself, while the objective of the second step is
to examine the size composition of both fine and coarse range in
more detail and for more precision, depending on the needs of the
investigation and the possible existence of particles in the respec-
tive domains.
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NOMENCLATURE

q; : frequency percent under particle size base on volume [%/um]

Q; : cumulative percent under particle size base on volume [%]

X : particle diameter [um]

Xy - 10% particle diameter based on weight [um]

Xso : 50% particle diameter based on weight (=median diameter)
[um]

X9 : 90% particle diameter based on weight [wm]

@, :mass fraction of sample x for mixed sample [-]
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Fig. 4. Comparison of cumulative particle size distribution of the mixed samples of third experimental using different particle size

analyzers.
(a) mastersizer, (b) LS230 and (c) Analysette-22

January, 2009
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