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Abstract
The novel method for preparing the polymer composite particles has been developed. It was tried to prepare polymer composite particles composed of polystyrene
and carbon black with the phase separation method followed by suspension polymerization. In order to prepare the polymer composite particles with the more uniform
diameter, the styrene monomer droplets containing carbon black were formed with
phase separation emulsification in which ethyl alcohol and water were used as the
good solvent and the poor solvent for styrene monomer, respectively. In the experiment, the surfactant species and their concentrations, the pouring velocity of water
and the weight ratio of carbon black to styrene monomer were mainly changed. Water was poured at the given pouring velocity into ethyl alcohol in which styrene monomer and an initiator were dissolved and carbon black was dispersed beforehand.
The spherical polymer composite particles containing carbon black were prepared
with Tween 20 and Tween 80 of nonionic surfactants and the irregular polymer
composite particles were prepared with PVA, SDS and Kotamine. The diameters of
polymer composite particles increased with the pouring velocity of water and with
the weight ratio of carbon black to styrene monomer.
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1. Introduction
Polymer/solid powder composite particles have attracted tremendous attention for
their potential in improving polymer properties and dispersibility and solvent resistance of solid powder in the organic solvent [1] [2] [3].
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A lot of approaches have been developed for preparing polymer/solid powder composite particles, such as the in-situ polymerization method [3] [4], the dry coating method [5] [6] and the physical chemistry method [7] [8].
The in-situ polymerization method among them is based on the formation of polymer particles while containing solid powder, which is dispersed in monomer or the
continuous phase beforehand.
For example, as the typical in-situ polymerization methods, there are the suspension
polymerization method [9], the mini emulsion polymerization method [10] [11], the
soap free emulsion polymerization method [12] and the dispersion polymerization
method [13].
The suspension polymerization method and the mini emulsion polymerization method are suitable to preparing the polymer composite particles containing a lot of solid
powder at once, and the soap free polymerization method and the dispersion polymerization method are suitable to preparing the polymer composite particles containing a
solid powder particle.
However, with regard to the uniformity of the polymer composite particle diameters,
the suspension polymerization method is well known to prepare the polymer composite
particles with the broder diameter distribution.
In order to prepare the polymer composite particles with the more uniform diameters by use of the suspension polymerization method, the SPG emulsification method
[14], the microchannel emulsification method [15] and the high pressure homogenization emulsification method [16] have been applied.
However, these preparation methods are complex of the operation and not suitable
to the mass production.
While, the phase separation emulsification method can form the liquid droplets with
the uniform diameter by controlling a few experimental conditions such as the pouring
velocity of poor solvent and the surfactant species and their concentrations [17] [18].
In this study, it was tried to prepare the polymer composite particles with the more
uniform diameter and with the high content of solid powder by using phase separation
followed by suspension polymerization.
Namely, it may be expected that the monomer droplets with the more uniform diameter and with the higher content could be prepared with the phase separation
process and then, mass production of polymer composite particles could be performed
with conventional suspension polymerization.
The purposes of this work are to try to prepare the polymer composite particles
composed of polystyrene and carbon black with the preparation method presented in
this study and to investigate how the operation conditions such as the pouring velocity
of poor solvent, the surfactant species and their concentrations and the carbon concentration affect the characteristics of polymer composite particles.

2. Experimental
2.1. Materials
Materials used to prepare the polymer composite particles (PCP) composed of polystyrene and carbon black were as follows. Styrene monomer (St) (Wako. Pure Chemical
2
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Id., Ltd, Tokyo) as polymerizable monomer and 2,2’-Azobis (2,4-dimethylvaleronitrile)
(V-65) (Wako. Pure Chemical Id., Ltd, Tokyo) as an initiator were used. The inhibitor
dissolved in St was removed by extraction with NaOH (Wako. Pure Chemical Id., Ltd,
Tokyo) aqueous solution beforehand.
Ethylalcohol (EtOH) (Wako Pure Chemical Id., Ltd., Tokyo) was used as a good solvent for St. Distilled water was used as the continuous phase and the poor solvent for
St, respectively.
As water soluble surfactants or stabilizers, the following materials were used. Polyoxyethylenesorbitanmonolaurate (Tween 20: Tokyo Kasei Kogyo Ind., Ltd, Tokyo)
and polyoxyethylenesorbitanmonooleate (Tween 80: Tokyo Kasei Kogyo Ind., Ltd,
Tokyo) were adopted as the nonionic surfactants. Sulfuric acid dodecyl sodium (SDS:
Tokyo Kasei Kogyo Ind., Ltd, Tokyo) was used as an anionic surfactant. Lauryltrimethylanmoium chloride (Kotamine 24: Kao Ltd. Tokyo) was used as a cationic surfactant
and Polyvinylalcohol (PVA MW = 500 Tokyo Kasei Ind., Ltd., Tokyo) was used as a
stabilizer for comparison.
As carbon black (CB), carbon black #960 (diameter = 16 nm, surface area = 260 m2/g,
pH = 9.5, Mitsubishi Chemical Ltd., Tokyo) was used.

2.2. Preparation of Polymer Composite Particles
Figure 1 shows the flow chart for preparing PCP with the preparation method presented in this study.
St, CB and V-65 were added in EtOH and then, stirred for 10 min with the rotarstater homogenizer to uniformly disperse CB and to form the (S/O) dispersion.
Then, the aqueous solution dissolving the surfactant was poured into the (S/O) dispersion with the syring pump under room temperature and stirring with magnetic stirrer.
On increasing the poured volume of surfactant aqueous solution, the St droplets
came to be formed by phase separation and then, the (S/O) dispersion changed to the

Figure 1. Flow chart for preparing polymer composite particles.
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(S/O)/W dispersion by phase inversion.
In the formation of the St droplets, it is expected that CB could be enfolded into the
St droplets. At the phase separation process stated above, EtOH played an important
role as an amphiphilic solvent.
After the formation of the (S/O)/W dispersion, suspension polymerization was performed for 7 h under the conditions such as 70˚C and stirring with the six bladed impeller.
PCPs prepared thus were washed twice with distilled water and dried under room
temperature.
In this fundamental experiment, the surfactant species and their concentrations (C),
the pouring velocity (Ve) of surfactant aqueous solution and the weight ratio (R =

Wc/Ws) of CB (Wc) to St (Ws) were mainly changed.
Figure 2 shows the schematic diagram of experimental apparatus.
The reactor, which was the separable flask with the effective volume of 500 cc, was set
in the thermostated water bath to keep the reaction temperature (70˚C) constant at the
suspension polymerization process. The six bladed turbine impeller with the diameter
of 5.0 cm was set at one third of the liquid depth from the bottom.
The four baffles (80 mm in length and 8 mm in width) made of aluminum plate were
set to prevent air from entraining as shown in Figure 2.
Table 1 shows the experimental conditions used in this study.

3. Characterization
3.1. Observation of PCP
PCPs were observed by scanning electron microscope (SEM: JSM-5800, JEOL Ltd.,
Tokyo, Japan) and taken the SEM photographs. From the SEM photographs, the whole,
the shape and the surface of a PCP were observed.

Figure 2. Schematic diagram of experimental apparatus.
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Table 1. Experimental conditions.
<EtOH solution>

<Formation of (S/O) dispersion>

EtOH

4.0 g

Nr = 10,000 rpm

CB

Wc = 0.5 g

t = 10 min

St

Ws = 0.5 - 10 g

V-65

1.0 g

<Water Phase>

<Suspension polymerization>

Total volume

300 ml

Nr = 200 rpm

Pouring Velocity

Ve = 10, 25, 50, 100 ml/h

T = 70˚C
t=7h

<Surfactant>
Tween 20

<Weight ratio of CB to St>

Tween 80

R = 1/1, 1/5, 1/10, 1/20

Kotamin Concentration
SDS

C = 0.5, 1.0, 1.5, 2.0 wt%

PVA

3.2. Diameter Distribution, Mean Diameter and ζ-Potentials
The diameter distributions and mean diameters of PCPs were measured by particle size
analyzer (SALD-3000, Shimazu Seisakusho, Co, Ltd., Kyoto, Japan). Here, the mean
diameters (dp) are the Sauter mean diameters.
The ζ-potentials of CB, the St droplets and PCP were measured by particle size analyzer (ELS Z-2; Otsuka Electronics, Co., Ltd., Tokyo, Japan).

3.3. Content
The content (M) of CB contained in PCP was measured as follows.
PCPs of the given weight were added in St (30 ml) and stirred with the magnetic
stirrer to dissolve polystyrene.
Then, CB was separated by the filter paper from the CB slurry, washed twice with
EtOH, dried under room temperature and measured the weight.
The content (M) of CB was calculated from the measured weight (Wp) of PCP and
that (Mc) of CB according to the following equation.

M =

Weight (Wc ) of CB Contained
Weight (W p ) of PCP

4. Results and Discussion
4.1. Effect of Surfactant Species
The ζ-potentials and the dispersing behavior of CB and the St droplets are strongly affected by the surfactant species and their concentrations [19] [20].
As a result, the formation mechanism, the shape and the diameter of PCP may be
different depending on the surfactant species and their concentrations.
Figure 3 shows the SEM photographs of PCPs prepared with each surfactant under
the experimental conditions such as Wc = 0.5 g, Ws = 5.0 g, C = 1.0 wt% and Ve = 25
ml/h. The morphology and the diameters of PCPs are significantly different depending
5
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Figure 3. SEM Photographs of polymer composites particles (effect of surfactant species).

on the surfactant species.
The sound spherical PCPs could be prepared with Tween 20 (Figure 3(e)) and
Tween 80 (Figure 3(d)). On the other hand, the irregular PCPs were prepared with
PVA (Figure 3(a)), SDS (Figure 3(b)) and Kotamine (Figure 3(c)).
Why the morphology of PCP is different depending on the surfactant species may be
due to the fact that affinity between the St droplets and CB and the coalescence mechanism between the St droplets are different depending on the surfactant species.
The formation mechanism of PCP will be discussed in detail later.
As Tween 80 among these surfactant species could prepare PCPs with the desired
size and morphology and became the dispersion more stable than Tween 20, hereafter
the effects of the operational conditions on the characteristics of PCP were investigated
by using only Tween 80.

4.2. Effects of Concentration of Surfactant
Figure 4 shows the dependences of the mean diameter (dp) and the CV value of PCPs
on the concentration (C) of surfactant (Tween 80) together with the SEM photographs.
The mean diameter decreased with the concentration from ca. 40 μm at C = 0.5 wt%
to ca. 10 µm at C = 1.5 wt% and the CV value decreased with the concentration from
ca. 1.8 at C = 0.5 wt% to ca. 0.5 at C = 1.0 wt% and then, increased slightly.
From these results, it was found that the higher the concentration of surfactant, the
smaller and more uniform PCPs could be prepared.
At the lower concentration of surfactant, CB and the (S/O) droplets may be unstable
and easy to flocculate and to coalesce, respectively. As a result, PCPs with the larger and
broader diameter distribution may be prepared.
In order to increase the stability of both CB in the (S/O) dispersion and the (S/O)
droplets in the (S/O)/W dispersion, it was tired to prepare PCP by adding a part (10 cc)
of surfactant aqueous solution in EtOH beforehand.
In this operation, it was confirmed that the St droplets were never formed by adding
the surfactant aqueous solution of 10 cc.
Figure 5 shows the effect of prior addition of surfactant aqueous solution on the
6
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Figure 4. Effect of surfacntat concentratin and SEM Photographs.

Figure 5. Effect of prior addition of surfactant aqueous solution.

mean diameter and the CV value of PCPs.
It was found that the mean diameters with prior addition were smaller than those
without prior addition. For example, the diameter decreased from ca. 39.0 µm without
prior addition to ca. 15.0 µm with prior addition at C = 0.5 wt% and from ca. 15.0 µm
without prior addition to ca. 10.0 µm with prior addition at C = 2.0 wt%. On the other
hand, all the CV values with prior addition became smaller than those without prior
addition, namely, the PCPs with the more uniform diameters could be prepared. For
example, the CV value decreased from ca. 1.0 without prior addition to ca. 0.3 with
prior addition at C = 2.0 wt%.
On comparing these results with the results (CV = 0.5 - 1.2) by the conventional
suspension polymerization method [21] [22], PCPs with the considerable uniform diameters could be prepared with the preparation method presented in this study.
This result may be due to the fact that the St droplets with the more uniform diameters could be formed by phase separation and the stability of both CB in the (S/O) dispersion and the St droplets in the (S/O)/W dispersion was increased by the prior addition of surfactant aqueous solution.
7
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4.3. Effect of Weight Ratio of CB to St
The weight ratio (R) of CB to St, namely, the CB concentration must affect the characteristics of PCP such as the morphology, the particle diameter and the content.
Figure 6 shows the effect of the weight ratio (R) of CB to St on the mean diameter
and the CV value of PCP. On decreasing R (namely increasing St), the mean diameter
increased and the CV value decreased.
For example, the mean diameter increased from ca. 4.0 µm at R = 1/1 to ca. = 18 µm
at R = 1/20, while the CV value decreased from 1.4 at R = 1/1 to 0.7 at R = 1/20.
Figure 7 shows the SEM photographs of PCPs prepared by changing R. It was found
that PCPs became larger and more spherical with decreasing R.
As the number concentration of the St droplets may increase with decreasing R (increasing St), coalescence between the St droplets may become active and the volume of
a St droplet containing CB may increase. As a result, the shape of St droplets containing
CB is easy to become spherical.

4.4. Effect of Pouring Velocity of Surfactant Aqueous Solution
The pouring velocity of the surfactant aqueous solution must affect the formation velocity of the St droplets, as a result, the mechanism containing CB.
Figure 8 shows the effect of the pouring velocity (Ve) of the surfactant aqueous solution on the mean diameter and the CV value of PCP.
The mean diameter increased from ca. 2.5 µm at Ve = 10 ml/h to ca. 15 µm at Ve =

Figure 6. Effect of weight ratio of CB to St.

Figure 7. SEM photographs of polymer composite particles prepared by changing R.
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Figure 8. Effect of pouring velocity of surfactant aqueous solution.

50 ml/hand then, decreased to 13.0 µm at Ve = 100 ml/h.
On the other hand, the CV value decreased from 3.0 at Ve = 10 ml/h to 1.2 at Ve = 50
ml/h and then, increased to 2.0 at Ve = 100 ml/h.
As the formation velocity of the St droplets must increase with the pouring velocity,
coalescence between the St droplets with the various diameters may become active, as a
result, PCPs may become larger and more uniform. However, the larger droplets may
be easy broken up.

4.5. Effect of Operation Conditions on Content
The content of CB contained in PCP may be affected by the formation mechanism,
namely the operational conditions such as the surfactant species and their concentrations, the pouring velocity of surfactant aqueous solutions and the weight ratio of CB to
St.
So, the effects of the concentration of Tween 80, the pouring velocity, the prior addition of surfactant aqueous solution and the weight ratio of CB to St on the content were
investigated.
Table 2 shows the dependence of the content on the operational conditions stated
just above.
Table 2(a) shows the content (Mo) calculated on the basis of feed, in which the content changed from 50 wt% at R = 1/1 to 4.8 wt% at R = 1/20.
Table 2(b) shows the content (M) measured by changing R under the conditions
such as Wc = 0.5 g, C = 1.0 wt% and Ve = 25 ml/h.
The content (M) changed from 49.5 wt% at R = 1/1 to 2.1 wt% at R = 1/20, in which
the values of (Mo − M)/Mo mean the degree of the difference between Mo and M.
The difference increased with decreasing R. From this result, it was found that CB
over the half of CB added could not be contained. This result may be due to the adhesion of the St droplets on the reactor wall and the baffles.
Table 2(c) shows the content (M) measured by changing the pouring velocity (Ve)
under the conditions such as Wc = 0.5 g, Ws = 0. 5 g (R = 1/5) and C = 1.0 wt%.
9
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Table 2. Contents.
(a) Content on Basis Feed

R (=Wc/Ws)
Mo [wt %]

1/1

1/5

1/10

1/20

(0.5/0.5)

(0.5/2.0)

(0.5/5.0)

(0.5/10.0)

50

16.7

9.1

4.8

(b) Wc = 0.5 g, C = 1.0 wt %, Ve = 25 ml/h

R

1/1

1/5

1/10

1/20

M [wt %]

49.5

13.0

6.0

2.1

(Mo − M)/Mo (%)

1.0

22

34

56

(c) Wc = 0.5 g, Ws = 0.5 g (R = 1/5), C = 1.0 wt %
Ve

10

25

50

100

M

16.3

13.0

10.5

9.1

(Mo − M)/Mo (%)

2.4

22

37

45.5

(d) Wc = 0.5 g, Ws = 0.5 g (R = 1/5), Ve = 25 ml/h
C

0.5

1.0

1.5

2.0

M [wt %]

12.1

13.0

14.5

16.0

(Mo − M)/Mo (%)

27.5

22.0

13.2

4.2

Prior Addition

Wc = 0.5 g, Ws = 0.5 g (R = 1/5), Ve = 25 ml/h
C

0.5

1.0

1.5

2.0

M [wt %]

13.6

14.5

15.7

16.3

(Mo − M)/Mo (%)

18.6

22.0

6.7

1.3

The content (M) changed from 16.3 wt% at Ve = 10 ml/h to 9.1 wt% at Ve = 100
ml/h.
It was found that the larger the pouring velocity, the lower the content because of the
adhesion of the St droplets.
Table 2(d) shows the content (M) measured by changing the surfactant concentration (C) under the conditions such as Wc = 0.5 g, Ws = 0.5 g (R = 1/5), Ve = 25 ml/h
and the effect of prior addition. The content (M) increased from 12.1 wt% at C = 0.5
wt% to 16.0 wt% at C = 2.0 wt%. It was found that the higher the concentration, the
higher the content because of increase in the stability of the (S/O) dispersion and the
(S/O)/W dispersion. Also, as the value of (Mo − M)/Mo is 4.2 % at C = 2.0 wt%, the St
droplets containing CB were effectively used to form PCP.
While, the content with prior addition of a part of surfactant aqueous solution became higher than those without prior addition, because the (S/O)/W dispersion became
more stable.
For example, the content increased from 12.1 (without) to 13.6 (with) at C = 0.5 wt%
and from 16.0 (without) to 16.3 (with) at C = 2.0 wt%.
In summary, the content could be changed in the region from 2.1% to 49.5% together
with the mean diameter of PCPs by the operational conditions. Especially, the content
under the operational conditions such as Wc = 0.5 g, Ws = 0.5 g, Ve = 25 ml/h and C =
2.0 wt% became nearly equal to the content on the basis of feed.
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4.6. Formation Mechanism of Polymer Composite Particles
Figure 9 shows the formation mechanism of PCP presented taking the results obtained
into consideration.
At the microencapsulation process, CB was microencapsulated with the St droplets
formed by phase separation, in which according to the weight ratio of CB to St, a CB
particle was microencapsulated (A1, A2) to form the irregular composite particles or
the spherical polymer composite particles and a flocculated CB powder was microencapsulated (A3, A4) to form the irregular polymer composite particles or the spherical
polymer composite particles.
After this process, suspension polymerization was conducted.
At this process, the larger PCPs should be formed due to coalescence between the St
droplets containing CB. The spherical polymer composite particles may be formed in
the case that the volume of St droplets is larger than that of CB, namely the CB concentration is low or the pouring velocity is larger as stated above. In order to smoothly
proceed the microencapsulation process, it is necessary for the St droplets to be formed
so as to contain CB. For this, the surface of CB is hydrophobic to a certain degree or is
charged oppositely to the St droplets.
As CB and the St droplets are charged negatively −25 mV and −13 mV, respectively,
Tween 80 may be suitable to making the surface of CB hydrophobic in the (S/O) dispersion and neutralizing the ζ-photential.
Furthermore, Tween 80 makes the (S/O) dispersion and the (S/O)/W dispersion
more stable.
However, Kotamin of cationic surfactant and PVA couldn’t satisfactorily stabilize the
(S/O) dispersion and the (S/O)/W dispersion.

Figure 9. Formation mechanism of polymer composite particles.
11

Y. Taguchi et al.

The preparation method developed in this study will be applied to preparing the polymer composite particles composed of polymer and various solid powder.

5. Conclusions
It was tried to form the polymer composite particles made of carbon black and polystyrene by use of phase separation followed by suspension polymerization.
The following results were obtained.
1) It was confirmed that the polymer composite particles with the more uniform
diameters could be formed by the preparation method presented in this study.
2) The sound spherical polymer composite particles could be formed by addition of
nonionic surfactants such as Tween 20 and 80.
3) The diameters, the morphology and the shape of polymer composite particles were
affected by the operational conditions such as the surfactant species and their concentrations, the pouring velocity of surfactant aqueous solution and the weight ratio of CB
to St.
4) The content could be increased with increasing the surfactant concentration and
with prior addition of a part of surfactant aqueous solution, and changed from 2.1% to
49.5%.
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