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a b s t r a c t

We reported a newmethod for dispersing insoluble organic pigments (OPs) inwater by simply pulverizing
with the selected clay. The smectite clay of synthetic fluorinated mica (Mica) enabled to homogenize the
pigments due to its inherent colloidal properties of surface ionic charges and unique plate-like geometric
shape in an average dimension of 300 � 300 � 1 nm3. Five pigments of different colors were homoge-
neously dispersed in water and maintained their nanoscale particle sizes in ca. 70 nme2 mm. The zeta
potential data revealed a strong surface-charge interaction between the OPs and Mica with a noticeable
charge measurement varying from �40 mV to �24 mV. For practical applications, the homogeneous
dispersion of pigments was mixed with PVA and spin-coated into polymer films exhibiting the possibility
of fabricating color filters. The process has the advantage of avoiding the conventional uses of organic
surfactants and solvents.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Organic pigments (OPs) have a variety of applications such as
colorants for coatings [1], inks [2], plastics [3], cosmetics [4] and
color filters [5] in electronic devises, mainly because of the thermal
stability and excellent optical properties such as good photosensi-
tivity, brilliance, color strength, transparence, and high thermal
stability [6]. Compared to the dyes, the OP materials are known for
their insolubility in organic solvents and water due to their
inherent aggregation through strong noncovalent bonding inter-
actions. In general, the homogeneity of making pigment dispersion
requires a fine grinding process along with the use of organic
dispersants for viscosity control and the prevention of particle from
further agglomeration [7].

Low molecular-weight surfactants are commonly regarded as
the dispersants for homogenizing and stabilizing the pigment
-shape inhomogeneity factor,
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particles in organic mediums, but the dispersion method is still
suffered from the lack of stability for long-term storage or down-
stream uses. In addition, copolymers of highmolecular weight have
been employed as dispersants that could resolve some of the
problems through the molecular designs with multiple anchoring
functionalities for interacting with the pigment surface and
simultaneously with the involved solvents [8,9]. For example, the
copolymers consisting of random, AeB block and comb-like
structures were synthesized and applied successfully for homoge-
nizing the OP dispersion [10e12]. In particular, we have tailored the
structures of the acrylic copolymers involving two distinctly
different monomers, butyl methacrylate and glycidyl methacrylate
by the precise atom-transfer-radical polymerization method [13].
More recently, we have discovered that the new differences in
geometric shape could largely affect the nanoparticle dispersions.
The inhomogeneity in geometric shapes of any two nanoparticles
may also play an important role for excluding each other from
aggregation, in other words, the geometric-shape inhomogeneity
factor (GIF). The GIF effect was generalized for many different
nanomaterials including carbon nanotubes (CNTs) [14], carbon
blacks (CBs) [15], carbon nanocapsules (CNCs) [16], silver nano-
particles (AgNPs) [17], iron nanoparticles (FeNPs) [18], and hydro-
phobic conjugated polymers (CPs) [19,20]. These results had
demonstrated the uniqueness of using the synthetic fluorinated
mica (Mica) consisting of the fluorinated functionalities, high
aspect-ratio, and negative surface charge on surface. Herein, we
report that the dispersion of insoluble organic pigments including
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C.I. pigment red 177, green 36, blue 15, yellow 138 and violet 23 in
water has been achievable by using plate-like Mica clay. The
process involves a simple pulverization of both nanomaterials in
powder form and the assistance of ultrasonic agitation to form
homogeneous pigment/clay dispersion in aqueous medium. Their
dispersion behaviors were further characterized by the means of
ultravioletevisible spectroscope, particle size analyzer, and trans-
mission electron microscope.

2. Experimental section

2.1. Materials

The organic pigments of red, green, blue, yellow and violet
(commercial C.I. name: Pigment Red 177, Pigment Green 36,
Pigment Blue 15, Pigment Yellow 138, Pigment Violet 23) were
obtained from BASF in powder form, and their chemical structures
were provided in Fig. 1 [3,6]. The five pigments are insoluble in
water and have particle size ca. 1e10 mm. The plate-like smectite
clay, synthetic fluorinated mica (Mica, trade name as SOMASIF ME-
100), was purchased from CO-OP Chemical Co. (Japan). Mica is
irregularly aggregated from their primary units comprising of sili-
cate plate units in a stack [21]. The plate-like structure is polygonal
and polydispersed in geometric shape, carrying ionic charges and
counter ions (hSiO�Naþ) between the neighboring plates. The
Mica has an average plate dimension of 300 � 300 � 1 nm3 with
negative surface-charge density of 2.1 e/nm2 [22,23]. Due to the
presence of ionic charges, the clay is capable of swelling and gelling
in water [24]. The polyvinyl alcohol (PVA), obtained from Chang
Chun Petrochemical Co., has an average molecular weight of 74,800
and the degree of hydrolysis at 98e99%.

2.2. Preparation of pigmenteclay mixture powder

The preparation of the pigmenteclay powder is described
below. The mixtures of pigment red 177 (1 � 10�6 kg) and Mica
(1 � 10�6 kg) were grinded thoroughly in an agate mortar and
pestle. During grinding, the inner wall of the mortar was occa-
sionally scraped with the pestle to ensure a thorough mixing. The
powder mixture was dispersed into deionized water at the solid
concentration of red pigment (1 � 10�6 kg) in water (0.02 kg). The
Fig. 1. Chemical structures and color appearance of pigment raw materials. (For interpreta
version of this article.)
mixtures of Mica/pigment were prepared at different weight ratios
(0.5/1, 1/1, 2/1 and 3/1). During the dispersing procedures, ultra-
sonic vibration was applied for a period of 120 s, operated on
BRANSON 5510R-DTH (135 W, 42 kHz).

2.3. Preparation of pigmentePVA composite film

The preparation of the pigmentePVA composite films is
described below. The Micaepigment dispersions (0.003 kg,
0.025 wt percnt; for pigment in water) with different weight frac-
tion (Mica/pigment ¼ 0.5/1, 1/1, 2/1 and 3/1) were dispersed in an
aqueous mixture of PVA solution (0.001 kg, 10 wt% PVA in water).
The mixture solutions were spun onto 5 � 5 mm glass substrates
and dried at 100 �C for 3 h.

2.4. Characterization

The aqueous dispersions of the pigment/clay hybrid were
analyzed by ultravioletevisible spectrophotometer (PerkineElmer
Lambda 20 UVevis spectrophotometer) and transmission electron
microscope (TEM; JOEL JEM-1230 TEM with Gatan Dual Vision
CCD Camera and operated at 100 kV). The TEM samples were
prepared by dropping the dispersion of 0.02 wt% pigment/clay
onto a carbon-coated copper grid and dried at room temperature.
ZetaPlus zetameter (Brookhaven Instrument Corp., NJ) was used
for characterizing the ionic property of the pristine clays and
pigment/clay mixtures. The pH of the suspension was adjusted to
pH 7 by either adding 0.5 M NaOH or HCl. The zeta potential was
measured in the solution with an ionic strength of 0.2. The same
instrument was used to estimate the average particle size and
distribution of the mixture powder in water.

3. Results and discussion

Organic pigments are inherently water-insoluble and usually
can only be rendered dispersible by using organic surfactants or
copolymers to facilitate downstream processing [8e13]. Recently,
we reported a physical method to ease the serious aggregation of
these nanomaterials such as CNTs, CBs, CNCs, AgNPs, FeNPs and CPs
[14e20]. In these developments, among various clays, the synthetic
fluorinatedmica (Mica) is found to bemostly suitable for enhancing
tion of the references to color in this figure legend, the reader is referred to the web



Fig. 3. Visual observation of the dispersions with pigment blue 15 (a) and red 177 (b) a
wavelength of 337 nm (c) and 558 nm (d). (For interpretation of the references to color in

Fig. 2. Visual pictures of dispersing pigments red 177 and green 36 in water (a,b), and
with grinding treatment and vigorous agitation before adding water (c,d). The pigment
was treated by grinding with Mica at weight ratio of 1/1 and water dispersion (e,f). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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the dispersion. When using the clays as the dispersing agents, the
mixture of organic pigments and plate-like Mica actually demon-
strated a fine dispersion of pigmenteMica in aqueous medium in
contrast to the difficulty for mixing the pristine pigments in water.
As shown in Fig. 2, the pristine pigment red 177 and green 36 were
inherently insoluble in deionized water (Fig. 2a,b). After being
vigorously grinded the pristine pigment and the fine pigment
powder still lacked of dispersion remained as severe precipitation
(Fig. 2c,d). For comparison, the fine dispersion of pigment was
achievable by grinded with the added plate-like Mica before the
water mixing and the resultant solution remained homogeneous
with colorful appearance of red or green (Fig. 2e,f).

In order to understand the effect of Mica clay on pigment
particles, the commercial products of blue 15 and red 177 were
chosen for the screening. The powder mixtures of pigmenteMica
(weight ratio of Mica/pigment ¼ 0.5/1, 1/1, 2/1, and 3/1) were
prepared and then dispersed in the water. In Fig. 3, the visual
observation of pigment dispersionwith different amount of Mica in
water can be differentiated by naked eyes. For example, the
Mica/blue mixture at 0.5/1 weight ratios only showed slight
suspension of the color pigment in water. However, with the
increased amount of Mica addition at weight ratios of Mica/blue set
at 1/1, 2/1 and 3/1, the blue color deepened due to the homoge-
neous dispersion (Fig. 3a). The same trend was observed when the
red pigment was dispersed into water at the presence of Mica
(Fig. 3b).

The ability of Mica affecting the pigment dispersion was char-
acterized by UVevis absorption method. In Fig. 3c,d, it is shown
that the intensity of absorbance for the blue and red pigments
increased with the increasing amount of Mica [14]. For the
controlled experiment, the solution of the pristine Mica dispersion
in water has no of absorbance at wavelength of 400e800 nm [19].
With the presence of Mica, the enhanced dispersion had reached
the plateau or nearly maximum at 1/1 ratio for the blue and red
pigments. This indicates that the aggregation of pigment has been
effectively overcome by the Mica interaction.
t various amounts of Mica presence and their corresponding UVevis absorbance at
this figure legend, the reader is referred to the web version of this article.)



Fig. 5. Size distribution of blue (a) and red (b) pigments in water. (For interpretation of the r
article.)

Fig. 4. Particle size and zeta potential analyses of the dispersion of Micaepigment blue
15 (a) and red 177 (b) in water. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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The performance of plate-like Mica for enabling the dispersion
of the representative blue and red pigments is examined by Zeta-
Plus zetameter and summarized in Fig. 4. After plate-like Mica
being added and adequately milled, the pigment was homoge-
neously dispersed in water. The results of particle size analyzer and
zeta potential showed the average aggregated size of pigment has
been significantly improved. For example, the particle size and
zeta potential of Mica/blue were 7.2 mm and �12 mV for
Mica/blue ¼ 0.5/1, 1.4 mm and �18 mV for 1/1, 0.9 mm and �19 mV
for 2/1, and 1.8 mm and �24 mV for 3/1 (Fig. 4a). For Mica/red
hybrids, the solutions have the similar dispersion trend of 10 mm
and �13 mV for 0.5/1, 1.0 mm and �18 mV for 1/1, 0.5 mm
and �24 mV for 2/1, and 0.7 mm and �23 mV for 3/1 (Fig. 4b). By
comparison, the pristineMica has the zeta potential of�39mV. The
zeta potential of Mica/blue at weight ratio of 2/1 rendered
a significant positive change from�39mV to�19mV, indicated the
surface-charge interaction between blue pigment and Mica
(Fig. 4a). For the red pigment, the zeta potential also revealed
a positive change from �39 mV to �24 mV because of the Mica
interaction. Both of blue and red pigments exhibited a positive
change in zeta potential due to the strong interaction between
pigment and Mica plate.

The particle size and its distribution could be characterized
(Fig. 5). The result of particle size distribution was highly correlated
to the analysis of particle size measurement. For example, the
particle sizemeasurement anddistribution ofMica/bluewere 7.2 mm
and 8377 nm/9152 nm at Mica/blue ¼ 0.5/1, 1.4 mm and 735 nm at
1/1, 0.9 mm and 474 nm at 2/1, and 1.8 mm and 1058 nm/3554 nm at
3/1. The same trend of size and distributionwas showed in Mica/red
solutions, 10 mm and 10,000 nm at Mica/red ¼ 0.5/1, 1.0 mm and
439 nm at 1/1, 0.5 mm and 474 nm at 2/1, and 0.7 mm and
472 nm/2430 nm at 3/1. In the case of Mica/blue or Mica/red ¼ 3/1,
the dispersion was observed to have a high particle size (or distri-
bution) than at Mica/blue or Mica/red ¼ 2/1 due to the presence of
excess Mica which was ca. 300e1000 nm [22].

The pigment dispersion in water by the presence of Mica was
noticeable by naked eyes as well as measurable by TEM. As shown
in Fig. 6, pigments in red, green, blue, yellow, and violet color were
homogeneously dispersed in water (Fig. 6 inserted). The TEM
micrograms revealed that the particle sizes of pigments are ca.
eferences to color in this figure legend, the reader is referred to the web version of this



Fig. 6. TEM of dispersions consisting of pigment red 177, green 36, blue 15, yellow 138, violet 23 and pristine Mica in water (weight ratio of Mica/pigment ¼ 1/1). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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300e700 nm for red, 0.4e2 mm for green, 70e160 nm for blue,
70e240 nm for yellow and 70e570 nm for violet. Moreover, the
geometric shape and size are vividly observed. Irregular shape and
particularly rod-like morphology for pigment violet 23, are clearly
visualized by using TEM. It is noted that the Mica has an irregular
plate shape with average dimension in ca. 300 nm [22].
Fig. 7. Visualization of the dispersions for pigmentePVA: blueePVA (a) and redePVA (b) at v
interpretation of the references to color in this figure legend, the reader is referred to the
For the possible usage in optoelectronic devices, the pig-
menteclay dispersion was demonstrated to be dispersible in PVA,
as shown in Fig. 7a,b. The fine dispersion can be differentiated by
naked eyes for the pigment in PVA solution with a significant
improvement in the presence of Mica. For example, the Mica/blue
was observed to be aggregates at weight ratio of 0.5/1, by
arious ratios of Mica/pigment and their UVevis absorbance of blue (c) and red (d). (For
web version of this article.)



Fig. 8. Visualization of composite films for pigmentePVA: blueePVA (a) and redePVA (b) at various ratios of Mica/pigment and their UVevis absorbance of blue (c) and red (d). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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comparison with the homogeneous appearance at 3/1. The same
trend was observed for the red pigment. Analyzed by UVevis, the
blueePVA solution has a broad absorption at 625 nm, while the
absorbance intensified with increasing Mica amount, an indication
of improvement in dispersion (Fig. 7c). The same phenomenonwas
shown for the redePVA dispersion but different absorption peaks
(Fig. 7d).

The PVA dispersionwas further coated intoMicaepigmentePVA
films. While the original PVA film is shown to be transparent and
colorless (Fig. 8), the pigmentePVA composite films have a inho-
mogeneous aggregates with a light blue appearance at Mica/blue
weight ratio of 0.5/1 (Fig. 8a,b). At the weight ratio from 1/1 to 3/1,
the composite film is homogeneous for the blue pigment distri-
bution and in deep blue appearance. It is similarly observed for the
redePVA films. The solid films were further analyzed by using
UVevis spectrophotometer (Fig. 8c,d) and shown to have similar
absorption as in dispersion or in Fig. 7c,d. The increasing amount of
Mica demonstrated the homogeneous blue films and an intensive
but broad absorption at 625 nm. The absorbance intensity
increased with increasing Mica amount, indicating the improve-
ment of dispersion in PVA matrix (Fig. 8c). For the redePVA films,
they demonstrated strong and broad absorption at 550 nm inten-
sified with increasing Mica amount.

4. Conclusion

In conclusion, the use of inorganic Mica demonstrated the
improvement of insoluble pigment dispersion in water mainly due
to their difference in geometric shape. The dispersion method was
generalized for C.I. pigments, red 177, green 36, blue 15, yellow 138
and violet 23, enabled by the Mica clay with geometric plate shape,
high aspect-ratio and intensive surface charge. By the simple
process of pulverization of pigment and Mica, the mixture
became dispersible in water with particle size controllable at
ca. 70 nme2.0 mm. The zeta potential measurements had revealed
the presence of strong surface-charge attraction between pigment
and Mica particles, implying another important factor of charge
interaction. With the PVA addition, the dispersion was further
coated onto film with different pigment colors and demonstrated
the effectiveness of Mica clay. Through the Mica interaction, the
difficulty of dispersing pigment in water is overcome, and the
feasibility of utilizing pigments without organic solvent is
evidenced.
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