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Abstract The sedimentation and drying dissipative struc-
tural patterns were formed during the course of drying
ternary mixtures of colloidal silica spheres of 183 nm,
305 nm, and 1.205 pum in diameter in aqueous suspension
on a watch glass, a glass dish, and a cover glass. The
patterns were observed by closed-up pictures, metallurgical
optical microscopy, 3D profile microscopy, reflection
spectroscopy and AFM images. The concentrations of the
three spheres ranged from 0.0023 to 0.0128 keeping the
same concentrations for each spheres. Broad ring-like
sedimentation patterns were formed within a short time in
suspension state especially in a glass dish. In a watch glass,
colorful three layered ring-like drying patterns were
observed and composed of the outer, middle and inner
layers of small, medium, and large spheres, respectively.
The three colored segregated layers were formed by the
balancing between the outward convectional flow and the
inward sedimentation of spheres. In a glass dish, wave-like
macroscopic drying patterns were observed in the interme-
diate areas between the outside edge of the broad ring at the
central area and the inner wall of the cell especially at low
sphere concentrations. The size of the broad ring at the
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central area increased as sphere concentration increased. On
a cover glass, size segregation also took place, i.e., small,
medium, and large spheres located at the outer, medium,
and central areas, though these segregations were not so
complete compared with those on a watch glass.
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Introduction

Most structural patterns in nature are formed via self-
organization accompanied with the dissipation of free
energy and in the non-equilibrium state. Among several
factors in the free energy dissipation of aqueous colloidal
suspensions, evaporation of solvent molecules at the air—
solvent interface and the gravitational convection are very
important. In order to understand the mechanisms of the
dissipative self-organization of the simple model systems,
instead of complex nature itself, several research groups
including us have studied the convectional [1-7], sedimen-
tation [8—12], and drying dissipative patterns in the course
of drying of suspensions and solutions [13—48].

In a previous work [48], sedimentation and drying
dissipative patterns of the binary mixtures among the
colloidal silica spheres, 183 nm, 305 nm, and 1.205 pum
in diameter, were studied on a watch glass, a glass dish, and
a cover glass in the macroscopic and microscopic scales. In
a watch glass, macroscopic drying patterns were composed
of the outer and inner layers of small and large spheres,
respectively. The two colored layers were ascribed to the
Bragg diffraction of light by the dried colloidal crystals of
the corresponding spheres. The width ratio of the layers
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changed in proportion to the mixing ratio of each spheres.
Furthermore, on a cover glass, the sphere-mixing ratios
were analyzed from the widths of the drying broad rings of
the small spheres at the outside edge. High and distinct
broad rings of small spheres and low and vague broad rings
formed at the outside edge and in the inner area,
respectively. Drying dissipative pattern was clarified to be
one of the novel analysis techniques of colloidal size in the
binary colloidal mixtures.

In this work, we extended our study on the ternary
mixtures of the colloidal silica spheres, 183 nm, 305 nm,
and 1.205 um in diameter in order to know how precisely
the size segregation takes place in the drying dissipative
patterns. The concentrations of the three spheres in this
work ranged from 0.0023 to 0.0128, keeping the same
concentrations for each sphere.

Experimental
Materials

CS161, CS300, and CS1000A silica spheres were kindly
donated from Catalysts & Chemicals Ind. Co. (Tokyo).
Diameters, standard deviations from the mean diameter and
polydispersity indices of the spheres were 183 nm+18.6 nm
and 0.10, 305 nm+9.1 nm and 0.030, and 1.205 pum=+
14 nm and 0.012, respectively. These size parameters
were determined from an electron microscope (Hitachi,
H8100) in Gifu University. The CS300 and CS1000A
spheres were carefully purified by repeated decantation
more than thirty times. Then the samples including CS161
were treated on a mixed bed of cation- and anion-exchange
resins [Bio-Rad, AG501-X8(D), 20-50 mesh] more than
6 years before use, since newly produced silica spheres
always release a considerable amount of alkali ions from
the porous sphere surfaces for a long time. Water used for
the sample preparation was purified by a Milli-Q reagent
grade system (Milli-ROS5 plus and Milli-Q plus, Millipore,
Bedford, MA).

Observation of the dissipative structures

Aqueous suspensions of the silica samples measuring 4 ml,
5 ml, or 0.1 ml were put carefully and gently into a medium
size watch glass (70 mm in diameter, TOP Co. Tokyo), a
glass dish (42 mm in inner diameter and 15 mm in height,
code 305-02, TOP Co., Tokyo) or a cover glass (30 mmx
30 mm, thickness No. 1, 0.12 to 0.17 mm, Matsunami
Glass Co., Kishiwada, Osaka) set in a glass dish (60 mm in
diameter, 15 mm in depth, Petri Co., Tokyo), respectively.
The sedimentation and drying patterns were observed for
the suspensions on a desk covered with a black plastic sheet
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until it dried up completely in an air-conditioned room at
24+1 °C. The humidity of the room air was between 45—
60%, which was not regulated in our experiments. The
concentrations of the ternary components were kept to be
the same, and were 0.00229, 0.0046, 0.0069, and 0.0128 in
volume fraction. Thus, the mixing ratio of the three sphere
components was kept uniform for each suspension. It
should be mentioned here that the dried state of the film
was checked from the reflection spectroscopy, where the
peak profiles did not change with time. Furthermore,
observation of the drying processes was made on/in the
substrate without cap in the present work. Thus, the
contamination of carbon dioxide in air must be considered
as a whole in the experimental period, especially at the low
sphere concentrations. However, the contamination effect
will be rather small, since sample suspension is always
concentrated during the course of dryness.

Macroscopic dissipative structures were observed on a
Canon EOS 10D digital camera (Canon Co., Tokyo) with a
lens (EF 28-200 mm, f=3.5-5.6 USM, Canon). Micro-
scopic structures were observed with a metallurgical
microscope (PME-3, Olympus Co., Tokyo). Thickness
profiles of the dried films were measured on a laser 3D
profile microscope (type VK-8500, Keyence Co., Osaka).
Reflection spectra of the dried film were recorded on a
high-sensitivity spectrum multi-channel photo-detector
(MCPD-7000 G3, Otsuka Electronics, Osaka) with a Y-
type optical fiber. AFM (Atomic Force Microscopy)
measurements were made on a nano-scale hybrid micro-
scope (type VN-8000, Keyence).

Results and discussion

Macroscopic sedimentation and drying patterns
of ternary sphere mixtures

Figure 1 shows the sedimentation (a to ¢, ¢ to g and i to k)
and drying patterns (d, h and 1) of ternary sphere mixtures
in a watch glass, a glass dish and a cover glass,
respectively. In a watch glass, sedimentation took place
within 25 min after the suspensions were set, and the two
layers (white and blue) at least were formed in the liquid
area after 20 h and 35 min. Interestingly, the drying pattern
shown in Fig. 1d is composed of three layers, whitish,
greenish, and bluish ones, from the center to the outside
edge. These three different colored layered patterns support
occurrence of the size segregation during the course of
dryness.

In a glass dish, broad ring patterns were observed within
30 min for the suspension phase, and the suspensions dried
up after 4.2 days. It should be recalled that the broad ring
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Fig. 1 Sedimentation and drying patterns of CS1000A (component
1)+CS300 (2)+CS161 (3) mixtures in a watch glass (4 ml, a after
25 min, b 5 h 10 min, ¢ 20 h 35 min, d 28 h 5 min, dry), a glass dish

patterns did not appear at all in a dish with cap for colloidal
silica spheres, 1.2 um [8], 560 nm [12], and 300 nm in
diameter [11]. It should be noted that the broad rings
formed rather quickly several minutes after suspension was
set and in the stage of the incomplete sedimentation of
spheres, which shows the convectional flow of water and
spheres are vigorous even at room temperature.

A main cause for the broad ring formation is due to the
convectional flow of water and colloidal silica spheres in
the different rates, where the rate of water will be slower
than that of the colloidal spheres under gravity. Especially,
flow of the spheres from the central area toward the outside
edge in the lower layer of the liquid, which was observed
directly from the movement of the reversibly occurred
aggregates of the colloidal particles of Chinese black ink
[5] and also poly (methyl methacrylate) spheres [Okubo T,
Okamoto J, Tsuchida A, publication in preparation], is
important. Clearly, the convectional flow is enhanced by
the evaporation of water at the liquid surface, resulting in
the lowering of the suspension temperature in the upper
region of the suspension. The magnitudes of the tempera-
ture lowering at the liquid surface at 25 °C compared with
the bulk temperature were estimated to be 2 and 1.5 °C at
40% and 80% air humidity, respectively, and those at 40 °C
were 5 °C and 2 °C, respectively [49, 50]. When the

(e after 30 min, f 72 h 20 min, g 82 h 50 min, h 100 h 50 min, dry)
and a cover glass (i after 30 min, j 2 h 30 min, k 3 h 25 min, 14 h
45 min, dry) at 24 °C. ¢1=p,=¢3=0.0069

colloidal spheres reach the edge wall of the dish at the
outside region of the liquid, a part of the spheres will turn to
upward and go back to the center region. However, most
spheres may drop downward on the cell bottom close to the
outside cell wall, where the effective horizontal flow of the
spheres may stop temporarily. This process must be
followed by the broad ring accumulation of the spheres
near the round outside edges. It should be noted that the
convectional flow rates should increase as the sphere size
decreases. It is highly plausible that the broad ring is
composed of three different rings corresponding to the sizes
of the ternary spheres. However, experimental errors were
larger than the magnitude of the segregation of the broad
rings. This will be discussed again later in the “Microscopic
drying patterns of ternary sphere mixtures” section. It
should be noted here that the broad ring-like sedimentation
patterns in the liquid phase reported here were observed
first in a previous paper from the author’s laboratory [9] as
the author knows. However, the broad ring formation in the
dried film has been observed so often for most of the
solutions and suspensions examined by our group [5-12,
33-49] and further by other researchers [13-32].

Figures 1i to | show the sedimentation and drying
patterns of ternary sphere mixtures on a cover glass. The
liquid’s shape is round hill and recognition of the broad ring
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is rather difficult with the naked eyes in the suspension
state. However, the clear-cut broad rings observed in the
drying pattern support that the broad rings should be
formed already in the sedimentation patterns (Fig. 1i and k).
It should be noted that the clear-cut broad ring observed in
Fig. 1k at the outside edge is the dried pattern and not in the
liquid phase. The drying pattern (Fig. 11) shows the broad
ring was formed also in the middle area. However, the size-
segregated patterns were not observed clearly on the
macroscopic scale.

Figure 2 shows the typical examples of the sedimenta-
tion patterns of the ternary mixtures at the different
concentrations of spheres from ¢1=¢,=¢3=0.00229 to
0.0128 in a watch glass, a glass dish, and a cover glass,
respectively. These patterns of the ternary mixtures are
similar irrespective of the total sphere concentration, though
the patterns at low sphere concentration look clearer with
the naked eyes. The sedimentation broad ring patterns
of the ternary mixtures are also similar to those of the
corresponding single component suspensions. It should be
mentioned here that sharpness of the sedimentation broad
rings in a glass dish was sensitive to the change in the room
temperature and/or humidity, though the pictures showing
this were omitted in this report. This finding has been
reported in a previous work for the first time [15]. It is
highly plausible that the sedimentary spheres are sur-

rounded with the extended electrical double layers and
float and move along the cell plate, which is also
surrounded by the electrical double layers, under the
influence of the convectional flow of water.

Figure 3 shows the drying patterns of the ternary
mixtures of CS1000A (component 1)+CS300 (2)+CS161
(3) at four different sphere concentrations at the condition
of p1=¢,=¢5 in a watch glass (a to d), a glass dish (e to h)
and a cover glass (i to 1), respectively. In Fig. 3d, the three
different colored layers (white, green, and blue) are formed
from the center to the outside regions, respectively. These
drying pattern supports that the patterns of the ternary
mixtures are composed of the inner layer of large spheres,
middle layer of middle spheres and the outer layer of small
spheres. This size-segregation effect for the ternary mix-
tures was supported also from the reflection spectroscopy in
a watch glass, which will be discussed below in the
“Microscopic drying patterns of ternary sphere mixtures”
section. For the ternary mixtures at low concentrations,
however, distinct three layers were not recognized with the
naked eyes in the drying patterns in a watch glass (see
Fig. 3a to c), though two layers of the inner white and outer
blue were clearly observed. It should be recalled here that
the rather sharp size-segregation effect in a watch glass
compared with those on other substrates is due to the
effective balancing between upward (or outward) convec-

Fig. 2 Sedimentation patterns of CS1000A (1)+CS300 (2)+CS161 (3) mixtures in a watch glass (after 9 h 50 min), a glass dish (after 76 h

15 min), and a cover glass (after 2 h 30 min) at 24 °C. a, e, i ¢1=¢,=¢3=0.00229, b, f, j 0.0046, ¢, g, k 0.0069, d, h, 1 0.0128
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Fig. 3 Drying patterns of CS1000A (1)+CS300 (2)+CS161 (3) mixtures in a watch glass (after 28 h 5 min), a glass dish (after 100 h 50 min),
and a cover glass (after 4 h 45 min) at 24 °C. a, e, i ¢p1=¢,=¢3=0.00229, b, f, j 0.0046, ¢, g, k 0.0069, d, h, 1 0.0128

tional flow and the downward (or inward) sedimentation of The wave-shaped and slightly iridescent colored struc-
spheres [48]. Small spheres move upward fast by the  tures were formed in the intermediate areas between the
convectional flow and also move downward slowly by the  outside edge of broad ring and the inner wall of the glass
sedimentation compared with large spheres. dish as is shown in Fig. 3e to h. The similar patterns were

Fig. 4 Microscopic drying patterns of CS1000A (1)+CS300 (2)+CS161 (3) mixtures in a watch glass (a to d), a glass dish (e to h), and a cover
glass (i to 1) at 24 °C. ¢;=¢p,=¢3=0.00229, from center (a, e, i) to the right edge (d, h, 1), full scale is 0.2 mm
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Fig. 5 Microscopic drying patterns of CS1000A (1)+CS300 (2)+CS161 (3) mixtures in a watch glass (a to d), a glass dish (e to h) and a cover
glass (i to 1) at 24 °C. ¢1=¢p>=¢3=0.0069, from center (a, e, i) to the right edge (d, h, 1), full scale is 0.2 mm

observed for the diluted suspensions of CS300 spheres for
the first time [11]. The drying frontier started at the center
of the glass dish and moved toward the outer cell wall with
time. These wave-shaped patterns appeared only when the
concentration of the spheres is not high enough to covering
of the spheres over the cell surfaces.

On a cover glass, rather sharp two or three broad rings
were formed at the middle and outside areas of the dried
films (see Fig. 3i to 1). The outside broad rings were always
bluish and iridescent colored. It should be mentioned here
that the whole area except the broad rings were blue. The
film thickness profile and AFM measurements clarified that
the small and large spheres were segregated effectively to
the outside broad ring region and the central area,
respectively. The middle size spheres located mainly at
the middle broad ring area. However, rather large amount of
large spheres also coexisted in the middle area. These
incomplete segregation effects for the ternary mixtures will
be discussed again in the “Microscopic drying patterns of
ternary sphere mixtures” section below.

Microscopic drying patterns of ternary sphere mixtures

Figures 4 and 5 show the typical examples of the
microscopic drying patterns of the ternary mixtures in a
watch glass, a glass dish and a cover glass and at ¢;=
$>=¢3=0.00229 and 0.0069, respectively. On a watch glass
in Fig. 4 (a to d) several clear-cut boundaries between the
differently iridescent colored layers are observed. Assign-
ment of the layers to the three kinds of spheres is quite
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difficult, though tendency of the color change from reddish
to bluish in the regions from the center to the outside edge
is obvious. In a glass dish, very-fine-layered and wave-like
patterns were observed. On a cover glass, a fine-layered
structure is formed especially at the outside region.
However, assignment of each layer to the sphere size is
again quite difficult except the blue broad ring at the
outside edge, which is composed of the small CS161
spheres. It should be mentioned here that the boundaries in
a watch glass were observed clearly in Fig. 5 a to d
compared with those shown in Fig. 4 a to d. This supports
that the segregation effect takes place more effectively at
the higher sphere concentrations.

Figure 6 shows the reflection spectra of the dried films
of CS1000A+CS300+CS161 on a watch glass. The spectra

N | | | | ]
b

| | | |
300 400 500 600 700 800
A (nm)
Fig. 6 Reflection spectra of the dried films of CS1000A (1)+CS300
(2)+CS161 (3) mixtures in a watch glass at 24 °C. Code 454, ¢=
0.0128, a middle layer, b outer layer




Colloid Polym Sci (2008) 286:941-949

947

40 | a—|

Bl| | |

40 | b—
@ OI\ A\ | AN
= 40 [ c—
~

0 [\ A | AN A

40 | d

0 A | AN

-6 0 6

r (mm)
Fig. 7 The thickness profiles of the dried film (d) of the ternary
sphere mixtures CS1000A (1)+CS300 (2)+CS161 (3) as a function of
the distance from the pattern center (r) at 25 °C. ¢1=¢,=¢3=a
0.00229, b 0.0046, ¢ 0.0069, d 0.0128

Inner ring

middle ring

outer ring

Fig. 8 AFM images of the dried films of CS1000A (1)+CS300 (2)+
CS161 (3) mixtures at the inner ring area, middle and outside areas
from the top on a cover glass. Sphere concentration: from the left

a and b are those at the middle and outer layers, and the
peak wavelengths (4,,) are 655 nm and 400 nm, respective-
ly. The nearest-neighbored intersphere distance (D) is
estimated from the peak wavelengths (4,) using Eq. 1 [51]:

D =0.6124(2, /n) (1)

Here, the refractive index of the dried film (n) is given by
Eq. 2.

n = 0.74 x [refractive index of silica] + 0.26

x [refractive index of air] (2)

Refractive indices of silica and air were assumed to be
1.5 and 1.00, respectively. Furthermore, the spheres in the
dried film are assumed to be attached to each other and
distribute in the closed-packed colloidal crystal structure.
The D values of the dried film were evaluated to be 284 nm
and 173 nm, respectively. These values agreed excellently
with the diameters of CS300 and CS161 spheres, 305 nm
and 183 nm, respectively. This agreement supports that the
neighbored spheres are almost in contact with each other,
keeping a close-packed structure. Thus, the peak wave-

p B 9 .. -

- - -
column, ¢;=¢p,=¢p3=0.00229 (a), 0.0046 (b), 0.0069 (c), and 0.0128
(d). Scan size: from the top line, 10 pmx>10 pm, 10 umx 10 um, and
S umx5 pum. Length of the bars is 1 pm
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lengths at 655 nm and 400 nm are attributed to the colloidal
crystal films of CS300 and CS161 spheres, respectively. It
should be mentioned here that the primary and secondary
peak wavelengths corresponding to the crystal structure of
CS1000A spheres are estimated to be 2,630 nm and
1,315 nm, respectively, which are highly beyond the
wavelength range measurable, i.e., 300 nm to 900 nm.
Thus, no observation of the peak profiles of CS1000A
crystals in this work is quite reasonable.

Figure 7 shows the thickness profiles of the dried film
for CS1000A+CS300+CS161 mixtures on a cover glass.
The sharp broad ring composed of small CS161 spheres
appeared at the outside edge. The heights of the broad rings
increased proportionally as sphere concentration increased.
However, distinct broad rings corresponding medium and
large spheres were not observed in the figures. For the
binary mixtures, coexistence of the rather sharp principal
broad rings and the low and wide ones was clear at the
outside edge and the inner area, respectively [48]. These
results support that the size-segregation effect for the small
spheres is strong, but that for the medium and large spheres
is weak on a cover glass.

Figure 8 shows the AFM observation of the air—film
interface of the dried films of the ternary mixtures on a
cover glass. Surprisingly, the size-segregation effect for the
large and small spheres toward the inner and the outside
regions is very clear as the authors expected before the
observation. As is clearly seen in the figure, segregation
effect for the medium spheres was not so clear at the middle
region, and the coexistence of large and medium spheres
were observed, which is consistent with the macroscopic
observation.

Summarizing the results, colorful three layered drying
patterns were observed for the ternary mixtures of colloidal
silica spheres having different sizes, 183 nm, 305 nm, and
1.205 pum. The patterns were composed of the outer,
middle, and inner layers of small, medium, and large
spheres, respectively. In a glass dish, size segregation did
not take place so effectively. On a cover glass, size
segregation took place, i.e., small, medium, and large
spheres located at the outer, medium, and central areas.
However, segregation effect on a cover glass was not so
complete compared with that on a watch glass.
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