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Abstract Convectional, sedimentation, and drying dissipa-
tive structural patterns formed during the course of drying
aqueous colloidal crystals of silica spheres (183 nm in
diameter) have been studied in a glass dish and a watch
glass. Spoke-like convectional patterns were observed in a
watch glass. The broad ring sedimentation patterns formed
especially in a glass dish within 30–40 min in suspension
state by the convectional flow of water and colloidal
spheres. The macroscopic broad ring drying patterns
formed both in a glass dish and a watch glass. The ratio
of the broad ring size in a glass dish against the initial size
of suspension, i.e., inner diameter of the glass dish, df/di, in
this work, were compared with previous work of other
silica spheres having sizes of 305 and 560 nm and 1.2 μm
in diameter. The df/di values in a glass dish increased as
sphere concentration increased, but were rather insensitive
to colloidal size. The df/di values on a watch glass also
increased as sphere concentration increased, and further
increased as sphere size decreased. Segregation effect by
sphere size in a watch glass takes place by the balancing
between the upward convectional flow of spheres in the
lower layers of the liquid and the downward sedimentation
of spheres. Colorful microscopic drying patterns formed
both in a glass dish and a watch glass.
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Introduction

Generally speaking, most structural patterns in nature form
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 water molecules at the air–water
interface and the gravitational convection are very impor-
tant. In order to understand the mechanisms of the
dissipative self-organization of the simple model systems
instead of the much complex nature itself, the authors have
studied the convectional, sedimentation, and drying dissipa-
tive patterns in the course of dryness of colloidal suspen-
sions as systematically as possible, though the three kinds of
patterns are correlated strongly and overlapped to each other.

The most famous convectional pattern is the hexagonal
circulating pattern, Bernard cell, and it has been observed
when liquids contain plate-like colloidal particles as
monitors and were heated homogeneously in a plain pan
[1–3]. Another typical convectional dissipative pattern is
the spoke-like one and observed in the Bernard cells and
also appeared in various substrates sometimes accompanied
with the huge number of small cell convections. The spoke
patterns with cell convections were observed formerly for
the membranes of Chinese black ink on water by Terada et
al. [4–7], Thus, the author likes to call the spoke-like
pattern as Terada cell. The convectional patterns, especially
Terada cells, were observed directly in the initial course of
dryness of Chinese black ink in a glass dish [8], the
aqueous and 100% ethanol suspensions of colloidal silica
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spheres [9; this work], a cup of Miso soup (Okubo,
publication in preparation), coffee [10; Okubo, publication
in preparation] or black tea (Okubo, publication in
preparation), and colloidal crystals of poly (methyl meth-
acrylate) spheres on a cover glass and a watch glass [11, 12]
in our laboratory. Distorted Bernard cells were often
observed for Miso soup, coffee, and black tea. For the
100% ethanol suspensions of colloidal silica spheres,
Terada cell-type vigorous convectional flow was observed
clearly with the naked eye, and the convectional patterns
changed dynamically with time. Deegan et al. [10] have
reported traces of spoke-like patterns under a microscope.
They introduced the capillary flow theory instead of the
convectional flow of the liquid from the pinning effect of
the contact line of the drying drop. From our series of
drying experiments for suspensions and solutions, the
pinning effect was supported for spherical colloidal
suspensions on a cover glass. For anisotropically shaped
particles, however, a broad ring at the outside edge
disappeared and a round hill appeared instead. Furthermore,
the pinning effect was not supported in a glass dish and a
watch glass. It should be mentioned further that theoretical
studies for the convectional patterns have been made
mainly using the Navier–Stokes equations, but these are
not always successful [13–18]. The main cause for this is
undoubtedly due to the insufficient experimental studies so
far. It should be noted further that the size, shape, conforma-
tion, and/or flexibility information of particles and/or solutes
(molecules) is transformed cooperatively and further accom-
panied with the amplification and selection into the
succeeding sedimentation and drying patterns in the course
of dryness of solutions and suspensions.

Sedimentation dissipative patterns in the course of
drying suspensions of colloidal silica spheres (183 nm
to1.2 μm in diameter) [19–24, this work], size-fractionated
bentonite particles [25], green tea (Ocha) [26], and Miso
soup (Okubo, publication in preparation) have been studied
in detail in a glass dish, a cover glass, a watch glass, and
others, for the first time in our laboratory. The broad ring
patterns were formed within several 10 min in suspension
state by the convectional flow of water and the colloidal
particles. It was clarified that the sedimentary particles were
suspended above the substrate and always moved by the
external force fields including convectional flow and
sedimentation. The sharpness of the broad rings was
sensitive to the change in the room temperature and/or
humidity. The main cause for the broad ring formation is due
to the convectional flow of water and colloidal particles at
the different rates, where the rate of the latter is slower than
that of the former. Quite recently, dynamic sedimentation
patterns formed cooperatively from the distorted spoke-like
convectional structures of colloidal particles were observed
for coffee and black tea (Okubo, publication in preparation).

Drying dissipative patterns have been studied for
suspensions and solutions of many kinds of colloidal
particles [8, 9, 11, 19–42; this work; Okubo, publication
in preparation], linear-type synthetic and bio-polyelectro-
lytes [43, 44], water-soluble neutral polymers [45, 46],
ionic and non-ionic detergents [47–49], gels [50], and dyes
[51] mainly on a cover glass. The macroscopic broad ring
patterns of the hill accumulated with the solutes in the
outside edges always formed. For the non-spherical
particles, the round hill was formed in the center area in
addition to the broad ring. Macroscopic spoke-like cracks
or fine hills including flickering spoke-like ones were also
observed for many solutes. Furthermore, fractal patterns
such as branch-like, arc-like, block-like, star-like, cross-
like, and string-like ones were observed in the microscopic
scale. These microscopic drying patterns were reflected
from the shape, size, and/or flexibility of the solutes
themselves. Microscopic patterns also formed by the
translational Brownian diffusion of the solutes and the
electrostatic and/or the hydrophobic interactions between
solutes and/or between the solutes and the substrate in the
course of the solidification. One of the very important
findings in our experiments is that the primitive vague
patterns were formed already in the concentrated suspen-
sions or solutions before dryness, and they grew toward
fine structures in the process of solidification.

In this work, sedimentation and drying dissipative
patterns of colloidal crystals of silica spheres (183 nm in
diameter) have been studied in the macroscopic and
microscopic scales. One of the main purposes of this work
is clarification of the colloidal size effect on the dissipative
patterns with the help of the experimental data of the
colloidal silica spheres having different sphere sizes in a
watch glass reported hitherto [19, 21, 22].

Experimental

Materials

CS161 silica spheres were kindly donated from Catalysts &
Chemicals Ind. Co. (Tokyo). Diameter, standard deviation
from the mean diameter, and the polydispersity index of
the spheres were 183 nm, 18.6 nm, and 0.10, respec-
tively. These size parameters were determined through an
electron microscope (Hitachi, H8100) in Gifu University.
The sample was treated on a mixed bed of cation- and
anion-exchange resins [Bio-Rad, AG501-X8(D), 20–
50 mesh] for 6 years before use, since newly produced
silica spheres always released a considerable amount of
alkali ions from the porous sphere surfaces for a long
time. Water used for the sample purification and preparation
was purified by a Milli-Q reagent grade system (Milli-RO5
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plus and Milli-Q plus, Millipore, Bedford, MA, USA).
Standard aqueous solution of sodium chloride at 0.1 mol/L
(M) was purchased from Wako Chemicals Co. (Osaka).

Observation of the dissipative structures

Ten or 4 mL of the aqueous suspension of CS161 spheres
was placed carefully and gently into a glass dish (42 mm in
inner diameter and 15 mm in height, code 305-02, TOP Co.
Tokyo) or a medium size watch glass (70 mm in diameter,

TOP Co. Tokyo), respectively. The dish was flat without
any disordered light reflection patterns as seen through the
naked eyes. Observation of the sedimentation and drying
patterns was made for the suspensions set on a desk until
the suspensions were dried up completely in an air-
conditioned room at 27 °C. The humidity of the room air
of the laboratory was between 50% and 65%, which was
not regulated. Concentrations of CS161 and NaCl ranged
from 0.000086 to 0.0129 in volume fraction and from
0.0003 to 0.03 M, respectively.
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Fig. 1 Sedimentation and drying patterns of CS161 silica suspensions in a glass dish at 27 °C. f=0.00215, 10 mL, code 286. a 30 min after
setting, b 25 h, c 75 h, d 92.1 h, e 93.3 h, f 12.4 day, dry
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Fig. 2 Change in the sedimentation patterns of CS161 silica spheres
in a glass dish 27 °C, 45 min after setting. f=0.000086, 10 mL, code
281. a 0 min, 28.8 °C, 67%, air conditioner switched ON after taking

pictures; b 20 min, 26.6 °C, 53%; c 40 min, 25.5 °C, 50%; OFF d
85 min, 26.5 °C, 63%; e 105 min, 27.7 °C, 66%; f 135 min, 28.9 °C,
67%
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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).

Results and discussion

Sedimentation and drying patterns in a glass dish

Figure 1 shows the sedimentation (a to e) and drying
patterns (f) of CS161 spheres when sphere concentration is
0.00215 in volume fraction. Coexistence of the sedimenta-

tion and drying patterns are observed in Fig. 1d,e. Clearly,
broad ring patterns were observed at the outside area of the
dish without cap in the suspension phase, and the
suspensions dried up after 12.4 days. It should be recalled
that the broad ring patterns did not appear in a dish with cap
for colloidal silica spheres, 1.2 μm in diameter [20]. Ten
milliliters of the aqueous suspensions of CS300 silica
spheres (305 nm in diameter) at 0.00228 in volume fraction
in a glass dish with a cap was dried up after 110 days at
room temperature [21]. The same suspension without cap
was dried up after 8.4 days [21]. In the suspension state
with cap, they also exhibited broad ring patterns. These
results show that the shielding effect of a glass dish with a
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Fig. 3 Drying patterns of CS161 silica suspensions in a glass dish at 27 °C, 10 mL, after 12.4 day, dry. a f=0.000086, b 0.000215, c 0.00043 M,
d 0.00086, e 0.00215 M, f 0.013, g f=0.00043, [NaCl]=0 M, h 0.0003 M, i 0.001 M, j 0.002 M, k 0.01 M, l 0.03 M
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cap was not so complete for preventing the evaporation of
water. However, evaporation and the resulted convectional
flow were retarded efficiently with a cap. It should be noted
that the broad rings formed rather quickly within 30–
40 min after the suspension was set and even in the stage of
the incomplete sedimentation of spheres, which shows that
the convections of water and spheres are vigorous even at
room temperature.

The main cause for the broad ring formation is due to the
convectional flow of water and CS161 spheres in the
different rates, where the rate of the latter is slower than that
of the former under gravity. Especially, flow of the spheres
from the center area toward the outside edges in the lower
layers of the liquid, which was observed on a digital HD
microscope directly from the movement of the very rarely
occurring aggregates of the colloidal particles of Chinese
black ink in a glass dish, is important [8]. Clearly, the
convectional flow is enhanced by the evaporation of water
at the liquid surface, which results to the lowering of the
suspension temperature in the upper region of the suspen-
sion. When the 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, many 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 and the
accumulation of spheres proceeds accompanied with the
evaporation of water by the capillary effect. This process
must be followed by the broad ring accumulation of the
spheres near the outside round edges.

It should be noted here that the formation of the broad
ring patterns in the liquid phase reported here was observed
first in a previous paper from the author’s laboratory [20],
which the author knew. However, the broad ring formation
in the dried film has been observed so often for most of the
solutions and suspensions examined by the researchers
[27–32] and by our group [7–12, 19–26, 33–44, 46–51;
Okubo, publication in preparation]. Recently, microgravity
experiments were made for the observation of the drying
dissipative patterns of deionized suspension of colloidal
silica spheres [52]. Surprisingly, the broad ring patterns did
not disappear even in microgravity. This supports strongly
that both the gravitational and the Marangoni convections
contribute to the broad ring formation on earth, and the
latter is still important in microgravity.

We should note further that the broad ring patterns,
which were generally observed for all the drying patterns of
suspensions and solutions including the present paper, were
formed already in the process of convectional flow of water
and solutes in suspension state. The broad ring sedimenta-
tion structures have been observed also in a glass dish [22],
in a polystyrene dish [20], in a watch glass [19, 21, 22], and
even in a deep bowl [26] in our laboratory. It should be

mentioned here that the dryness in a glass dish proceeded
from the center area to the outer edge, and color changed
clearly from whitey turbid in the liquid phase to the
strongly iridescent blue colors in the solid phase. It should
be noted here that the broad ring shown in Fig. 1f is
observed at the inner area, not at the outside area of the
dish, which will be discussed in detail below using Fig. 3.

Figure 2 shows the sedimentation patterns of the
deionized suspensions of CS161 spheres, when the room
temperature and the humidity changed by keeping switch of
the compressor on or off. The experiments started 27 h and
45 min after the suspensions were set, where the stable
sedimentation state was achieved. After picture a was taken
at 28.8 °C and 67% in humidity, the switch of the
compressor was kept on. After further 20 min and
40 min, pictures b and c were taken. At these times, the
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Fig. 4 a Plots of df/di of CS161 (open circles), CS300 (crosses), and
CS550 (open triangles) in a glass dish as a function of f. b Plots of df/
di of the broad ring areas of sodium chloride for the suspensions of
CS161 (open circles), CS300 (crosses), CS550 (open triangles), and
the areas of CS300 spheres (open squares) as a function of [NaCl].
fCS161=0.00043, fCS300=0.00038, fCS550=0.00083
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values of the room temperature and humidity decreased
to 26.6 °C and 53% and 25.5 °C and 50%, and the
sedimentation patterns became sharp with time. After
taking picture c, the compressor was switched off. Now,
the patterns became vague after 85, 105, and 135 min,
respectively, where both the temperature and the humidity
of the laboratory increased with time. The convectional
flow of spheres and water should become fast, when the
temperature and also the humidity above the air–suspension
interface decrease. Thus, it is supported that the convec-
tional flow of spheres and water is the main cause for the
broad ring sedimentation pattern. It should be noted here

that the slopes, not the absolute values, of the temperature
and/or humidity with time are important for the rates of the
convectional flows. Changes in the sharpness of the broad
rings responding to the room temperature and humidity
were also observed for other silica spheres having different
diameters in a glass dish [21, 22].

Figure 3a–f shows the macroscopic drying patterns of
CS161 spheres in a glass dish at the initial sphere
concentrations ranging from 0.000086 to 0.013 in volume
fraction 12.4 days after the suspensions were set. The
broad rings formed at the outside area of the dried film,
but within the inner wall of the glass dish. The size of the
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Fig. 5 Drying patterns of CS161 silica spheres in a glass dish at 27 °C. f=0.000429, [NaCl]=0 M, 10 mL, dry, code 291, from center (a) to right
edge (f), [NaCl]=0.0003 M, 10 mL, dry, code 292, from center (g) to right edge (l)
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broad ring increased as the initial sphere concentration
increased as clearly shown in the figures. All the dried
films were bluish with the iridescent Bragg diffraction of
light by the crystal-like array of the colloidal spheres in
the film. The ratio of the size of the broad ring in
diameter against that of the inner diameter of the glass
dish, df/di, was plotted as a function of the initial sphere
concentration, f in Fig. 4a for all the drying patterns of
silica spheres of different sizes examined hitherto. Inter-
estingly, the df/di values increased linearly as the loga-
rithms of sphere concentration, log f, and further located on
the same line irrespective of sphere sizes in the range of
183 nm to 1.2 μm within the experimental errors. These
results show that the size of the broad ring in a glass dish
is sensitive to the sphere concentration but not so much to
the sphere size. Figure 3c–f also shows that the spoke-like
fine cracks appeared especially in the areas of the broad
rings. Interestingly, the wave-shaped structures formed in
the areas between the outside edges of the film and the
inner wall of the glass dish, when sphere concentration is
lower than 0.000215 (see Fig. 3a,b). It should be mentioned
here that the drying frontier started at the center of the glass
dish and moved toward the outer cell wall with time. This
direction of the drying frontier movement was just opposite
to that on a cover glass, where the frontier moved from the
outside edges of the suspension to the center.

Figure 3g–l shows the macroscopic drying patterns of
CS161 suspensions with the coexistence of NaCl and in
their absence at the dried state, 12.4 days after suspensions
were set. Distinct differences were not observed among the
broad ring patterns in the suspension state containing
different amounts of sodium chloride, though the pictures

showing these were omitted in this paper. However, it looks
that the broad rings of the sedimentation pattern were
slightly sharp for the salt-containing suspensions as seen
through the naked eyes. The electrical double layers around
the spheres are thin when the ionic concentration is high.
Thus, the translational diffusion of the spheres will be much
vigorous, since the effective size of spheres including the
double layers decreases. Macroscopic drying broad ring
patterns were observed clearly for all the samples, and the
size of the broad ring increased as the salt concentration
increased as clearly shown in the figure. Surprisingly, quite
different macroscopic patterns appeared for the suspensions
containing sodium chloride higher than 0.01 M. Further-
more, the cooperative microscopic structures were also
observed for CS161 spheres as observed for CS1000A [20],
CS300 [21], and CS560 spheres [22], which will be
described in detail below using the microscopic pictures
shown in Fig. 5.

It should be mentioned here that the colors of the dried
films changed greatly and systematically from bluish to
greenish or pinky, pinky or whitey, and whitey as spheres
changed from CS161 (183 nm in diameter) to CS300
(305 nm), CS550 (560 nm), and CS1000A (1.205 μm),
respectively. These colors are mainly from the Bragg
diffraction of light by the crystal-like arrays of spheres.
The primary peak wavelength (λp) in the reflection
spectroscopy of colloidal crystals at the scattering angle of
90° is estimated from the nearest-neighbored intersphere
distance (D) of the face-centered and/or body-centered
cubic lattices.

lp ¼ nD=0:6124 ð1Þ

a b c

ed f

Fig. 6 Convectional, sedimentation, and drying patterns of CS161 silica suspensions in a watch glass at 27 °C. f=0.00107, 4 mL, code 303. a
20 min after setting, b 2.9 h, c 6.8 h, d 12.7 h, e 18.7 h, f 22.7 h, dry

Colloid Polym Sci (2008) 286:1411–1423 1417



Here, the refractive indices of the liquid and dried film (n)
are given in Eq. 2.

n ¼ f� refractive index of silica sphere½ � þ 1� fð Þ
� refractive index of air½ � ð2Þ

Refractive indices of silica and air were assumed to be
1.5 and 1.00, respectively. For the dried film, f and D are
estimated to be 0.74 and the diameter of spheres,
respectively. Here, the spheres in the dried film were
assumed to be attached to each other and distribute in the
closed-packed colloidal crystal structure. The λp values of
the dried films are estimated to be 420 nm, 700 nm,

1.3 μm, and 2.8 μm for CS161, CS300, CS550, and
CS1000A spheres, respectively. Depending on the scattering
angles, the color should change, but the color is estimated
roughly to be blue, green, red, and ultra-red (actually purely
white by the very strong multiple scattering), respectively.

Figure 4b shows the ratio of the final size of dried broad
ring pattern against the inner size of the glass dish, df /di for
the sphere–NaCl mixtures. Clearly, the df /di values
increased as the concentration of the salt increased for
CS161 + NaCl (denoted by open circles), CS300 + NaCl
(crosses), and CS550 + NaCl mixtures (open triangles). For
CS300 + NaCl systems [21], another broad ring appeared
clearly in the inner area of the outward broad ring as shown
by open squares in Fig. 4b. For CS161 + NaCl and CS550 +
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Fig. 7 Drying patterns of CS161 silica suspensions in a watch glass at 27 °C, 4 mL. a f=0.000215, b 0.000429, c 0.00107 M, d 0.00215, e
0.00322 M, f 0.00429, g f=0.00107, [NaCl]=0 M, h 0.00075 M, i 0.0025 M, j 0.0075 M, k 0.025 M, l 0.075 M
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NaCl mixtures, the patterns of the inner broad rings were
also observed but not so clear for quantitative analysis. The
inner broad rings disappeared for CS1000A + NaCl
mixtures. It is highly plausible from previous work of
binary and ternary colloidal mixtures [23, 24] that the
outward and inward broad rings in a glass dish are
composed of mainly colloidal spheres and sodium chloride,
respectively. In other words, the smaller solutes are
segregated to the outer regions. This size effect is, however,
not so effective in a glass dish compared with the effect in a
watch glass. These features are discussed below using
Fig. 8a,b in detail.

Figure 5 shows a typical example of the microscopic
patterns of the dried film observed in Fig. 3, where the
extended pictures were taken from the center to the right
edge. Colorful microstructures were observed. These
iridescent colors are due to the Bragg diffraction of light
by the crystal array of the colloidal spheres in the dried
film. It should be mentioned further that the main cause of
the microstructures will be the traces of the convectional
flow of spheres and water molecules on a glass dish. It
should be mentioned here that the beautiful characteristic
patterns of the colloidal spheres and sodium chloride
mixtures were observed in Fig. 5j–l. Here, whitey parallel
line areas are composed of sodium chloride. These
observations demonstrate that the cooperative interactions
between silica spheres and sodium chloride play an
important role for the pattern formation in the processes
of the solidification. Similar cooperative patterns were also
observed for other salt mixtures of silica spheres having
different sizes in a glass dish [20–22].

Convectional, sedimentation, and drying patterns in a watch
glass

Figure 6 shows one of the typical examples of the
sedimentation and drying patterns in the course of dryness
of aqueous suspensions of CS161 spheres on a watch glass.
Interestingly, spoke-like convectional patterns were ob-
served for the first time in aqueous suspensions of colloidal
silica spheres in this work (see Fig. 6c). When the colloidal
suspension of CS161 spheres was kept still in a watch
glass, sedimentation of the spheres took place within 3 h
especially at the upper layers of the suspension, and a broad
hill was observed first and then a broad ring pattern
appeared at the central area of the watch glass as seen
through the naked eyes (see Fig. 6b–e). The suspensions
dried up after 22.7 h as shown in Fig. 6f. The main causes
for the broad ring formation are again the convectional
flow of water and CS161 spheres in the different rates
and due to the evaporation of water from the outer
edges. The flow of spheres from the center area toward
the outside edges in the lower layer of the liquid is

especially important (Okubo, publication in preparation).
Enhancement of the convectional flow by the evaporation
of water must be followed by the broad ring accumulation of
the spheres near the outside round edges. It should be noted
here that the sphere accumulation at the deepest point of a
watch glass did not take place in the dried film.

Figure 7 shows the drying patterns of CS161 suspen-
sions at different sphere concentrations from 0.000215 to
0.00429 in volume fraction (a to f) and with sodium
chloride (g–l). These pictures, especially without salt, show
clearly that the sphere accumulation at the deepest central
point did not take place compared with the upper whitey
and bluish broad ring area. The main cause for the broad
ring formation is again the convectional flow of water and
CS161 spheres at the different rates. Flow of spheres from
the central area toward the outside edges in the lower layer
of the liquid is very important [8]. Enhancement of the
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Fig. 8 a Plots of df/di of CS161 (open circles), CS300 (crosses),
CS550 (open triangles), and CS1000A (open squares) in a watch
glass as a function of f. b Plots of df/di of CS300 (crosses), CS550
(open triangles) in a watch glass as a function of [NaCl]. fCS300=
0.0019, fCS550=0.00207
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convectional flow by the evaporation of water must be
followed by the broad ring accumulation of the spheres
near the outside edges.

We should note here that all the sedimentary spheres
in the sedimentation spheres float above the watch glass
cell surface by the repulsive interaction between the cell
and spheres intermediated with the electrical double
layers formed from the cell surface and spheres. It
should be further mentioned that the size of the broad
ring in a watch glass clearly increased drying through
visual observations as sphere concentration increased (see
Fig. 7a–f). Furthermore, the size of the broad rings on a
watch glass appears to decrease as sphere size increases,
when the observations of the drying patterns are compared
among the examined colloidal silica spheres of 183 nm
(this work), 305 nm [21], 560 nm [22], and 1.2 μm in
diameter [19]. In Fig. 8a, the ratios of the final size of the
broad rings against the initial size of the liquid, df /di, of
CS161, CS300, CS550, and CS1000A on a watch glass are
plotted against the sphere concentrations. Clearly, df /di
values increased as sphere concentration increased and/or
sphere size decreased. This is due to the fact that the
sedimentary spheres locate at the positions in balance
between the flow toward the outside (or upward) direction
by the convection and the inside flow by the sedimentary
forces on a watch glass. Then, the convectional flow of
small spheres should be much stronger. The main contri-

bution of the outward (or upward) flow of spheres is the
translational diffusion forces of the colloidal spheres, then,
df /di should be proportional to the inverse sphere size from
the Stokes–Einstein equation (Eq. 3).

Dt ¼ kBT=3phd ð3Þ

Here, Dt is the translational diffusion coefficient, d is the
diameter of colloidal spheres, η is the viscosity of water, kB
is the Boltzmann constant, and T is the absolute tempera-
ture. The electrical double layers move with the colloidal
spheres, though the double layers are distorted substantially.
d values can be replaced with the effective diameter of
spheres, deff, given in Eq. 4.

d ffi deff ¼ do þ 2� Dl ð4Þ

Dl ¼ 4pe2n
�
"kBT

� ��1=2 ð5Þ

do is the real diameter of the sphere and Dl is the Debye
screening length given in Eq. 5, where e is the electronic
charge, ɛ is the dielectric constant of water, and n is the
concentration of free state cations and anions in suspension,
given by n=nc+ns+no. nc is the concentration (number of
ions per cubic centimeter) of diffusible counter-ions, ns is
the concentration of foreign salt, sodium chloride in this

ba c

d e f

a

Fig. 9 a Microscopic drying patterns of CS161 silica suspensions in a
watch glass at 27 °C. f=0.00107, 4 mL, code 311, from center (a) to
right edge (f), full scale=0.2 mm. b Microscopic drying patterns of
CS161 silica suspensions in a watch glass at 27 °C. f=0.00107, a to f:

[NaCl]=0.0025 M, 10 mL, code 313, from center (a) to right edge (f),
g to l: [NaCl]=0.0075 M, code 316, from center (g) to right edge (l),
full scale=0.2 mm
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work, and no is the concentration of both H+ and OH− from
the dissociation of water. On the other hand, the inward (or
downward) flow of spheres will be given by the sedimen-
tation of spheres. The sedimentation coefficient, S is given
in Eq. 6 [53].

S ¼ r� roð Þ sin qgd30
�
18hdeff ð6Þ

Here, θ is the slope angle of the cell surface, which is 0°
at the center and increases at the outward positions. ρ and
ρo are the specific gravities of the suspension and water,

respectively, and g is the gravitational constant. Further
discussion on the broad ring size using Eqs. 3 and 6 is quite
difficult at present. However, size dependency observed
experimentally of the broad rings on the colloidal size is
explained further qualitatively by comparing Eqs. 3 and 6,
which are the outward and inner forces of the spheres,
respectively. The outward forces increase as sphere size
decreases, since Dt is proportional to the inverse size of the
colloidal sphere. The inward forces also increase as
sphere size increases, since S is proportionally increased
as d3o

�
deff increases. It should be mentioned here that the

a b c

d e f

g h i 

j k l 

b

Fig. 9 (continued)
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main cause for the increase of the broad ring size with
increasing sphere concentration is the increase of the
number of spheres accumulated in the cell, in which
spheres have their own excluded volumes. In conclusion,
Fig. 8a shows clearly that the size of the broad ring in a
watch glass increases systematically as sphere size
decreases. This result is quite consistent with the facts that
the size segregation and the semi-quantitative analyses of
the binary and ternary mixtures of colloidal silica spheres
having different sizes were made successfully from their
drying patterns [23, 24].

The salt effect on the df /di values on a watch glass is
shown in Fig. 8b. The main cause for the decrease of df /di
with the salt concentration will be the fact that sodium
chloride ions are very small compared with the colloidal
spheres and segregated substantially toward the outward
region of the cell. However, it is highly plausible that the
segregation effect is not so effective and a part of the
colloidal spheres also locates at the outward positions
accompanied with the salt because the outward convec-
tional flow of spheres and salts resulted from the integration
of the huge number of small circulating cell convections
such as Terada cells and Bernard cells described in the
“Introduction” section. The other important cause for the
decrease in df/di values with salt addition is the thinning of
the electrical double layers which resulted to the decrease
of the effective size of colloidal spheres including the
electrical double layers formed around colloidal spheres,
deff (see Eq. 5).

Figure 9 shows the microscopic pictures of the drying
patterns of CS161 suspensions at ϕ=0.00107 from the
central area (a) to the right-hand side edge (f). Three
different types of patterns appeared from the central area to
the outside edge regions: (1) circular oriented grain-like
patterns in the central area (see Fig. 9a), (2) spoke-like
patterns in the radial direction (b), and (3) very colorful
patched block-like patterns (c to f). It should be noted that
the multi-strings circle-like patterns, which were so often
observed for larger spheres (CS300, CS550, and CS1000A
spheres [19, 21, 22]) were not observed for CS161 spheres
in a watch glass. These three types of the microstructures
support the existence of the three different modes in the
convectional flows of water and solutes as a function of
the distance from the center of the watch glass, though the
explanation of the reason why these patterns appeared is
quite difficult at present. It should be noted again that the
iridescent and colored pictures are due to the Bragg
diffraction of light by the crystal array of CS161 spheres
in the dried film.
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