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Drying dissipative structures of the deionized
aqueous suspensions of colloidal silica
spheres ranging from 29 nm to 1 pm

in diameter

Abstract Macroscopic and micro-
scopic dissipative structural patterns
formed in the course of drying a
series of the colloidal silica spheres
ranging from 29 nm to 1 pm in
diameter have been observed in the
aqueous deionized suspension on a
cover glass. The broad ring patterns
of the hill accumulated with the sil-
ica spheres are formed around the
outside edges in the macroscopic
scale for all spheres examined. The
spoke-like cracks are also observed
in the macroscopic scale and their
number decreases sharply as sphere
size increases. The pattern area and
the time for the dryness have been
discussed as a function of sphere size
and concentration. The convection
flow of water accompanied with that

of the silica spheres and interactions
among the silica spheres and sub-
strate are important for the macro-
scopic pattern formation. The
microscopic fractal structures of the
wave-like patterns and branched
strings are formed. Their fractal
dimensions are determined. Micro-
scopic patterns form in the narrow
range of sphere sizes and concen-
trations and are determined mainly
by the electrostatic and polar inter-
actions between the spheres and/or
between the sphere and substrate in
the course of solidification.

Keywords Drying dissipative
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Introduction

Most structural patterns in nature and experiments in
the laboratory form via self-organization accompanied
with the dissipation of free energy and in the non-equi-
librium state. Among several factors in the free energy
dissipation, evaporation at the liquid surface and con-
vection induced by the earth’s gravity are very impor-
tant.

In previous papers from our laboratory [1, 2], drying
dissipative patterns on a cover glass have been observed
for colloidal crystal suspensions of colloidal silica and
monodispersed polystyrene spheres. Quite similar mac-
roscopic and microscopic dissipative structural patterns
formed between the colloidal silica and polystyrene

spheres. The broad ring patterns of the hill accumulated
with spheres and the spoke-like and ring-like cracks
formed in the macroscopic scale. From these observa-
tions existence of the small circle convection cells pro-
posed by Terada [3-5] was supported. The primitive
patterns of valleys were formed already in the concen-
trated suspensions before dryness and they grow toward
fine cracks in the course of solidification. Branch-like
fractal patterns of the sphere association were observed
in the microscopic scale. Capillary forces between
spheres at the air-liquid interface and the different rates
of convection flows of water and spheres at the drying
front were important for the pattern formation. Mac-
roscopic and microscopic structural patterns were
studied in the course of drying the suspension of Chinese
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black ink on a cover glass and in a dish [6]. The clear
broad ring and spoke-like patterns of the rims accu-
mulated with particles formed especially in the central
region of the film. For Chinese ink direct observation of
the convection flow was successful mainly in a dish.

The drying dissipative structures have been studied
further for the linear-type macrocations, i.e., poly(allyl-
amine hydrochloride) [7]. Macroscopic broad ring pat-
terns, where the macroions accumulate densely in the
outside edges, formed. Furthermore, beautiful string-
like fractal patterns were observed in the microscopic
scale. The drying experiments were made for n-dode-
cyltrimethylammonium chloride, which is one of the
typical cationic detergent molecules [8]. Broad ring
patterns of the hill accumulated with detergent mole-
cules formed around the outside edges of the film in the
macroscopic scale. Star-like, blanch-like, arc-like and
small block-like microstructures were also observed.
Quite recently, drying structural patterns were studied
for a series of anionic detergent molecules, sodium n-
alkyl sulfates (n-alkyl = n-hexyl, n-octyl, n-decyl, n-
dodecyl, n-hexadecyl and n-octadecyl) [9].

From these studies on drying dissipative structures,
macroscopic broad ring patterns for various solutions
and suspensions were, surprisingly, similar to each other
irrespective of kind of solutes and their concentrations.
Microscopic patterns such as branch-like, string-like,
arc-like and small block-like ones were, however, re-
flected in the shape, size and flexibility of the solute
molecules. In this work, drying dissipative structure of a
series of colloidal silica spheres ranging from 29 nm to
1 um in diameter in aqueous deionized suspension on a
cover glass have been studied systematically as possible.
The main purpose of this work is, of course, to study the
size effect of the colloidal spheres on the drying dissi-
pative patterns.

Experimental
Materials

Colloidal silica spheres CS22p, CS45, CS82, CSl6l,
CS301 and CS1001 were gift from Catalyst & Chemicals
Co. (Tokyo). The diameter (d,), standard deviation ()
from the mean diameter and the polydispersity index (d/
d,) were compiled in Table 1. The values of 6 and d,,
were determined by the electron microscopy. The sur-
face charge densites of strongly acidic charges of these
spheres were determined by the conductometric titration
with a Horiba Model DS-14 conductivity meter (Kyoto).
These colloidal samples were first purified several times
using an ultrafiltration cell (Model 202, Diaflo-XM300
membrane, Amicon Co.), and then deionized with a
mixed bed of cation- and anion-exchange resins more
than 10 years. It takes a long time before complete

Table 1 Characteristics of colloidal silica spheres used

Sphere dy, (nm) 0 (nm)  d/d, Charge density (LC/cm?)
CS22p 29 6 0.21 0.48

CS45 56.3 7.6 0.13 0.30

CS82 103 13.2 0.13 0.38

Cs161 183 18.6 0.10 0.47

CS301 311 224 0.072  0.40

CS1001 1090 45 0.041 -

deionization is achieved, since the deionization proceeds
between the two solid-liquid phases one after another,
i.e., between colloidal spheres and water and then water
and the resins. It should be noted further that the silica
particles are very porous in their surfaces, which is not
favorable for the complete deionization process. Water
used for the sample preparation was purified by a Milli-
Q reagent grade system (Milli-RO5 plus and Milli-Q
plus, Millipore, Bedford, MA, USA).

Observation of the dissipative structures

An amount of 0.1 mL of the aqueous suspension of the
colloidal silica spheres was dropped carefully and gently
on a micro cover glass (30 mmx30 mm, thickness No.I,
0.12-0.17 mm, Matsunami Glass Co., Kishiwada, Osa-
ka) in a dish (60 mm in diameter, 15 mm in depth, Petri
Co., Tokyo). The cover glass was used without further
rinsing in this work. The extrapolated value of the
contact angle for pure water was 31 +0.2° from the drop
profile of a small amount of water (0.2, 0.4, 0.6 and
0.8 pL) on the cover glass. A pipet (1 mL, disposable
serological pipet, Corning Lab. Sci. Co.) was used for
the dropping. Macroscopic and microscopic observation
was made for the film formed after the suspension was
dried up completely on a cover glass in a room air-
conditioned at 25 °C and 65% in humidity of the air.
Concentrations of the silica spheres ranged from
1.33x1077 M to 0.1 M.

Macroscopic dissipative structures were observed
with a digital HD microscope (type VH-7000, Keyence
Co., Osaka) and a Canon EOS 10 camera with macro-
lens (EF 50 mm, f=2.5) and a life-size converter EF.
Microscopic structures were observed with a laser 3D
profile microscope (type VK-8500, Keyence) and a
Metallurgical microscope (Axiovert 25CA, Carl-Zeiss,
Jena GmbH). Observation of the microscopic patterns
was also made with an atomic force microscope (type
SPA400, Seiko Instruments).

Results and discussion

Figure 1 shows the typical patterns formed in the drying
a series of suspensions of colloidal silica spheres at the
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Fig. 1 Patterns formed for colloidal silica spheres at 25 °C.
a CS22p, b CS45, ¢ CS82, d CS161, e CS301, f CS1001. In water,
¢=0.0333, 0.1 mL, length of the bar is 5 mm

concentration of 0.0333 in volume fraction (Table 2).
The broad rings and the spoke-like cracks were ob-
served. A main cause for the broad ring formation is due
to the convection flow of the solvent and the colloidal
spheres at different rates under gravity. Especially, flow
of the spheres from the center area toward the outside
edges in the lower layer of the liquid drop, which was
observed on a digital HD microscope directly from the
movement of the very rarely occurred aggregates of the
spheres, is important [6]. The flow will be enhanced by
the evaporation of water at the liquid surface, resulting
lowering of the suspension temperature in the upper
region. When the spheres reach the edges of the drying
frontier at the outside region of the liquid, a part of the
spheres will turn to upward and go back to the center
region. However, movement of the most spheres may
stop at the frontier region by the disappearance of water.
This process must be followed by the broad ring-like
accumulation of the spheres near the round edges. It

Table 2 Angles between the neighbored cracks (0) for silica
spheres at 25 °C. In water, 0.1 mL

¢ 0 (degree)

CS22p CS45 CS82 Csl161 CS301
0.00133 0.7 1.9 - - -
0.0133 1.2 2.7 4.0 8.6 12
0.0333 2.9 4.6 7.4 14 21
00667 4.9 4.2 8.0 40 33
0.1 6.3 7.4 9.0 45 90

should be noted that the broad ring formation was
observed for all the solutions and suspensions examined
by our group [I, 2, 6-13] and further by other
researchers [14—16]. Recently, microgravity experiments
were made for the drying dissipative patterns of deion-
ized suspension of colloidal silica spheres [17]. Surpris-
ingly, the broad ring patterns did not disappear even in
microgravity. This supports that both the gravitational
and the Marangoni convections contribute for the broad
ring formation on earth but only the latter is still
important in microgravity.

The spoke-like cracks are also observed in the figure
clearly in the macroscopic scale and their number
decreases sharply as sphere size increases at the same
sphere concentration in volume fraction. Increase in
sphere size will result in the increase in the elastic
modulus of the film and then in the decrease in the crack
number.

Figure 2 shows the patterns formed in the drying
suspensions of CS45 spheres (56.3 nm in diameter) at
the sphere concentrations ranging from 1.33x1077 to 0.1
in volume fraction. The length of the bar is 5 mm. At
low sphere concentrations the round islands of sphere
regions appeared leaving a small amount of spheres at
the outside ridges. At the higher sphere concentrations
than 1.33x1073 in volume fraction, the broad rings
formed in the outside regions and the spoke-like cracks
grew from the outside edge toward the center. Clearly
the cracks formed in the process of solidification and
shrinking of the wetted films [1, 2]. Number of the cracks
decreased as sphere concentration increased. This
observation supports that increase in sphere concentra-
tion results in the thickening and then hardening of the
film. These macroscopic patterns are quite similar to
those observed in this work for CS83 spheres, though
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Fig. 2 Patterns formed for CS45 spheres at 25 °C. a ¢ =1.33x1077,  Fig. 3 Patterns formed for CS301 spheres at 25°C. a ¢=
b 1.33x107>, ¢ 1.33x1073, d 0.0133, € 0.0333, £ 0.1. In water, 0.1 mL, 1.33x1077, b 1.33x107°>, ¢ 1.33x1072, d 0.0133, e 0.0333, f 0.1. In
length of the bar is 5 mm water, 0.1 mL, length of the bar is 5 mm
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Fig. 4 Drying time (7) and area (S) for colloidal silica spheres as a
function of concentration (¢) at 25 °C. In water, 0.1 mL, O CS22p,
X CS45, triangle CS82, square CS161, filled circle CS301, filled
triangle CS1001
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Fig. 5 Thickness (d) for colloidal silica spheres as a function of r/r,
at 25 °C. In water, 0.1 mL, ¢=0.0333, O CS22p, r,=4.8 mm; X
CS45, 5.75 mm; triangle CS82, 4.8 mm; square CS161, 5.6 mm;
filled circle CS301, 6.5 mmy; filled triangle CS1001, 5.8 mm
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Fig. 6 Thickness maximum (dy.x) and maximum number of
particle layers (Npnax) for colloidal silica spheres as a function of
concentration (¢) at 25 °C. In water, 0.1 mL, O CS22p, X CS45,
triangle CS82, square CS161, filled circle CS301, filled triangle
CS1001

showing the pictures were skipped, and also in the pre-
vious observation for the same sphere samples [1].

Figure 3 shows the macroscopic patterns for the
deionized suspensions of CS301 spheres (311 nm in
diameter) at the sphere concentrations ranging from
1.33x1077 to 0.1 in volume fraction. The spoke-like
cracks were a quite few. Width of the broad ring at the
outside edge increased as sphere concentration
increased. It should be noted here that these macro-
scopic patterns including the other structures such as
island formation in the center area were quite similar to
each other irrespective of sphere size.

>

Fig. 7 Patterns formed for colloidal silica spheres at 25 °C. In
water, a, e CS45, ¢ = 1.33x107%; b, £ CS82, 1.33x107>; ¢, g CS301,
1.33x107%; d, h CS1001, 1.33x107°. In water, 0.1 mL, length of the
bar: a—d 5.0 mm, e-g 50 um, h 15 um
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Fig. 8 Patterns formed in the drying process of CS301 at 25 °C. In
water, ¢ = 1.33x107>,a,d 0.1 mL, b, e 0.15 mL, ¢, f 0.2 mL, length
of the bar: a—¢ 5.0 mm, d—f 200 pm

Figure 4 shows the time for their completion of the
dryness observed with the naked eyes, T and the final
area of the dried patterns, S as a function of sphere
concentration. T decreased as sphere concentration in-
creased, whereas S increased with increasing sphere
concentration. These tendencies will be explained with
decrease in the surface tension of the suspension as

sphere concentration increases [18]. It is clear that T
decreases sharply when S increases, which is well
understood because the drying process comes fast when
the liquid film is thin even the area is large. Furthermore,
T-values decreased as the sphere size increased, though
the experimental errors were rather large.

Figure 5 shows the thickness of the film as a function
of the ratio of the distance from the center (r) against the
radius of the circular dried film (r,). The experiments
were made directly using a laser 3D profile microscope.
Clearly, the d versus r/r, profiles became sharp as sphere
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Table 3 Fractal dimensions of the micro-structures observed for
silica spheres

Sphere ¢

1.33x1077 1.33x107> 1.33x107* 1.33x107> 3.33x107> 0.133

Ccs22p - - - - - -
13 -

1.2 13 .

cs161 — - - - - -

CS301 — - 1.2 - - -
CS1001 — - - - - -

size increased, and then turn to broad passing a sharpest
profile for CS301 spheres. The convection flow of the
spheres toward outside the edges from the center, which
is opposite direction of water flow, will be effective for
large spheres. For small spheres, on the other hand, flow
of spheres will be accompanied with the water flow
easily. For the largest spheres examined in this work,
1 pm in diameter, however, the convection flow of the
spheres must be slow compared with the flow rate of
water convection in the suspension drop on a cover
glass.

Figure 6 shows the maxima in the film thickness, d .
and the number of sphere layers, N.x as a function of
sphere concentration, ¢. The dy,.- and Ny,.,-values in-
creased sharply as the sphere concentration increased. It

should be noted here that d,,, increased as sphere size
increased whereas N,,,, decreased with increasing sphere
size at the same sphere concentration. These dependen-
cies of dnax and N, are quite understandable, because
the number of spheres increase sharply as sphere size
decreases and sphere concentration increases.

Let’s discuss the microstructures observed for the
suspensions of silica spheres of various sizes. Figure 7
compares the typical examples of the macro-structures
(a, b, cand d) and the corresponding micro-structures (e,
f, g and h) for silica spheres ranging from 56 nm to
1090 nm in diameter. Branch-like fractal patterns were
observed except CS1001 spheres. Figure 8 shows the
microstructures observed for CS301 spheres at the liquid
amount of 0.1, 0.15 and 0.2 mL. Patterns were quite
similar to each other. It should be noted that the fractal
patterns were formed only the limited conditions of
sphere sizes and concentrations as is clearly shown in
Table 3. Generally speaking, these fractal patterns
appeared often on the area, where there are not a lot of
spheres enough to cover. The fractal dimensions of the
patterns were 1.2+0.1 and insensitive to sphere size and
sphere concentration.
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