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Drying dissipative structures of the aqueous
suspensions of monodisperse bentonite

particles

Abstract Macroscopic and micro-
scopic dissipative structural patterns
formed in the course of drying the
fractionated and monodisperse ben-
tonite particles (plate-like in their
shape) in aqueous deionized sus-
pension and in the presence of NaCl
have been studied on a cover glass.
The patterns coexisted with the
broad ring of the hill accumulated
with the particles and with the round
hills are formed around the outside
edges of the film and in the center,
respectively, in the macroscopic
scale. By the addition of NaCl the
pattern shifts from the broad ring to
the round hill in the center. The
spoke-like cracks, which have been
observed for the suspensions of the
spherical particles so often hitherto,

are not observed at all for the ben-
tonite suspensions. The characteris-
tic convection flow of the particles
and the interactions among the par-
ticles and substrate are important
for the macroscopic pattern forma-
tion. Wrinkled, branch-like and/or
star-like fractal patterns are ob-
served in the microscopic scale.
These patterns are determined
mainly by the electrostatic and polar
interactions between the particles
and/or between the particle and the
substrate in the course of drying.

Keywords Drying dissipative struc-
ture - Pattern formation - Benton-
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Introduction

Generally speaking, most structural patterns in nature
and experiments in the laboratory form via self-organi-
zation accompanied with the dissipation of free energy
and in the non-equilibrium state. Among several factors
in the free energy dissipation, evaporation at the liquid
surface and convection induced by the earth’s gravity
are very important.

In previous papers from our laboratory [1, 2], drying
dissipative patterns on a cover glass have been studied
for colloidal crystal suspensions of colloidal silica and
polystyrene spheres. Quite similar macroscopic and
microscopic structural patterns formed between the two
kinds of spheres. The broad ring patterns of the hill

accumulated with spheres in the outside edges and the
spoke-like and ring-like cracks formed in the macro-
scopic scale. The existence of the small circle convection
cells proposed by Terada [3—5] was supported. Structural
patterns were observed in the course of drying the sus-
pension of Chinese black ink on a cover glass and in a
dish [6]. The clear broad ring and spoke-like patterns of
the rims accumulated with particles formed especially in
the central region of the film. Interestingly, the primitive
vague patterns of valleys were formed already in the
concentrated 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 the neighboring spheres at the air-liquid inter-
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Fig. 1 Patterns formed for 2p7f particles at 25°C. a

w=
4.6x10™* mg/mL, b 0.046 mg/mL, ¢ 0.092 mg/mL, d 0.46 mg/mL,
¢ 0.92 mg/mL, f 4.6 mg/mL. In water, 0.05 mL, length of the bar is
2.0 mm. Extended pictures of the area given by squares are shown
in Figs. 2, 3,4 and 5

face and the different rates of convection flows of water
and spheres at the drying front were important for the
pattern formation. Quite recently, drying dissipative
structures of a series of colloidal silica spheres ranging
from 29 nm to 1 pm in diameter were studied in the
aqueous deionized suspension [7].

The drying structures have been studied further for
the linear-type macrocations, i.e., poly(allylamine
hydrochloride) [8]. Macroscopic broad ring patterns
formed. Furthermore, beautiful string-like fractal pat-
terns were observed in the microscopic scale. The drying
experiments were made for n-dodecyltrimethylammoni-
um chloride [9]. Recently, 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)
were used for study of the drying dissipative patterns
[10]. Broad ring patterns formed in the macroscopic
scale. Star-like, branch-like, arc-like and small block-like
microstructures were also observed. The convection of
water and detergents at different rates under gravity and
the translational and rotational Brownian movement of
the latter were important for the macroscopic pattern
formation. Microscopic patterns were also determined
by the translational Brownian diffusion of the detergent
molecules and the electrostatic and the hydrophobic
interactions between detergents and/or between the
detergents and substrate in the course of the solidifica-
tion.

From these studies on drying structures, very similar
macroscopic broad ring patterns formed 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, reflected in the
shape, size and flexibility of the solute molecules. In this
work, monodisperse bentonite particles, which are
obtained by the repeated centrifugation technique and
highly monodisperse in their size, are studied in detail.
The main purpose of this work is, of course, to study the
shape effect between the anisotropic-shaped and spher-
ical particles in the drying dissipative patterns.

Experimental
Materials

Monodisperse bentonite particles were obtained by the
fractional repeated centrifugation technique. The details
of the sample preparation were described in the previous
papers [l11, 12]. Quite recently several researchers
applied the centrifugation technique to obtain the
monodisperse particles of bentonite [13, 14]. Diagonal
diameter of the particles, code 2p7f was 324 nm from the
electron microscopy. These colloidal samples were de-
ionized with a mixed bed of cation- and anion-exchange
resins more than 2 years. It takes a long time before
complete deionization is achieved, since the deionization
proceeds between the two solid-liquid phases one after
another, i.e., between colloidal particles and water and
then water and the resins. Furthermore, bentonites are
swelled and very porous in their surfaces. The deionized
suspension thus obtained was blue and transparent,
which supports clearly formation of the liquid-like dis-
tribution of the particles by the extended electrical
double-layers. It should be mentioned here that the
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Fig. 2 Patterns formed for 2p7f particles at 25°C. Series 1, a
w=4.6x10"* mg/mL, b 0.046 mg/mL, ¢ 0.092 mg/mL, d 0.46 mg/
mL, e 0.92 mg/mL, f 4.6 mg/mL. In water, 0.05 mL, length of the
bar is 200 um

crystal-like distribution of the particles was not formed
since the single crystals were not observed for the sus-
pension. The water used for the sample purification and
preparation was purified by a Milli-Q reagent grade

Fig. 3 Patterns formed for 2p7f particles at 25°C. Series 1, a
w=4.6x10"* mg/mL, b 0.046 mg/mL, ¢ 0.092 mg/mL, d 0.46 mg/
mL, e 0.92 mg/mL, f 4.6 mg/mL. In water, 0.05 mL, length of the
bar is 2 um
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system (Milli-ROS5 plus and Milli-Q plus, Millipore,
Bedford, MA, USA).

Observation of the dissipative structures

An amount of 0.05 mL of the aqueous suspension of the
bentonite particles was dropped carefully and gently on
a micro cover glass (30 mmx30 mm, thickness No.I,
0.12 to 0.17 mm, Matsunami Glass Co., Kishiwada,
Osaka) 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
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Fig. 4 Patterns formed for 2p7f particles at 25°C. Series 2,
aw=4.6x10"" mg/mL, b 0.046 mg/mL, ¢ 0.092 mg/mL, d
0.46 mg/mL, e 0.92 mg/mL, f 4.6 mg/mL. In water, 0.05 mL,
length of the bar is 200 pm

0.8 uL) on the cover glass. A pipet (1 mL, disposable
serological pipet, Corning Lab. Sci. Co.) was used for
the dropping. Observation of the macroscopic and

Fig. 5 Patterns formed for 2p7f particles at 25°C. Series 2, a
w=4.6x10"* mg/mL, b 0.046 mg/mL, ¢ 0.092 mg/mL, d 0.46 mg/
mL, e 0.92 mg/mL, f 4.6 mg/mL. In water, 0.05 mL, length of the
bar is 2 um

microscopic drying patterns 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 par-
ticles ranged from 4.6x10™* mg/mL to 4.6 mg/mL.

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).
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Fig. 6 Thickness (d) of the dried film as a function of radius (r) at
25°C. In water, 0.05 mL, a deionized suspensions, open circle
w=0.092 mg/mL, X 0.46 mg/mL, open triangle 0.92 mg/mL, open
square 4.6 mg/mL; b with NaCl, w=4.6 mg/mL, open circle
NaCl=0 M, X 1x107° M, open triangle 1x10™* M, open square
1x107° M

Results and discussion
Particle concentration dependency

Figure 1 shows the typical patterns formed in the drying
the suspensions of 2p7f particles at the concentrations
ranging from 4.6x10~* mg/mL to 4.6 mg/mL. The broad
ring patterns were observed and their widths increased
sharply as particle concentration increased. A main
cause for the broad ring formation is due to the con-
vection flow of water and the colloidal particles in the
different rates, where the rate of the latter will be slower
than that of the former under gravity. Especially, flow of
the particles 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
particles, is important [6]. The convection flow is en-
hanced by the evaporation of water at the liquid surface,
resulting lowering of the suspension temperature in the
upper region. When the particles reach the edges of the

drying frontier at the outside region of the liquid, a part
of the particles will turn to upward and go back to the
center region. However, movement of the most particles
may stop at the frontier region by the disappearance of
water. This process must be followed by the broad ring
accumulation of the particles near the round edges. It
should be noted that the broad ring formation has been
observed for all the solutions and suspensions examined
by our group [1, 2, 6-10, 15-18] and further by other
researchers [19-21]. Recently, microgravity experiments
were made for the observation of the drying dissipative
patterns of deionized suspension of colloidal silica
spheres [22]. Surprisingly, 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 the
latter is still important in microgravity.

We should note here that there appeared a hill in the
center region in addition of the broad ring especially at
the high particle concentrations. These hills in the cen-
tral area have not been observed for the suspensions of
any kind of spherical particles hitherto. The rotational
movement must be highly restricted for the anisotropic-
shaped particles like plate-like ones in this work, and the
sliding movement will be in major especially in the area
close to the substrate plane. This restricted Brownian
movement must be correlated deeply to the appearance
of the hill in the center. However, mechanism of the
coexistence of the two patterns is not so clear yet, be-
cause the visualized observation of the convection cells
was not easy experimentally.

Figure 2 shows the extended patterns of the broad ring
parts shown by the squares of a series 1 in Fig. 1. The
length of the baris 200 pm. The surfaces of the broad rings
formed in the outside regions look very rough, which may
support the random accumulation of the plate-like par-
ticles. However, much more extended microscopic pat-
terns of the broad ring parts shown in Fig. 3 demonstrate
clearly that the particles are stacked rather regularly
forming the short hills oriented circularly. It should be
noted here that the black area is not cracks but hills. Here,
the length of the bar in Fig.3 is 2 um.

Figure 4 shows the extended patterns of the central
area shown by the squares of a series 2 in Fig. 1. The
length of the bar is 200 um. Very beautiful fractal pat-
terns of the particle accumulation are observed. Much
more extended patterns are shown in Fig. 5 for the
square area of Fig. 4. Clearly, short and long hills dis-
tribute radially and in the fractal features. Here again
black parts are higher than the white regions in Fig. 5. It
should be mentioned here that no spoke-like and circle
cracks were not observed for 2p7f particles at all.

Figure 6a shows the thickness of the film as a func-
tion of the distance from the center (r) in the deionized
suspension. The experiments were made directly using a
laser 3D profile microscope. Surprisingly, the d-r pro-
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Fig. 7 Patterns formed for 2p7f
particles at 25°C. In water,
0.05 mL, w=4.6 mg/mL,

a 46 min 30 s after dropping the
suspension, b 48 min, ¢ 48 min
45 s, d 49 min 50 s. Length of
the bar is 10 um

Fig. 8 Patterns formed for 2p7f
particles at 25°C. In water,
0.05 mL, w=4.6 mg/mL,
aNaCl= 0 M, b 1x107° M,

¢ 1x10™* M, d 1x107* M.
Length of the bar is 2.0 mm
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Table 1 The ratio (r) of the long axis against short axis of the
outside pattern as a function of the inclined angle ()

Particles r

@ =0° 19° 520 §° e 19°
Bentonite® 1.00 .01 1.05 - L1 1.92
Colloidal silica®  1.00 - 126 186 - -

#In water, w=4.6 mL and 0.05 mL"103 nm in diameter, in water,
73.2 mg/mL and 0.1 mL

files shown in Fig. 6a support the existence of the broad
ring patterns and do not support existence of the round
hills in the center except the suspension of the highest
particle concentration. However, the flat and thick
regions were observed clearly for the bentonite particles.
It should be recalled that the central region of the film of
the spherical particles were always extremely thin [1, 2,
10].

The areas (S) covered with the particles in the dried
film were 9.7, 19.0, 58, 59, 54, and 60 mm? at particle
concentrations (w) of 4.6x107%, 0.046, 0.092, 0.46, 0.92,
and 4.6 mg/mL, respectively. S kept very small when w
is smaller than 0.05 mg/mL, but increased sharply with
further increasing particle concentration. This depen-
dency corresponds that the most particles move to the
broad ring regions and dried up but part of the particles
distribute whole the film area including the central area.
The main reason for this observation will be the fact that
the plate-like particles are difficult to move in the
translational mode compared with spheres, which move
easily by the rotational diffusion on a substrate.

Pattern formation processes in the course of drying

Typical examples of the pattern formation processes of
the bentonite suspension are shown in Fig. 7. From
Fig. 7a to d the pictures show 46 min 30 s, 48 min,
48 min 45 s and 49 min 50 s after setting the suspen-
sions. The drying frontier moves from right to left with
time in the figures. The border between the liquid and
solid regions is the frontier zone of drying. Soon after
setting the suspensions, vague wrinkle patterns ap-
peared. It is clear that the patterns, which are com-
posed of the accumulated particles, had already
formed in the suspension phase, though they were not
so fine and clear. As time elapsed, the dry frontier
moved to the left side and the vague patterns formed
in the liquid phase became clearer and finer in the
course of drying. These observations suggest strongly
that the patterns grow and are already fixed in the

suspension phase. Clearly, the drying patterns kept the
same structures basically as those formed in the liquid
phase.

Salt concentration dependency

Figure 8 shows the patterns formed in the presence of
NaCl. As is clear from comparison among the four
pictures, broad ring patterns in the deionized suspen-
sion shifted toward the single round hill pattern by the
addition of salt. The thickness of the film for the salt
containing suspension is shown clearly in Fig. 6b as a
function of the distance from the center, r. Clearly,
broad ring disappeared completely when the concen-
tration of NaCl is 0.001 M. The suspension became
whitey turbid when the concentration of NaCl is
higher than 1x107* M. Association of the plate-like
particles is highly plausible. It should be recalled that
the dried patterns of colloidal silica spheres in an
aqueous suspension became quite rough in the outer
edges when NaCl was added [1, 2]. Substantial
decrease in the translational movement of the associ-
ated particles is one of the main reasons for the very
interesting change in the patterns. The area of the
patterns first increased slightly, but turned to decrease
as the concentration of NaCl increased, i. e., S-values
were 60, 70, 71, and 50 mm® at NaCl = 0, 1x107°,
1x107* and 1x1072 M, respectively.

Drying dissipative structures on an inclined cover glass

Influence of the inclination of the cover glass upon the
patterns was also examined in this work. Location of
the pattern center shifted to the lower position as the
inclination angle (o) increased, though the pictures
showing these features are omitted in this paper.
Furthermore, the outside broad ring patterns shifted
from circle to the egg-shaped. Table 1 shows the ratio
(r) of the long axis against short one for the outside
shape as a function of «. For comparison, the r-values
for the colloidal silica spheres are also listed in the
table. Distortion of the outside patterns of the bento-
nites was not so significant compared with that of
spheres, though the experimental conditions such as
particle size, particle concentration and amount of the
liquid drop, are not the same to each other. This
tendency is consistent with the idea that the transla-
tional movement of the anisotropic-shaped particles
should be much lower than the spherical particles.
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