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The solid particles are adsorbed at interfaces and form self-assembled structures when the particles have
suitable wettability to both liquids. Here, we show theoretically how the microstructure on the particle surface
affects their adsorption properties. The physical properties of the interface adsorbing a particle will be described
by taking into account the surface roughness due to the microstructure. The microstructure on the surface
changes drastically the wettability and the equilibrium position of the adsorbed particle. Therefore, the contact
angle of the particle at the three-phase contact line shifts with the particle surface area, because the surface
roughness enhances the interfacial properties of the particle surface. Moreover, the range of the interfacial
tensions at which the particle is adsorbed becomes narrower with the increase of the surface roughness. The
effect of the particle shape on the adsorption properties is also studied. In the case of disk-shaped particles,
the energy changes discontinuously when the plane surface of the particle contacts thdidjgiddnterface.

The adsorbing position does not change with the surface roughness. The orientation of a parallelepiped particle
at the liquid-liquid interface is governed by the aspect ratio and the surface area of the particle. On the other
hand, the particle which is partially covered with the microstructured surface is adsorbed firmly at the interface
in an oriented state. We should consider not only the interfacial tensions but also the surface structure and the
particle shape to control the adsorption behavior of the particle.

Introduction is super-water-repelleA# 16 In general, wettability of the
microstructured surface has been discussed on the basis of the
Wenzel model’18The interfacial energy is proportional to the

. dqf h b lied to food " duct surface area. However, the model does not work when the
slons and foams have been applied 1o food or COSMEUC ProduciSy, , 4 e roughness is above a critical value. In such a case, the

becauge they are stable due to the adsolrptign of the particless 5qsie-Baxter model is more suitable than the Wenzel maglel.
onthe mterfa_ceé.ﬁ In recent years, SOMe SCIentisis ha_lve focus_ed In the latter model, it is assumed that the rough surface consists
on the emulsions as a template of functional composite materlals.Of more than one component

A hollow sphere and a ribosome-like nanocapsule were obtained . .
In the present work, we have calculated the interfacial energy

i 9
through the emulsion state: of the liquid—liquid interface adsorbing a spherical particle with

The mechanism for the adsorption of the surface-active a microstructured surface, as illustrated in Figure 1a. We study

gf‘rﬂfr']eezﬁf 1?.?.?2 glssilﬂzfﬁ?non;;ﬁ:ﬁzf tﬁfetggslgiggmE;lrgglirg¥he effect of the microstructured rough surface on the interfacial
9 ) q P P energy. The surface area of the particle is assumed tdibes

can_be predicted from the |nt_erfaC|aI energy. When spherical larger than that of the particle having a smooth surPdcthe
particles are adsorbed at an interface, the energy depends on

the three different interfacial tensions. that is. between the quantityr is designated as the surface area magnification factor.
: Lo e L We can obtairr by measuring the specific surface area or by

particle-liquid interfaces and a liquidliquid interface. The analvzing the surface aeometry based on the concent of ffactal

particle is adsorbed at the interface when the interfacial tensions. yzing 9 y P :

. ,_The interfacial energy can be calculated by taking into account
among the three phases are balanced according to Young She increase of the particle surface area
equation. .

The interfacial properties of the particles with the micro- The interfacial energy of the liquidiquid interface adsorbing

structured surface are interesting due to their great potential asthe disk-shaped particle, the paralielepiped particles, or the

industrial materials, such as electronic materials, medical SPerical particle which are partially covered with the micro-
materials. and supborted catalyStsMoreover compiicated structured surface is also derived to discuss the effect of the
rough structures exist on the surfaces of natural products, suckpart'_c!e shape. In genergl, asymmetric particle shape_ and partial
as skins, leaves, and biominerals. These structures on the solidndification of the particle surface cause the particle to be

surfaces change their wettability drastically. For example, Tsujii ?dsc;g?gsdswith a fixed c_)rientat:]orlj a'; thi ligeitiquid i_nter- icl
et al. showed that the fractal surface of a wax, alkylketene dimer, ace: ome preparation methods for the asymmetric particle
have been proposed recemfy?>We demonstrate here that the

t Kao Corporation particle shape and the partial modification of the particle surface
* Tokyo M%tropom'an University. are the most effective factors for controlling the adsorbing state
8 Hokkaido University. of the particle.

10.1021/jp0617017 CCC: $33.50 © 2006 American Chemical Society
Published on Web 06/09/2006

The surface-active adsorbed particles align at liguiiguid
interface$? and stabilize emulsions and foadsThese emul-




Adsorption of Microstructured Particles J. Phys. Chem. B, Vol. 110, No. 26, 20083125

(a) Spherical particle (b) Disk-shaped particle
P
A_hI_|_|_ z
A N\ 6 v z —
B Rq

B

(c) Parallelepiped particle (d) Partially microstructured particle
a
A P z !
ﬂz“ a
B
The main axis / z
State 1 A
! \—\ K
a B
V4
A,[J P - p !
--=4) - :
B| J ' State 2 P
l m
State 3 State 2

Figure 1. Schematic illustrations of the interface adsorbing (a) a spherical particle, (b) a disk-shaped patrticle, (c) a parallelepiped patrticle, and (d)
a partially microstructured particle. The particles P are adsorbed at the interface between liquids A and B. In the illufatiahiRy are the

radius of the spherical particle and the disk-shaped particle, respectively. The leisgtiie height of the disk-shaped particle. The quarsity

the length of one side of the squalés the height of the rectangular parallelepiped particle, mische immersion depth of the particle. The angle

0 is the contact angle at the three-phase contact line.

Results the particle is immersed in liquid B (A) asF1 (AF») (see Figure
2a). These energy changes are important, because the particle
adsorbs at the liquidliquid interface whem\F;, AF, > 0. For
the spherical particle, they are given B = aRZyas(1 —
r2)?2 andAF; = 4arR&yas> + Ry as(1 — rX)?, respectively.
The energy changeaF; andAF,, depend on the square qf
whereaszy, is proportional tor. In Figure 2b, we plotAF;,
AF,, andzqyin as a function of whenyap/yas = 0.4 andygp/
yae = 0.5. The energy chang®F, decreases with, while AF;
andzmin increase. The particle shifts to liquid A with an increase
of r, and it is adsorbed at the liquidiquid interface whem <
10.

The state diagram of the spherical particle agathahdr is

_ 2, _ _ shown in Figure 2c. The spherical particle adsorbs at the
F=4aRyep — 2Ry pa(1 ~ 102+ aype? (1) interface when the particle satisfies ! < = < r~1. The particle
is dispersed in liquid A (B) if is smaller than—r~1 (larger
thanr~1). The above range of the interfacial tensions narrows
with the increase of. The allowed range for adsorptiopn is
—1 <X <1whenr =1, whereasitis-0.2 <X < 0.2 when
r=>5.

(b) Energy of the Interface Adsorbing the Disk-Shaped

(a) Energy of the Liquid—Liquid Interface Adsorbing the
Spherical Particle with the Microstructured Surface. We now
discuss the adsorption of spherical particle P at the liguid
liquid interface, as shown in Figure 1a. Llebe the interfacial
energy per particle when it is adsorbed at the interface between
liquids A and B. ThenF is given byF = 4arR&yap O F =
4arR&ygp When the whole particle is immersed in either liquid
A or liquid B, respectively. HereRs is the radius of the particle
andvyj is the interfacial tension between phasesidj. When
the particle is adsorbed at the interface between liquids A and
B, as shown in Figure 1& is given by eq 1:

whereX is (yap — yep)/vas andz is the depth of immersion
into liquid A. The symbolX is equal to minus cosine of the
contact angle for the particle with the smooth surface. The
derivation of the interfacial energy;, is presented in the
Supporting Information. In this interfacial energy, we have taken

into account both the contact of the particle surface with liquid / . i .

A and the elimination of the interface between liquids A and Partlcle_wnh the Mlc_rostructured Sufface- We d|_scu-ss _the

B. The surface roughness changes the former factor, and theadsorptlon of the d!sk-shaped partlclg at thg “qu'qu'.d

quantityr is involved in the first and second terms. We plot m_terface, as shown in Figure 1b. The interfacial enefgyis

dimensionles$/(7RZyag) againstz/Rs when yaplyas = 0.4, given by F = 271Ry(Rq + h)yap or F = 27Ry(Ry + h)yep

verlyas = 0.5, andr = 3 in Figure 2a. The above energy when the whole particle is immersed either in liquid A or in

attains a minimum & liquid B, respectively. HereRy and h are the radius and the
height of the patrticle, respectively. When the particle is adsorbed

Zn= 1 — IR 2) at the interface between liquids A and B,is given by eq 4:
The corresponding minimized enerdymin, is given by F = 2721R(Ry + h)yge — 7R,y pg(1 — IZ) + 27rRyy 0532
2 2 2 )
Fmin = 47trRs Vep — ﬂRs VAB(l —rZ) €))

The derivation of the interfacial energl, is presented in the
where the first term is the energy when the particle is immersed Supporting Information. This interfacial energy changes with
in liquid B and the second term is the energy change due to thez, as shown in Figure 3a. We have plotted dimensionless
adsorption of the particle at the liquidiquid interface. Here, F/(7R#yas) Whenyap/yas = 0.4, yeplyas = 0.5,h/Ry = 0.1,
we define the energy gaps betweenn, and the energy when  andr = 3. It is remarkable that the energy changes discontinu-
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Figure 2. Adsorbing state of the spherical particle. (a) The dimension-
less adsorption energh/(mR2y as), against immersion deptl/Rs, for

the spherical particle P at constant radRisof the particle and the
interfacial tensionyjj. The parameters are as followgap/yas = 0.4,
yerlyas = 0.5, andr = 3. (b) The energy gap&F: andAF,, and the
equilibrium position of the particlemin, against the ratio of the particle
surface area;,, whenXZ = —0.1. (c) The state diagram of the patrticle
against the interfacial tensiong;, and the surface area magnification
factor,r.

ously atz = 0 andh, that is, when the plane surface of the
particle contacts the liquidliquid interface. The energy changes
linearly withz as a result of the contact of the side surface with
liquid A and attains the minimum at= h. The corresponding
minimized energy is given by

Fmin = 2TTRy(Ry + h)ygp — ‘anzyAB(l —r3) +
2Ry 52 (B)

where the first term is the energy when the particle is immersed
in liquid B and the second and third terms are the energy
changes due to the adsorption of the particle at the liquid
liquid interface. The energy gapAF; and AF,, are given by
AF = JZRdZ’}/AB - J'EI'Rd(Rd + 2h)‘}/ABZ andAFz = ]TRdzj/AB +
arR2yapZ, respectively.

In Figure 3b, we plotAF;, AF,, andzyn as a function of
whenyap/yas = 0.4,ysplyas = 0.5, andh/Ry = 0.1. The energy
changesAF; andAF,, are proportional to, whereasmi, does
not depend o, because the interfacial energy is minimized
when the plane surface is in contact with the ligulidjuid

Nonomura et al.
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Figure 3. Adsorbing state of the disk-shaped particle. (a) The
dimensionless adsorption ener§y(wRsyas), against immersion depth,
ZIRy, for the disk-shaped particle at constant radRgof the particle
and the interfacial tensiong;. The parameters are as followgap/
yas = 0.4,yeplyas = 0.5,h/Ry = 0.1, andr = 3. (b) The energy gaps,
AF; andAF,, and the equilibrium position of the partictg,i,, against
the ratio of the particle surface area,(c) The state diagram of the
particle against the interfacial tensiong;, and the surface area
magnification factory.

The state diagram for the disk-shaped particle is shown in
Figure 3c. The required condition is similar to that for the
spherical particle. The disk-shaped particle adsorbs at the
interface when the particle satisfies~! < Z; < r~1. The range
of the interfacial tensions for the adsorbing state narrows with
the increase of.

(c) Energy of the Interface Adsorbing the Parallelepiped
Particle with the Microstructured Surface. We calculate the
interfacial energy of the liquidliquid interface adsorbing the
parallelepiped surface-active particle as illustrated in Figure 1c.
Several situations of adsorption seem possible due to its strong
anisotropic shape, and the adsorption energy is important to
understand the stability of each condition. Here, we discuss three
adsorbing states, that is, (i) state 1, the main axis and the plane
surface of the particle are parallel to the interface; (ii) state 2,
the main axis of the particle is perpendicular to the interface;
and (iii) state 3, the main axis of the particle is parallel to the
interface and the plane surface of the particle/é rad to the
liguid—liquid interface. In the model?, F2, and F3 are the

interface irrespective of the surface area. The disk-shapedadsorption energies per particle for states 1, 2, and 3, respec-

particle adsorbs at the liquidiquid interface wherr < 10,
becauseAFi, AF, > 0.

tively. The quantitya is the length of one side of the square,
and| is the height of the rectangular parallelepiped particle.
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Figure 4. Adsorbing state of the parallelepiped particle. (a) The
dimensionless adsorption energy(a®yas), against immersion depth,
Zla, for the parallelepiped particle at constant lengtiand | of the
particle and the interfacial tensiogg. The parameters are as follows:
VAP/VAB = o-4|VBP/VAB = OS,h/Rd = 0.1, and = 3. (b) The minimized
energy,Fmin/(8%ya8), against the surface area magnification factor,

4 5

In Figure 4a, we have plotted dimensionl&$&?yag) when
yaplyas = 0.4, yeplyas = 0.5,1/a = 10, andr = 3. For state
1 (state 2), the energy changes discontinuousk=at0 anda
(), that is, when the plane surface of the particle contacts the
liquid—liquid interface. The energy changes linearly withs
a result of the contact of the side surface with liquid A and
attains the minimum a = a (l). The corresponding minimized
energies are given by

=

min = 1{ (38l + 28)y 5p + alygp} (6)

()

On the other hand, the energy profileffis different fromF?!
andF2 The energy decreases wittgradually and attains the
minimum atz = a/~/2. The corresponding minimized energy
is given by

—alyag

Fzmin = r{(4al + az)VAP + aZVBP} - aZVAB

V2aly g +
2ra(2l + a)ygp (8)

F3 i =r(2al + @) (yap — ver) —

In Figure 4b, we plotFini/(a2yas), Fomin/(@%yas), and Femi/
(a®yag) againstr. They are proportional to, and the slopes for

the three states are different from each other. These results
indicate that the surface roughness on the parallelepiped parnclq:

affects the orientation at the interface at the equilibrium.

(d) Energy of the Liquid —Liquid Interface Adsorbing the
Partially Microstructured Particle. Let us consider next the
spherical particle partially covered with the microstructured

. Chem. B, Vol. 110, No. 26, 20083127
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Figure 5. Adsorbing state of the partially microstructured particle.
(a) The dimensionless adsorption enerfgi{zR?yas), against immer-
sion depthz/Rs, at constant radiuBs of the particle and the interfacial
tensionsy;. The particle approaches from thg §ide (state 1) or from
the R side (state 2). The parameters are as followss/yas = 0.4,
yeplyae = 0.5,1 = 5, andl = R. (b) The energy gapa\F; and AF,
and the equilibrium position of the particlg,n, for the particle against
the ratio of the particle surface arga,The parameters are as follows:
yarlyas = 0.4,yerlyas = 0.5, and = R. (c) The state diagram of the
particle against the interfacial tensiong;, and the surface area
magnification factory.

from the R, side (Figures 1d and 5a, state 1). In this case, the
energy,F, decreases with the particle adsorption and the cusp
is located at the boundary between thegart and the Ppart,

that is,z= R. The energy attains the minimum at1rX (0 <

2 <1f)orl—2(—1< X <0). The corresponding minimized
energy is given by

I:min =20+ 1)‘77:R2VBP -

ARy (1 —r12)* (0< 2 < 1h)

)
=2(r + 1)aRygp +

2(r — )Ry 52 — Ry s(1 — 2)? (-1 <X <0) (10)

On the other hand, when the particle contacts the interface from

surface, as shown in Figure 1d. We assume here that (i) a parthe R side, the energy change is smaller than the previous case

of the particle R is covered by the microstructured surface while
the other hemispheres#s a smooth one and (ii) the surface
area of the R region isr times larger than that of the smooth
one, as shown in Figure 1d. The interfacial eneFgydecreases
drastically when the particle in liquid B approaches the interface

(Figures 1d and 5a, state 2) The cusp appears alsc=aRs.
These results indicate that the partial modification of the surface
increases the surface activity and fixes the particle direction at
the liquid—liquid interface, even if the surface composition of
the particle is completely the same.
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When—1 < X < 0, the energy gapa\F1 andAF,, are given energy associated with a unit length of the three-phase contact

by AF1 = —2(r —1)7RZyasZ + 7aRZyas(1 —Z)? andAF; = line. In practice, a line tension of 1N would have quite a
4aRyasZ + nRZyas(1l — X)?, respectively. In Figure 5b, we  drastic effect when the size of the particle is less than 20 nm.
plot AF1, AF,, andzyin as a function of whenyap/yag = 0.4 Moreover, the line tension plays a significant role in determining
andygplyag = 0.5. The energy gap\F; is proportional tor. the adsorption of an acicular parti@&The present theoretical

However,zqnin, andAF, do not depend on In the case of Figure  study will be extended in the future to take into account the

5b, the particle is adsorbed at the interface irrespective of effect of the line tension.

because the particle is adsorbed at the lietiiguid interface In this paper, we have shown that the surface activity of the

whenAF;, AF, > 0. solid particle can be controlled by the microstructure on the
The state diagram for the partially microstructured particle particle surface. The strength of the adsorption and the direction

is shown in Figure 5c. The particle is adsorbed at the liguid  of the particle at the liquigtliquid interface are governed by

liquid interfaces when-1 < X < r~*. The lower value ok for the interfacial tensions and the microstructure of the particle
the adsorbing state does not depend obecause the surface  surface. Binks et al. showed that naturally occurring spore
area of the Pregion is constant irrespective of particles which have microstructure exhibit as a surface-active

agent?” On the other hand, we can inscribe the microstructure
on the particle surface. For example, one of the present authors
(K.T.) has succeeded in preparing microstructured particles by
o . ) . . the spray dry metho¢f The theoretical results in the present

The equilibrium position of the spherical particle is deter- gy,4y are useful to understand the behavior of the solid particles
mined not only by the interfacial tension of the particle surface 5,4 design new functional materials. Some predictions in this
but also by the surface area of the microstructured particle. \york have not yet been proven by the experiments. Further
Figure 2b shows thatmi, is proportional tor. This can be  gyperimental and theoretical studies are necessary to understand
understood by noting that the interfacial energyconsists of the behavior of the surface-active particles.
two parts. The first one is the surface energy between the particle
P and the liquids. The second one is the energy change due to
the elimination of the interface between liquids A and B. The
effective increment of the particle surface having the micro-
structured surface influences the first factor directly, although
it does not affect the second one. Therefore, the equilibrium
position shifts to liquid A if the particle has a relatively higher
affinity to liquid A.

In equilibrium, the contact anglefeq is related to the
interfacial tensionsyjj, and the particle surface area by the
Wenzel equation, coeq = —r=. This equation shows that the ~References and Notes
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