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Interactions between Surfactants and Particles: Dispersion, Surface
Modification, and Adsolubilization
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Interactions of surfactants and polymers at solid–liquid inter-
faces can be correlated with many interfacial processes. In this
study, we discuss dispersion of particles, surface modification of
particles, and adsolubilization using various surfactants and parti-
cles. C© 2001 Academic Press
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1. INTRODUCTION

Adsorption of surfactants onto solid particles controls m
interfacial processes, such as stabilization of solid dis
sions, selective flotation of minerals, detergency, protectio
metal surfaces, and lubrication. Surfactant adsorption a
solid–liquid interface is a major event in which the surf
tant molecules can interact with the solid surface. On the b
of the results of conventional measurements such as ads
amount of surfactant, zeta potential, and dispersion stab
three models of adsorption of ionic surfactant onto and ox
have been proposed. The reverse orientation model sugges
Somasundaran and Fuerstenau (1) consists of four distin
gions of the adsorption isotherm, while the bilayer model
sented by Harwellet al. (2) differs slightly from the revers
orientation model. Gu and Huang (3) have proposed the
face micelle model, and recent work has shown (4, 5) tha
shape, size, and lateral organization of ionic surfactant ag
gates at the solid–liquid interface can be determined dire
by atomic force microscopy. Thus, the interactions betw
surfactants and solid particles have been studied using va
techniques.

When ionic surfactants adsorb onto metal oxide particles
stability of dispersed particles is often altered by the surfac
concentration; a high dispersion stability without surf
tants decreases by addition of low concentrations of
factants, but at high surfactant concentration the dispe
stability becomes high. This process is called “dispers
flocculation–redispersion” and is very useful for fundam
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tal study of aqueous dispersion of particles by surfacta
Also, this process illustrates surface modification of particles
surfactants.

Surfactant adsorbed layers formed by the adsorption
surfactants onto particles constitute a hydrophobic environm
so that water-insoluble compounds are incorporated into
layers, which has been referred to as adsolubilization (6).
adsolubilization phenomenon has been used to modify sur
properties of particles as well as to eliminate toxic substan
in aqueous media.

In the present report, the interactions between surfactants
particles are discussed on the basis of conventional mea
ments such as particle size and zeta potential. Then, su
modification of particles using polymerizable surfactants is
scribed. The results of adsolubilization are summarized from
standpoint of surfactant structure. Finally, simultaneous ads
tion of polymers and surfactants onto particles is described

2. INTERACTION AMONG SOME LYOPHOBIC
SOLS AND SURFACTANTS

To study the interaction between surfactants and particles
very important to use a well-dispersed particle system with
surfactants. Ferric oxide sol is well known to be a positiv
charged sol (7) and is well dispersed in aqueous solution.

Such a ferric oxide sol is coagulated upon addition of sod
alkyl sulfates, such as sodium butyl sulfate (SBS), sodium o
sulfate (SOS), and sodium dodecyl sulfate (SDS). The co
lation behavior of ferric oxide sol with the alkyl chain leng
is summarized as follows: (i) The longer the alkyl chain len
of the sulfates, the smaller the coagulation value, which is
critical concentration required to coagulate the sol. (ii) When
alkyl chain of the sulfates reaches C12, peptization is obse
in addition to the coagulation action. (Peptization is the redis
sion of coagulated sol.) Upon addition of SDS, the precipi
of ferric oxide sol being coagulated can be easily transfe
into an organic phase such as benzene, toluene, and chloro
0021-9797/01 $35.00
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FIG. 1. Model for hydrophobic coagulation and peptization of negativ
charged sol by surfactants: ( ) cationic surfactant; ( ) anionic surfactant;
( ) nonionic surfactant.

simply by shaking. The sol particles transferred into an orga
phase disperse perfectly in that phase. It is observed tha
precipitate of a ferric oxide sol coagulated by SDS is pepti
again upon addition of a concentrated SDS solution. Sim
peptization phenomena can be observed in the case of add
of cationic or nonionic surfactants to this precipitate. Hydrop
bic coagulation can be observed similarly in the combination
a negative sol, such as arsenic sulfide (8) or silver iodide
and a cationic surfactant, such as dodecylpyridinium bromi

The model for hydrophobic coagulation and peptization
shown in Fig. 1. When an oppositely charged surfactant is ad
to a sol, the sol is coagulated (see the middle of Fig. 1). Th
the coagulated sol is peptized by further addition of the sa
surfactant as the first one, a surfactant charged oppositely t
first one, or a nonionic surfactant (right side of Fig. 1). Fro
the experimental evidence in several adsorption systems, i
been found that ionic surfactants adsorb in appreciable amo
onto oppositely charged solids and the zeta potential of so
converts from positive to negative or vice versa. In additi
the dispersion state of solids after addition of surfactants
be correlated with the formation of a surfactant monolaye
bilayer.

3. ADSORPTION OF OLIGOMERIC SURFACTANTS
ON PARTICLES

Although oligomeric surfactants with multichained and m
tihydrophilic groups show weaker hydrophilicity than conve
tional single-chain surfactants, it has been demonstrated (10
that they provide strong amphiphilicity and high orientation
interfaces when a small amount of them is used. These ex
lent properties may be derived from the enhancement of
interfacial density of oligomeric surfactants. On the other ha

polysoaps are known as one type of surfactant with multichain
and multihydrophilic groups (13). However, the orientation o
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hydrophobic groups of polysoaps is often limited due to block
and steric hindrance by the main polymer chains so that thei
terfacial orientation becomes lower than that of surfactants w
lower molecular weight.

Two kinds of oligomeric surfactants have been synthesi
and their adsorption characteristics on iron oxide or silica h
been studied.

The chemical structure and analytical properties of synt
sized acrylic oligomeric surfactants (14, 15) are given in Table
A well-dispersed system is obtained upon addition
0.5 mmol dm−3 iron(III) chloride to the iron oxide suspen
sion. The addition of a small amount of oligomeric surfacta
(I) to aqueous suspensions of iron oxide particles in 0.5 mm
dm−3 iron(III) chloride makes the iron oxide particles flocculat
but the flocs redisperse on further addition of the same sur
tant. The mean particle size of the iron oxide increases with
increasing concentration of oligomeric surfactant (I), reac
a maximum value at 0.016 mmol dm−3, and then decrease
on further addition of oligomeric surfactant (I), as shown
Fig. 2a. The positively charged iron oxide particles in an aq
ous iron(III) chloride solution are neutralized in the presen
of oligomeric surfactant (I). The charge is reversed to nega
on further addition of this oligomeric surfactant (Fig. 2b). T
zero point of charge of iron oxide is about 0.016 mmol dm−3 of
oligomeric surfactant (I); this value corresponds to the conc
tration of oligomeric surfactant (I) at which the maximum me
particle size is observed. The flocs formed on addition of t
surfactant can be easily suspended in toluene by shaking, w
indicates that the surface of the solids becomes hydrophobi
adsorption of oligomeric surfactant (I). The behavior of the oth
oligomeric surfactants (II)–(V) is analogous to that of oligome
surfactant (I). The redispersion of the iron oxide flocs has b
investigated by the further addition of oligomeric surfactant (
Figure 2a shows that the mean particle size of iron oxide flocs
creases with increasing concentration of oligomeric surfac
(I). Complete redispersion occurs at about 0.029 mmol dm−3

of oligomeric surfactant (I). In the case of the other oligome
surfactants (II)–(V), similar results are obtained. To study
effects of different compositions of oligomeric surfactants

TABLE 1
Chemical Structure and Composition of Oligomer-Type

Surfactants

Oligomer x y z Mol w

I 0 9.5 3.8 1530
II 3.6 7.0 2.2 1325
III 6.8 2.8 11.4 1700
IV 6.5 5.7 2.0 1320
ed

f
V 11.9 4.5 2.9 1539
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FIG. 2. The variation of (a) the mean particle size and (b) zeta potentia
iron oxide in the presence of 0.5 mmol dm−3 iron(III) chloride as a function of
added oligomer surfactant (I).

the dispersion of iron oxide, the maximum flocculation a
redispersion concentration values are plotted in Fig. 3. As
ionizable acrylic content in the oligomeric surfactant molec
increases, the maximum flocculation concentration decre
gradually, while the redispersion concentration decreases m
steeply. These results suggest that the oligomeric surfactant
higher ionizable acrylic content adsorbs effectively onto the p
itively charged iron oxide, thus lowering the maximum floccu

tion concentration. However, since oligomeric surfactants w
lower ionizable acrylic content may be coiled in the solutio
CLE INTERACTIONS 3
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more closely than the oligomeric surfactant with a higher io
izable acrylic content, the adsorption of a second layer due
hydrophobic–hydrophobic interaction may not occur effective
Furthermore, oligomeric surfactants with lower ionizable acry
content would not contribute as strongly to electrostatic rep
sion. Accordingly, to attain redispersion by adding an oligome
surfactant with lower ionizable acrylic content, more dense a
sorption at the second layer is required. Thus, the redispers
concentration of the oligomeric surfactant with lower ionizab
acrylic content becomes higher. The mechanism of flocculat
and redispersion processes using oligomeric surfactants is
consistent with monolayer or bilayer formation, similar to th
case for conventional single- chained surfactants.

Other oligomeric surfactants have been synthesized and t
structures are shown in Fig. 4 (16). The adsorption behav
of the oligomeric surfactants at the solid/liquid interface h
been studied using silica particles. Since silica particles
negatively charged at neutral pH, it is expected that adsorpt
of the oligomeric surfactants would occur mainly due to electr
static attraction between negatively charged sites of silica a
quaternary pyridinium groups of the oligomeric surfactant a
first adsorption process. Figure 5 show the adsorption isothe
of the oligomeric surfactants on silica. It is apparent that t
adsorbed amounts of the oligomeric surfactants increase sha
at very low concentrations and reach a plateau, sugges
that the interaction between the oligomeric surfactants a
the surface of silica is appreciably strong. At low oligomer
surfactant concentrations, the oligomeric surfactant molecu
adsorb onto the negatively charged silica surface by orient
their hydrocarbon chains to the aqueous solution so that
surface of the silica becomes hydrophobic. With further increa
of the oligomeric surfactant concentration, a bilayer adsorpt

FIG. 3. The variation of the maximum flocculation and the redispersio
n
concentration as a function of acrylic content in oligomer surfactants: (s) maxi-
mum flocculation concentration; (4) redispersion concentration.
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FIG. 4. Structures of cationic oligomers.

will occur. These adsorption behaviors reflect the changes in
zeta potential of silica. In Fig. 5, the zeta potential of silica in
absence of the oligomeric surfactants is negative, but it incre
rapidly with increasing oligomeric surfactant concentrati
This alternation from negative to positive in the zeta poten
supports the formation of a bilayer. Since the areas occu
by the oligomeric surfactant adsorbed (the surface area o
silica/the saturated amount of oligomeric surfactant adsor
are quite large compared to those at the air/aqueous sol
interface, it is conceivable that patchlike bilayers are spar
formed at even high oligomeric surfactant concentrations.
sedimentation rate of silica by adsorption of the oligome
surfactants is significantly affected by the change of z
potential: it increases rapidly at low oligomeric surfacta
concentrations, reaches a maximum, and then decreases
further increase of the oligomeric surfactant concentrat
The maximum sedimentation rate corresponds to almost
zeta potential, where the order of the rate is 3.4R12-2VPQ>

2.5R12-2VPQ> 2.1R8-2VPQ (Fig. 6). This indicates that th
chain length and the number of hydrocarbon chains, along
the pyridinium group and the main hydrocarbon chains of
oligomeric surfactants, play important roles in the flocculat
of silica. Thus, the silica suspension shows a dispers
flocculation–redispersion sequence as the oligomeric surfa
concentration increases, which is very similar for opposi
charged systems of surfactants and particles.

4. SURFACE MODIFICATION BY POLYMERIZABLE
SURFACTANTS

As already described, upon addition of ionic surfactants to
positely charged particles, a bilayer of the surfactant is form

on the particles. In this bilayer, the interaction between the fi
and second layers is attributed only to hydrophobic forces
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FIG. 5. Adsorption isotherms and zeta potential change for (a) 2.1R8-
2VPQ-silica, (b) 2.5R12-2VPQ-silica, and (c) 3.4R12-2VPQ-silica systems.
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Adsolubilization of hexanol for silica–cationic surfactant
SURFACTANT–PART

tween the surfactants, so that this bilayer is easily broken
dilution. Using a polymerizable surfactant, there is a possib
of fixing the bilayer by polymerization.

Polymerization of sodium 10-undecenoate micellar soluti
either by irradiation or by free radical initiators has been sho
to yield low-molecular-weight oligomers (17–19). Fixation
bilayers onto alumina particles using polymerizable surfact
such as sodium 10-undecenoate and sodium 10-undeceny
fate has been performed (20–22). Since the alumina has an
electric point of 9.1, all studies have been carried out at
8.0 because sodium 10-undecenoate dissociates fully as a
ionic surfactant and the alumina shows an appropriate pos
zeta potential,+30 mV. Suspensions which provide an app
priate redispersion state of the alumina by adsorption of sod
10-undecenoate are transferred to a quartz beaker with a
and polymerization of the suspensions is carried out unde
radiation by a UV lamp (40 W). The major differences in t
IR spectra of alumina before and after the polymerization
in bands at 3100 (==CH stretch) and 1640 cm−1 (C==C stretch).
These bands are present before the polymerization but a
after the polymerization. Measurement of the mean particle
shows that the mean particle size of alumina is not changed
after the polymerization. It is crucial to elucidate how stron
the polymerized layer on particles is fixed. After the wash
of the polymerized dispersions, the zeta potential and the
centage of retained surfactant have been determined (Fig
Without polymerization, the percentage of retained surfacta
only about 33%, whereas with irradiation of 6 h or more, the
percentage of retained surfactant is more than 90%. In addi
the zeta potential of polymerized suspensions shows apprec
negative values in a wide pH region. These results indicate

FIG. 6. Maximum sedimentation rate against the number of alkyl chain

oligomers for the oligomer–silica systems: 2.1 for 2.1R8-2VPQ, 2.5 for 2.5R12-
2VPQ, 3.4 for 3.4R12-2VPQ.
CLE INTERACTIONS 5

by
ity

ns
wn
f
nts
l sul-
iso-

pH
n an-
tive
o-
ium
over
r ir-
e

are

sent
ize
ven
ly
ng
er-

. 7).
t is

ion,
iable
that

of

FIG. 7. Change in zeta potential and retained amount of sodium
undecenyl sulfate on alumina by polymerization and subsequent washing.

the layer polymerized by UV irradiation enhances the fixation
the bilayer. This method can be applied to microcapsulatio
particles by polymerizable surfactants, which is one of sev
surface modification techniques.

5. ADSOLUBILIZATION

Surfactant adsorbed layers formed on particles exhibit
drophobic properties which have been characterized by m
techniques including ESR and fluorescence spectroscopy
27). Accordingly, water-insoluble compounds can be incor
rated into the surfactant adsorbed layers, which is called
solubilization. Factors influencing adsolubilization behavior
as follows: (a) surfactant structure; (b) kind of water-insolu
compound; (c) kind of particles.

In this section, we will discuss adsolubilization behavior
single surfactants and mixed surfactants. Then, adsolubi
tion using chemically modified titanium dioxide particles is al
described.

5.1. Adsolubilization Using Single Surfactant Systems

For adsorption of ionic surfactants, oppositely charged s
tems of ionic surfactants and particles are well known to sh
strong interactions between the first surfactant layer and the
faces of particles. The amount of ionic surfactants adsorbed
oppositely charged particles increases accompanying the fo
tion of monolayer and bilayer. For adsolubilization studies, t
systems have been mainly investigated: silica–cationic sur
tant systems (28, 29) and alumina–anionic surfactant sys
(30–32).
systems such as dodecylpyridinium chloride (DPCl) and
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FIG. 8. (a) Adsorption isotherms of CPCl and (b) adsolubilization
hexanol on silica in the presence of various concentrations of hexanol.

cetylpyridinium chloride (CPCl) has been studied (24). Figur
shows the adsorption isotherm of CPCl and adsolubilizatio
hexanol for the silica–CPCl system. The adsorbed amoun
CPCl increases slightly with increasing feed concentration
hexanol. The increase in the adsorption of CPCl is due to
increase of the surface activity of CPCl in the presence of C
A similar trend is observed for the silica–DPCl system. T
adsolubilized amount of hexanol increases with the adso
amount of CPCl and decreases above the critical micelle
centration of CPCl. Also, the adsolubilized amount of hexa
increases with the feed concentration of hexanol. However
the silica–DPCl system, hexanol is hardly adsolubilized.

croenvironmental properties such as micropolarity and mic
viscosity of adsorbed layers have been estimated using the fl
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rescence probe and spin probe techniques. The micropolarit
the CPCl layer on silica is lower than that of the DPCl layer o
silica, while the microviscosity of the former is greater than th
of the latter. It is reasonable to correlate the adsolubilization b
havior with the microenvironmental properties of the adsorb
surfactant layer.

It is interesting to study the effect of surfactant chemical stru
ture on adsolubilization behavior. For that purpose, two kin
of cationic surfactants have been selected (33, 34). One is q
ternary ammonium cationic surfactants with one, two, or thr
dodecyl chains and the other is monomeric, dimeric, or trime
quaternary ammonium surfactants. Their chemical structures
shown in Fig. 9. The amount of adsorbed surfactants and
adsolubilization of 2-naphthol are shown in Figs. 10 and 1
The adsolubilized amount of 2-naphthol increases and reac
a maximum and then decreases with the surfactant concen
tion for all the systems, while the adsorbed amount of surfacta
increases and reaches a plateau with the surfactant conce
tion. The ratios of maximum amount of 2-naphthol adsolubilize
to the adsorbed amount of surfactant on silica for the doub
chain and triple-chain surfactants are not so different and a
quite large compared to that for the single-chain surfacta
On the other hand, the ratio increases with an increase in
ro-
uo- FIG. 9. Structures of multichained and polymeric surfactants.
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FIG. 10. Change in adsolubilized amount of 2-naphthol and in adsorbe
amount of surfactant by adsorption of cationic multichained surfactants on silica
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FIG. 11. Change in adsolubilized amount of 2-naphthol and in adsorbed
mount of surfactant by adsorption of cationic polymeric surfactants on silica.
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TABLE 2
Effect of Surfactant Structure on Adsorption and Adsolubilization

(A) (B)
Adsolubilized Adsorbed (C)

Surfactant amount (mmol/g) amount (mmol/g) (A)/(B) (C)/cha

DTAC 7.1 85 0.08 0.08
DDAB 15.4 50 0.31 0.15
TMAC 19.8 50 0.40 0.13
1RQ 7.1 32 0.22 0.22
2RenQ 16.5 28 0.59 0.29
3RdienQ 16.4 25 0.66 0.22

dodecyl chain number of the surfactants from 1RQ to 2RenQ
3RdienQ. Thus, these results indicate that multiple-chained
factants have an adsolubilization capacity larger than tha
single-chained surfactants. Furthermore, to compare the d
ence in the adsolubilization between two systems, the ratio
maximum adsolubilized amount of 2-naphthol per dodecyl ch
of the surfactants adsorbed are calculated and their value
shown in Table 2. One can see that the ratios for multicha
surfactants are smaller than those for polymeric surfactant
particular, in both systems, the surfactants having two dod
chains give higher ratios than the others. Since adsolubiliza
of 2-naphthol is strongly affected by microproperties of the s
factant adsorbed layer formed on silica, the order parame
(S) of 12-doxylstearate in the surfactant-adsorbed layer h
been calculated from the maximum hyperfine splittings and
known hyperfine crystal tensors. The order parameters incr
with increasing surfactant concentration and remain cons
for all the systems (Fig. 12). Among the three surfactants s
as 1RQ, 2RenQ, and 3RdienQ, the order parameters for
are much lower than those of 2RenQ and 3RdienQ, whe
those for 2RenQ are slightly greater than those for 3Rdie
In the case of multichained surfactants such as DTAC, DD
and TMAC, the order parameters for DTAC are considera
lower than those for DDAB and TMAC. Since the order para
eter represents the mobility of the probe in the adsorbed la
which can be correlated with the microviscosity, it is inferr
that the microviscosities of the adsorbed surfactant layers
surfactants having two or three dodecyl chains are higher
those for single-chained surfactants such as DTAC and 1
This higher microviscosity is probably derived from the high
packed surfactant layer. In addition, the small difference in
order parameters between the surfactants having two or
dodecyl chains may arise from the increasing difficulty in pa
ing alkyl chains linked by two and by three. The data for
adsolubilization have been obtained from mixtures of surfac
and 2-naphthol on silica. To evaluate the interaction of sur
tants with the silica surface for 2-naphthol adsolubilizatio
two-step adsorption–adsolubilization process has been ca
out: after the adsorption of the cationic surfactant alone o

silica, the supernatant obtained by centrifugation of the s
pensions was removed and then an aqueous solution conta
ESUMI

in

and
sur-
t of
ffer-
s of
ain

are
ed
. In
cyl

tion
ur-
ters
ave
the
ase

tant
uch
RQ
eas
Q.
B,

bly
-

yer,
d
for

han
Q.

ly
the
hree
k-

he
ant
ac-

a
rried
nto

FIG. 12. Order parameter vs surfactant concentration.

2-naphthol was added to the cationic surfactant-adsorbed
ica. Then, the amount of surfactant remaining on silica and
adsolubilized amount of 2-naphthol have been measured.
results are shown in Fig. 13. In the case of 1RQ, the adso
lized amount of 2-naphthol markedly decreases accompan
the desorption of 1RQ, suggesting that a second layer of 1R
the bilayer would desorb due to weak hydrophobic interac
between the hydrocarbon chains of 1RQ. On the other han
the cases of 2RenQ and 3RdienQ, the adsorbed amount o
us-
ining

FIG. 13. Change in amount of 2-naphthol adsolubilized and surfactant ad-
sorbed on silica by the process of adsorption–adsolubilization.
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surfactant, as well as the adsolubilized amount of 2-naph
is almost unchanged by the two-step process. Since no mi
are present in the suspensions, no reduction in the adsolub
amounts of 2-naphthol in the 2RenQ- and 3RdienQ-adso
layer is observed. Interestingly, it is suggested that 2RenQ
3RdienQ adsorb strongly onto the silica surface, incorpor
2-naphthol more firmly than 1RQ. Similar behavior has b
observed for adsorption and adsolubilization using multic
surfactants such as DTAC, DDAB, and TMAC.

Adsolubilization of water-insoluble compounds for the
ionic surfactant–alumina systems has also been investi
(35–37). It is generally thought that the decrement in the
solubilization occurs at above the cmc of the surfactant bec
the adsolubilizate is partitioned between the adsorbed-surfa
layer and the micelles in solution. However, since the decre
in the adsolubilization in some cases begins below the cm
solulization behavior of 2-naphthol on alumina with adsorp
of sodium dodecyl sulfate (SDS) at pH 3.5 in the presenc
10 mmol dm−3 NaCl has been reexamined (38). Figure 14 sh
the adsorption isotherm of SDS as well as the adsolubilizati
2-naphthol at pH 3.5. It is seen that the isotherm of SDS con
of four adsorption regions in the linear–linear plot. The ads
bilized amount of 2-naphthol increases significantly at low S
concentration, reaches a maximum, and then decreases w
ther increase of SDS concentration. It is found that the decre
in the adsolubilization begins at below the cmc. Accordin
it is unlikely that the decrement in the adsolubilization is
to the partition of 2-naphthol between the SDS adsorbed
and SDS micelles in solution. To confirm the effect of the
sorption of SDS on the adsolubilization, the dispersion sta
of alumina suspensions has been monitored using a Turb
Figure 15 shows that the dispersion stability of the alumina
pensions in the absence of SDS is very high because the int
FIG. 14. Adsorption of SDS and adsolubilization of 2-naphthol on alumin
CLE INTERACTIONS 9
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of backscattering does not change during the running tim
the region below 1.6 mmol dm−3 SDS concentration, the tran
mittance of the entire length of the suspensions increases
the running time, indicating that flocculation of alumina p
ticles occurs. It is suggested that SDS adsorbs onto posit
charged alumina particles, orienting its hydrocarbon to aqu
solution at low SDS concentration so that the alumina sur
becomes hydrophobic, resulting in flocculation between the
drophobic surface particles. Thus, in SDS concentrations b
1.6 mmol dm−3, it can be concluded that SDS adsorbs o
alumina as a monolayer and 2-naphthol molecules can be i
porated into the hydrophobic layer of SDS. Further, in the floc
lation region the adsolubilized amount of 2-naphthol increa
sharply, whereas the adsorbed amount of SDS increases g
ally. This increase in the adsolubilization may proceed by in
poration and penetration of 2-naphthol into the flocs consis
of hydrophobic alumina particles. At a SDS concentration
3 mmol dm−3, the transmittance of the suspensions increas
little only in the upper portion of the samples, suggesting
admicelles are formed to some extent and the dispersion sta
becomes increased due to electrostatic repulsion between t
micellar surfaces. If the number or size of admicelles increas
the SDS concentration region between 3 and 4.8 mmol dm−3 and
the efficiency at adsolubilization by admicelles is lower than
of adsolubilization by monolayer, the adsolubilized amount o
naphthol would be reduced. As a result, the SDS concentrati
the maximum adsolubilization is situated below the cmc of S
Above the cmc of SDS, it is likely that 2-naphthol can be pa
tioned into the SDS adsorbed layer and SDS micelles. Acc
ingly it can be suggested that the decrement in the adsolub
tion of 2-naphthol is mainly due to the change in the surfac
adsorbed state on alumina rather than the partition of 2-nap
between the adsorbed layer and SDS micelles in solution.

To enhance the adsolubilization of 2-naphthol, surfacta
clay systems have been studied. In the case of cat
surfactant–laponite clay systems (39), the surfactants ad
extraordinarily on the clay and layer broadening of laponite
curs. As a result, the adsolubilization of 2-naphthol is consi
ably enhanced. A similar enhancement in the adsolubilizatio
2-naphthol has been observed for SDS–hydrotalcite sys
(40).

For surface modification of particles, adsolubilizati
and subsequent polymerization have been performed. A
adsolubilization of styrene into SDS adsorbed layers on m
oxides such as titanium dioxide (41), iron oxide (41), a
alumina (42), the adsolubilized styrene is polymerized
addition of initiator at 70◦C. This polymerization proces
can be explained by the Smith–Ewart theory for emuls
polymerization.

5.2. Adsolubilization Using Mixed Surfactant Systems

Adsorption from surfactant mixtures onto solids includes
a.

adsorption of binary surfactant mixtures of anionic surfactants,
anionic–nonionic surfactants, and cationic–nonionic surfactants
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FIG. 15. The dispersion state of an alumina suspension with SDS adsorption (a) without SDS, and at (b) 1.6, (c) 3.0, and (d) 3.4 mmol dm−3 SDS (equilibrium
concentration). The arrow indicates running time within 1 h, and the interval is 10 min.
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(43–47). In particular, it is interesting that in ionic–nonion
surfactants, the adsorption of one surfactant is often enha
by the addition of a small amount of the other surfactant. S
factant mixtures provide several advantages over single su

tants, because the adsorption of surfactants onto particles
be controlled using appropriate surfactants and solution pr
ic
ced
ur-
fac-

erties. The adsolubilization of 2-naphthol onto alumina by s
factant mixtures of an anionic surfactant (SDS) and a nonio
surfactant (hexaoxyethylenedodecyl ether, C10E6) has been in-
vestigated (48). In aqueous solution, the interaction paramet

can

op-
SDS/C10E6 mixed systems calculated using regular solution the-
ory is about−3.4, suggesting that the mutual phobicity between
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FIG. 16. Adsolubilization of 2-naphthol on alumina for SDS-C10E6

mixtures as a function of total surfactant equilibrium concentration: 25◦C,
0.4 mmol dm−3 2-naphthol, 10 mmol dm−3 NaCl, pH 3.5.

the hydrocarbon chains, as well as the reduction in coulom
repulsion between the headgroups, dominates the interac
between SDS and C10E6. Figure 16 shows the adsolubilize
amount of 2-naphthol as a function of total surfactant equi
rium concentration. Because the adsolubilization of 2-naph
is not observed on alumina without surfactants, it is apparent
2-naphthol is incorporated into the surfactant adsorbed layer
exhibits a hydrophobic property. It is seen that the amoun
2-naphthol adsolubilized by adsorption of C10E6 alone is very
low, but becomes greater with an increase in the SDS con
of the initial mixtures, from SDS : C10E6 = 1 : 3 to 3 : 1. The
adsolubilized amount of 2-naphthol by adsorption of SDS al
ranges between SDS : C10E6 = 1 : 1 and 3 : 1.

To compare the efficiency of adsolubilization by surfactan
we compare the ratio of adsolubilized amount to adsorbed
factant amount. The ratios of adsolubilized amount (mmol g−1)
to adsorbed surfactant amount (mmol g−1) are plotted with the
total adsorbed amount of surfactant in Fig. 17. In the cas
SDS, the ratios are about 0.1 for the whole SDS adsorp
concentration range, whereas those for C10E6 range between
0.02 and 0.06, suggesting that the efficiency of adsolubil
tion is low for both SDS and C10E6 single adsorption. On th
other hand, the ratios for both SDS : C10E6 = 1 : 3 and 1 : 1 de-
crease with an increase in the total adsorbed amount of surfa
and approach 0.1, while those for SDS : C10E6 = 3 : 1 increase
gradually and also approach 0.1. It is suggested that for S
C10E6 = 3 : 1, the efficiency of adsolubilization is predom
nantly controlled by the adsorption of SDS. It is also found t
the efficiency of adsolubilization increases when the SDS c
tent in the initial mixtures drops below surfactant adsorption

−1
0.2 mmol g . Interestingly, a relationship exists between th
efficiency of adsolubilization and the ratio of SDS to C10E6 in
CLE INTERACTIONS 11
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the adsorption; when the ratio of SDS to C10E6 in the adsorp-
tion becomes small, the efficiency of adsolubilization becom
greater. This result might be explained by a view that the mi
surfactant adsorbed layer is more compact because of a s
of electrostatic repulsion of SDS adsorbed by incorporation
C10E6, in particular for the case of SDS : C10E6= 1 : 3. Thus,
surfactant mixtures of anionic and nonionic surfactants with
concentrations have great possibilities for enhancing adso
lization of water-insoluble compounds. A similar enhancem
of 2-naphthol adsolubilization has been observed for hexa
cyltrimethylammonium bromide/C10E6/silica systems.

FIG. 17. (a) Ratio of adsolubilized amount and surfactant adsorbed am
on alumina for SDS-C10E6 mixtures as a function of total surfactant adsorb

eamount; (b) ratio of experimental and calculated adsolubilization on alumina for
SDS-C10E6 mixtures as a function of total surfactant adsorbed amount.
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5.3. Adsolubilization by Surfactants Using Surface
Chemistry Modified Particles

Until now, particles used for adsolubilization have been l
ited to hydrophilic particles such as alumina, silica, titan
dioxide, and clay. It is expected that the adsolubilization be
ior can be altered by using modified hydrophilic particles w
chemical bonding of surfactant or surfactant-like molecu
Various oxides have been modified by chemical vapor d
sition using 1,3,5,7-tetramethylcyclotetrasiloxane, followed
hydrosilylation to graft functional groups on the oxides (49).
age of such grafted oxides can provide information to dev
new types of particles for adsolubilization (50).

Titanium dioxide has been modified by grafting dode
chains onto the surface (51, 52). The concentrations of dod
FIG. 18. (a) Adsorption isotherms of DTAB on titanium dioxide with do-
decy1 chain anchor; (b) adsolubilization of 2-naphthol with adsorption of DTA
SUMI
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FIG. 19. Scheme of reaction for XNm.

chains grafted on the surface are 11.8, 26.3, and 47.2µmol g−1,
respectively, and these samples are referred to as D-10, D
and D-40 (D-0 is the untreated sample). Figure 18a shows
adsorption isotherms of dodecyltrimethylammonium brom
(DTAB) on the modified titanium dioxide in the presence
0.4 mmol dm−3 2-naphthol. The adsorption of DTAB on D-0 an
D-10 increases gradually with DTAB concentration, wher
that of DTAB on D-30 and D-40 increases rather sharply. Th
differences are probably derived from the different hydrop
bicities of the samples, which increase with increasing dod
chain concentration as the anchor. Assuming that DTAB is
sorbed on the treated samples through hydrophobic intera
between the hydrocarbon chain of DTAB and dodecyl chain
titanium dioxide, aggregation of about five to eight molecu
of DTAB is obtained for adsorption per one dodecyl chain
titanium dioxide at the saturation. Figure 18b shows the ads
bilization of 2-naphthol with adsorption of DTAB. It is appare
that the amounts of 2-naphthol adsolubilized increase, rea
maximum, and then decrease with the DTAB concentration
all the samples. It is interesting to note that the amount ads
bilized is markedly dependent on the dodecyl chain concen
tion. In particular, the maximum amount of 2-naphthol ads
ubilized by D-40 is 2.5 times that adsolubilized by D-0. Th
an enhancement in the adsolubilization of 2-naphthol by in
ducing the dodecyl chain onto the titanium dioxide is clea
demonstrated. In addition, the ratios of the maximum amoun
2-naphthol adsolubilized to the amount of DTAB adsorbed
0.048 for D-0, 0.046 for D-10, 0.078 for D-30, and 0.065 for
40. In the absence of DTAB, the incorporation of 2-naphtho
B.

the surface-modified samples increases with increasing dodecyl
chain concentration, probably due to hydrophobic interaction
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between 2-naphthol and the dodecyl chain on titanium diox
The ratio of 2-naphthol incorporated to dodecyl chains is ab
0.10–0.15.

Another surface modification of titanium dioxide has be
performed, as shown in Fig. 19. The modified samples ar
ferred to as XNm, wherem is the carbon number of the alk
chain, 4–16. Titanium dioxides modified with various ch
lengths from 4 to 16 exhibit good wetting behavior in wa
because cationic quaternary ammonium groups are grafte
the surfaces (53, 54). Figure 20 shows the adsolubilizatio
2-naphthol in the adsorbed layers of ionic surfactants on Xm
and untreated titanium dioxide. Here, the ionic surfactants
are SDS, DTAC, and 1,2-bis(dodecyldimethylammonio)eth
dichloride (2RenQCl). Interestingly, in the absence of ionic s
factants, 2-naphthol molecules adsorb appreciably on XNm sur-
faces, whereas a negligible amount is observed on the untr
titanium dioxide. The amounts of 2-naphthol adsorbed incre
with increasing alkyl chain length on XNm, and the ratios o
2-naphthol molecule adsorbed to alkyl chains are calculate
be 0.18, 0.25, 0.31, and 0.46 from XN4, XN8, XN12, and XN
respectively. In the case of XN0 (only chloromethyl-treate
the ratio of 2-naphthol to chloromethyl groups is calcula
to be about 0.04, which is very small compared to those
XNm. The great adsorption of 2-naphthol on XNmwithout ionic
surfactants may occur because of a good polarity matching
tween 2-naphthol and the ammonium chain anchor on XNm. The
amount of 2-naphthol adsolubilized on XNm increases slightly
with increasing SDS or DTAC concentration except for XN
in which the amount adsolubilized rather decreases. Here
adsolubilization experiments for both SDS and DTAC have b
carried out below their cmcs. In the case of 2RenQCl, the am
of 2-naphthol adsolubilized increases sharply with 2Ren
concentration and reaches a maximum and then graduall
creases for XNmand untreated titanium dioxide. The magnitu
in the increment of 2-naphthol adsolubilization becomes s
with increasing alkyl chain length on XNm.

To compare the adsolubilization behavior of 2-naphthol
XNm, the admicellar partitioning coefficientKadm can be ob-
tained from

Kadm= Xadm/Xaq,

Xadm= Cadm/(Cadm+ Sads),

and

Xaq= Ceq/(Ceq+ Seq+ 55.55),

whereCadm andCeq are the adsolubilized amount and the eq
librium concentration of the organic solute, andSads is the ad-
sorbed amount of the surfactant. The moles of water per
is 55.55 andSeq is the equilibrium concentration of the su
factant in aqueous solution. Figure 21 shows the admic

partitioning coefficients with surfactant concentrations for (
SDS-XNm, (b) DTAC-XNm, and (c) 2RenQCl-XNm. In the
CLE INTERACTIONS 13
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(c) 2RenQCl.
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FIG. 21. Admicellar partitioning coefficients of 2-naphthol with surfac
tant concentration for (a) SDS-XNm, (b) DTAC-XNm, and (c) 2RenQC1-
XNm.
SUMI

-

case of the SDS-XNm system,Kadmbecomes larger as the alky
chain length increases from 4 to 16, whereasKadmfor untreated
titanium dioxide is very small. This small value ofKadm for
untreated titanium dioxide is similar to the values ofKadm for
2-naphthol/SDS/alumina and 2-naphthol/DTAB/titanium dio
ide. In the case of the DTAC-XNm system, the values ofKadm

range between 1× 105 and 1.5× 105, irrespective of the alkyl
chain length for XNm at 10 mmol dm−3 DTAC. On the other
hand, for the 2RenQCl-XNm system,Kadm increases gradually
and reaches a maximum and then decreases with 2RenQC
centration, whileKadm for untreated titanium dioxide decreas
gradually and reaches a constant level. Further, the magnitu
Kadm increases with increasing alkyl chain length on XNm, in-
dicating that the alkyl ammonium chain groups for XNmplay an
important role in enhancing the adsolubilization of 2-naphth
In addition, it is found that adsolubilization of 2-naphthol is co
siderably altered by a combination of surfactant and modi
titanium dioxide.

6. SIMULTANEOUS ADSORPTION OF SURFACTANTS
AND POLYMERS ON PARTICLES

Simultaneous adsorption of surfactants and polymers f
their mixed solutions onto solid particles, as well as adsorp
of surfactants alone, has been studied (55–70). Dependin
the surface properties of solids as well as the aqueous prope
of polymers and surfactants, the adsorption can be describ
follows. When the interactions between polymers and sur
tants in aqueous solution are weak, competitive adsorption
occur. If the interactions are strong and the polymer or surfac
has a strong affinity with the solid surface, enhancement in
adsorption of the other occurs.

A remarkable enhancement of polymer adsorption by s
factant has been observed for the poly(vinylpyrrolidon
(PVP)/SDS/alumina system (71). The result is shown in Fig.
The adsorption of PVP and SDS at an initial concentration
PVP (0.8 g dm−3) has been measured as a function of the S
equilibrium concentration at pH 3.5. One can see that the am
of PVP adsorbed increases markedly with the SDS equilibr
concentration, achieves a maximum, and then decreases,
the adsorption of SDS also increases with the SDS equilibr
concentration and reaches a plateau. The amount of SDS
sorbed in the presence of PVP is greater than that for SDS a
at low SDS equilibrium concentration, but less at high SDS c
centration. It is suggested that since the PVP–SDS compl
are formed in the bulk, they adsorb to some extent onto
surface of the alumina and free PVP is adsorbed onto the pr
sorbed SDS due to the hydrophobic interaction of SDS and P
resulting in a remarkable enhancement in PVP adsorption a
SDS concentration. The decrease in the PVP adsorption at
SDS concentration is due to the decrease in the adsorptio
PVP–SDS complexes, which are less surface active than S
Such a mechanism of PVP and SDS adsorption onto alum

is supported by an adsorption kinetics study (72). Furthermore,
the conformation change in adsorbed PVP due to simultaneous
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FIG. 22. Adsorption isotherm of SDS (d) and simultaneous adsorptio
of SDS (s) and PVP (h) onto alumina. The initial concentration of PVP
0.8 g dm−3.

adsorption of SDS has been estimated using spin-labeled
(71, 73–75).

Many studies of simultaneous adsorption of surfactants
polymers have been limited to linear polymers. Dendrimers,
ing highly branched polymers, have become the subject of ex
sive studies (76–79) because their functional groups and spe
shapes have unique properties compared to those of conven
linear polymers. We have been studying the simultaneous
sorption of poly(amidoamine) dendrimers with surface carbo
groups and an anionic surfactant at the alumina/water inter
(80) and of poly(amidoamine) dendrimers with surface am
groups and cationic surfactants at the silica/water interface (
In both systems involving the same charged dendrimers
surfactants against oppositely charged particles, competitive
sorption of the dendrimers and surfactants has been obse
From comparison between the dendrimers and linear polym
such as poly(acrylic acid) and poly(ethyleneimine) it is fou
that the number of linear polymers is much smaller than tha
dendrimers and the replacement of the linear polymers by
surfactants occurs more easily than that of the dendrimers b
surfactants.

Enhancement in dendrimer adsorption by surfactant ad
ption has been observed for sugar-persubstituted p
(amidoamine) dendrimers (sugar ball) and anionic surfact
and alumina systems (82). Figure 23 shows simultaneous
sorption of SDS and SB5 (sugar ball with generation 5) o
alumina. Here, the initial concentrations of SB5 are fixed at 0
and 0.25 g dm−3. It is very interesting to note that the amount
SB5 adsorbed increases markedly at low SDS concentrat
shows a maximum, and then decreases with an increase of

concentration, while the amount of SDS adsorbed is greate
the presence than in the absence of SB5. Such an enhance
CLE INTERACTIONS 15
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in the adsorption of SB5 is probably due to interaction betw
SDS and SB5 on the alumina surface. Actually, the surface
sions of mixtures of SDS and SB5 are very low compared
that of SDS alone, suggesting formation of some comple
SDS and SB5 in which the hydrophilic groups of SDS mig
be adsorbed onto the residue of glycoside of SB5, resultin
the orientation of the hydrocarbon chain of SDS to the aque
phase (83). When mixtures of SDS and SB5 consisting of t
complexes and SDS monomer contact alumina particles,
monomer adsorbs first, orienting its hydrocarbon chain to
aqueous phase, followed by adsorption of SDS–SB5 com
on the surface. As a result, adsorption of SB5 is enhance
low SDS concentration. With an increase of SDS concentra

FIG. 23. Simultaneous adsorption of SDS and SB5 onto alumina: (a) S

r in
ment
adsorption; (b) SB5 adsorption. The initial concentrations of SB5 are 0.10 and
0.25 g dm−3. The adsorption isotherm of SDS alone is also given.
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competitive adsorption between SDS monomer and SDS–
complex against SDS-covered alumina surface occurs, an
the same time the state of the SDS–SB5 complex changes
monolayer coverage to bilayer coverage of SDS on the S
surface. Then, adsorption of SB5 onto alumina will decrea
The enhancement in the adsorption of SB5 by SDS is cle
observed when the initial concentration of SB5 is higher. A si
ilar enhancement in the adsorption of SB5 on alumina has b
observed by addition of an anionic fluorinated surfactant.

7. CONCLUDING REMARKS

The interactions between surfactants and particles can
correlated with many interfacial processes. Surfactant adso
layers formed on particles using various surfactants exh
characteristic adsolubilization behaviors. In addition, the ad
ubilization is also enhanced using surfactant mixed systems
surfactant-modified particles. By addition of surfactant, adso
tion of polymer onto particles is considerably affected, depe
ing on a combination of kinds of surfactants and polymers.
understand these interactions in detail, analysis of the adso
surfactant layer is required using several techniques includ
AFM and neutron scattering. Furthermore, future studies of
effect of particle size on the interaction between surfactants
particles are necessary, in the range between micrometer
nanometer size.

REFERENCES

1. Somasundaran, P., and Fuerstenau, D. W.,J. Phys. Chem.70,90 (1966).
2. Harwell, J. H., Hoskins, J. C., Schechter, R. S., and Wade, W. H.,Langmuir

1, 251 (1988).
3. Gu, T., and Huang, Z.,Colloids Surf.40,71 (1989).
4. Manne, S., Cleveland, J. P., Granb, H. E., Stucky, G. D., and Hans

P. K.,Langmuir10,4409 (1994).
5. Ducker, W. A., and Wanless, E. J.,J. Phys. Chem.100,3707 (1996).
6. Wu, J., Harwell, J. H., and O’Rear, E. A.,Langmuir3, 531 (1987).
7. Meguro, K., and Kondo, T.,Nippon Kagaku Zasshi76,642 (1955).
8. Meguro, K.,Nippon Kagaku Zasshi77,77 (1956).
9. Ottewill, R. H., and Rastgi, M. C.,Trans. Faraday Soc.56,880 (1960).

10. Koide, Y., Oka, T., Imamura, A., Shosenji, H., and Yamada, K.,Bull. Chem.
Soc. Jpn.66,2137 (1993).

11. Koide, Y., Li, B., Okubayashi, S., Shosenji, H., and Esumi, K.,J. Jpn. Oil
Chem. Soc.46,767 (1997).

12. Koide, Y., Li, B., Kawaguchi, Y., Shosenji, H., and Esumi, K.,J. Jpn. Oil
Chem. Soc.47,57 (1998).

13. Piirma, I., “Polymeric Surfactants.” Dekker, New York, 1992.
14. Ogihara, K., Tomioka, S., Esumi, K., and Meguro, K.,J. Jpn. Soc. Colour

Mater.54,671 (1982).
15. Esumi, K., Ogihara, K., and Meguro, K.,Bull. Chem. Soc. Jpn.57, 1202

(1984).
16. Esumi, K., Mizutani, H., Shoji, K., Miyazaki, M., Torigoe, K., Yoshimura

T., Koide, Y., and Shosenji, H.,J. Colloid Interface Sci.220,170 (1999).
17. Larrabee, C. E., Jr., and Sprague, E. D.,J. Polym. Sci. Polym. Lett.17,749

(1979).
18. Paleos, C. M., Stassinopoulou, C. I., and Malilaris, A.,J. Phys. Chem.87,

251 (1983).

19. Durairaj, B., and Blum, F. D.,Polym. Prepr.26,239 (1985).
20. Esumi, K., Watanabe, N., and Meguro, K.,Langmuir5, 1420 (1989).
SUMI

B5
d at
rom
B5
se.
rly

m-
een

be
bed
ibit
ol-
and
rp-
d-

To
rbed
ing
the
and
and

ma,

,

21. Esumi, K., Watanabe, N., and Meguro, K.,J. Jpn. Soc. Colour Mater.64,
626 (1991).

22. Esumi, K., Nakao, T., and Ito, S.,J. Colloid Interface Sci.156,256 (1993).
23. Chandar, P., Somasundaran, P., and Turro, N. J.,J. Colloid Interface Sci.

117,31 (1987).
24. Esumi, K., Nagahama, T., and Meguro, K.,Colloids Surf.57,149 (1991).
25. Esumi, K., Sugimura, A., Yamada, T., and Meguro, K.,Colloids Surf.62,

249 (1992).
26. Levitz, P., van Damme, H., and Keravis, D.,J. Phys. Chem.88,2228 (1985).
27. Somasundaran, P., Kunjappu, J. T., Kumar, C. V., Turro, N. J.,

Barton, J. K.,Langmuir5, 215 (1989).
28. Monticone, V., and Treiner, C.,J. Colloid Interface Sci.166,394 (1994).
29. Kitiyana, B., O’Haver, J. H., and Harwell, J. H.,Langmuir12,2162 (1996).
30. Nayyar, S. P., Sabatini, D. A., and Harwell, J. H.,Environ. Sci. Technol.28,

1874 (1994).
31. Lai, C.-Li., O’Rear, E. A., Harwell, J. H., and Hwa, M. J.,Langmuir13,

4267 (1997).
32. Jain, P. M., Smith, J. S., and Valsaraj, K. T.,Sep. Purif. Technol.17, 21

(1999).
33. Esumi, K., Matoba, M., and Yamanaka, Y.,Langmuir12,2130 (1996).
34. Esumi, K., Goino, M., and Koide, Y.,J. Colloid Interface Sci.183, 539

(1996).
35. Esumi, K., and Yamanaka, Y.,J. Colloid Interface Sci.172,116 (1995).
36. Esumi, K., Mizuno, K., and Yamanaka, Y.,Langmuir11,1571 (1995).
37. Yamanaka, Y., and Esumi, K.,Colloids Surf.122,121 (1997).
38. Esumi, K., Sakai, K., and Torigoe, K.,J. Colloid Interface Sci.224,198

(2000).
39. Esumi, K., Takeda, Y., Goino, M., Ishiduki, K., and Koide, Y.,Langmuir

13,2585 (1997).
40. Esumi, K., and Yamamoto, S.,Colloids Surf.137,385 (1998).
41. Meguro, K., Yabe, T., Ishioka, S., Kato, K., and Esumi, K.,Bull. Chem.

Soc. Jpn.59,3019 (1986).
42. Wu, J., Harwell, J. H., and O’Rear, E. A.,J. Phys. Chem.91,623 (1987).
43. Harwell, J. H., Roberts, B., and Scamehorn, J. F.,Colloids Surf.32, 1

(1988).
44. Somasundaran, P., Fu, E., and Xu, Q.,Langmuir8, 1065 (1992).
45. Esumi, K. Sakamoto, Y., and Meguro, K.,J. Colloid Interface Sci.134,283

(1990).
46. Huang, L., Maltesh, C., and Somasundaran, P.,J. Colloid Interface Sci.177,

222 (1996).
47. Esumi, K., Otsuka, H., and Meguro, K.,J. Colloid Interface Sci.142,582

(1991).
48. Esumi, K., Maedomari, N., and Torigoe, K.,Langmuir16,9217 (2000).
49. Suhara, T., Kanemaru, T., Fukui, H., and Yamaguchi, M.,Colloids Surf.95,

1 (1995).
50. Esumi, K.,Colloids Surf.176,25 (2001).
51. Esumi, K., Uda, S., Goino, M., Ishiduki, K., Suhara, T., Fukui, H., a

Koide, Y.,Langmuir13,2803 (1997).
52. Esumi, K., Uda, S., Suhara, T., Fukui, H., and Koide, Y.,J. Colloid Interface

Sci.193,315 (1997).
53. Esumi, K., Toyoda, H., Goino, M., Suhara, T., and Fukui, H.,Langmuir14,

199 (1998).
54. Esumi, K., Toyoda, H., Goino, M., Suhara, T., Fukui, H., and Koide,

J. Colloid Interface Sci.202,377 (1998).
55. Tadros, Th. F.,J. Colloid Interface Sci.46,528 (1974).
56. Somasundaran, P., and Cleverdon, J.,Colloids Surf.13,73 (1985).
57. Moudgil, B. M., and Somasundaran, P.,Colloids Surf.13,87 (1985).
58. Hung, Z., Yan, Z., and Gu, T.,Colloids Surf.36,353 (1989).
59. Ma, C., and Li, C.,J. Colloid Interface Sci.131,485 (1989).
60. Esumi, K., and Yokokawa, M.,J. Jpn. Soc. Colour Mater.65, 142

(1992).
61. Esumi, K., Masuda, A., and Otsuka, H.,Langmuir9, 284 (1993).
62. Esumi, K., and Oyama, M.,Langmuir9, 2020 (1993).

63. Harrison. I. M., Meadows, J., Robb, I. D., and Williams, P. A.,J. Chem.

Soc. Faraday Trans.91,3919 (1995).



IC

a

.

and
SURFACTANT–PART

64. Sastry, N. V., Sequaris, J.-M., and Schwuger, M. J.,J. Colloid Interface Sci.
171,224 (1995).

65. Bury, R., Desmazieres, B., and Treiner, C.,Colloids Surf.127,113 (1997).
66. Neivandt, D. J., Gee, M. L., Tripp, C. P., and Hair, M. L.,Langmuir13,

2519 (1997).
67. Anthony, O., Marques, C. M., and Richetti, P.,Langmuir14,6086 (1998).
68. Cooke, D. J., Gong, C. C., Lu, J. R., Thomas, R. K., Simister, E. A.,

Penfold, J.J. Phys. Chem. B102,4912 (1998).
69. Esumi, K., Iitaka, M., and Koide, Y.,J. Colloid Interface Sci.208, 178

(1998).
70. Pagac, E. S., Prieve, D. C., and Tilton, R. D.,Langmuir14,2333 (1998).
71. Otsuka, H., and Esumi, K.,Langmuir10,45 (1994).
72. Esumi, K., Iitaka, M., and Torigoe, K.,J. Colloid Interface Sci.232, 71
(2000).
73. Otsuka, H., and Esumi, K.,J. Colloid Interface Sci.170,113 (1995).
LE INTERACTIONS 17

nd

74. Otsuka, H., Esumi, K., Ring, T. A., Li, J.-T., and Caldwell, K. D.,Colloids
Surf.116,161 (1996).

75. Otsuka, H., Ring, T. A., Li, J.-T., Caldwell, K. D., and Esumi, K.,J. Phys.
Chem. B103,7665 (1999).

76. Tomalia, D. A., Naylor, A. M., and Goddard, W. A.,Angew. Chem. Int. Ed
Engl.29,138 (1990).

77. Frecht, J. M.,Science263,1710 (1994).
78. Jansen, J. F. G. A., and Meijer, E. W.,J. Am. Chem. Soc.117,4417 (1995).
79. Zeng, F., and Zimmerman, S. C.,Chem. Rev.97,1681 (1997).
80. Esumi, K., Fujimoto, N., and Torigoe, K.,Langmuir15,4613 (1999).
81. Esumi, K., Fujimoto, N., Torigoe, K., and Koide, Y.,J. Jpn. Soc. Colour

Mater.73,290 (2000).
82. Esumi, K., Sakagami, K., Kuniyasu, S., Nagata, Y., Sakai, K.,
Torigoe, K.,Langmuir16,10264 (2000).
83. Miyazaki, M., Torigoe, K., and Esumi, K.,Langmuir16,1522 (2000).


	1. INTRODUCTION
	2. INTERACTION AMONG SOME LYOPHOBIC SOLS AND SURFACTANTS
	FIG. 1.

	3. ADSORPTION OF OLIGOMERIC SURFACTANTS ON PARTICLES
	TABLE 1
	FIG. 2.
	FIG. 3.
	FIG. 4.
	FIG. 5.
	FIG. 6.

	4. SURFACE MODIFICATION BY POLYMERIZABLE SURFACTANTS
	FIG. 7.

	5. ADSOLUBILIZATION
	FIG. 8.
	FIG. 9.
	FIG. 10.
	FIG. 11.
	TABLE 2
	FIG. 12.
	FIG. 13.
	FIG. 14.
	FIG. 15.
	FIG. 16.
	FIG. 17.
	FIG. 18.
	FIG. 19.
	FIG. 20.
	FIG. 21.

	6. SIMULTANEOUS ADSORPTION OF SURFACTANTS AND POLYMERS ON PARTICLES
	FIG. 22.
	FIG. 23.

	7. CONCLUDING REMARKS
	REFERENCES

