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tal study of aqueous dispersion of particles by surfactant
Interactions of surfactants and polymers at solid-liquid inter-  Also, this process illustrates surface modification of particles k
faces can be correlated with many interfacial processes. In this surfactants.
study, we discuss dispersion of particles, surface modification of Surfactant adsorbed layers formed by the adsorption
particles, and adsolubilization USing various surfactants and parti- surfactants onto partic'es constitute a hydrophobic environmel
cles. @ 2001 Academic Press so that water-insoluble compounds are incorporated into tl
layers, which has been referred to as adsolubilization (6). Th
adsolubilization phenomenon has been used to modify surfa
1 INTRODUCTION properties of particles as well as to eliminate toxic substanc
in aqueous media.

Adsorption of surfactants onto solid particles controls many In the present report, the interactions between surfactants
interfacial processes, such as stabilization of solid dispdarticles are discussed on the basis of conventional measu
sions, selective flotation of minerals, detergency, protection @nts such as particle size and zeta potential. Then, surfe
metal surfaces, and lubrication. Surfactant adsorption at thgdification of particles using polymerizable surfactants is de
solid—liquid interface is a major event in which the surfacscribed. The results of adsolubilization are summarized from tt
tant molecules can interact with the solid surface. On the bast@ndpoint of surfactant structure. Finally, simultaneous adsor
of the results of conventional measurements such as adsori@@ of polymers and surfactants onto particles is described.
amount of surfactant, zeta potential, and dispersion stability,
three models of adsorption of ionic surfactant onto and oxides 2. INTERACTION AMONG SOME LYOPHOBIC
have been proposed. The reverse orientation model suggested by SOLS AND SURFACTANTS
Somasundaran and Fuerstenau (1) consists of four distinct re-
gions of the adsorption isotherm, while the bilayer model pre- To study the interaction between surfactants and particles it
sented by Harwelket al. (2) differs slightly from the reverse very important to use a well-dispersed particle system witho
orientation model. Gu and Huang (3) have proposed the sawfactants. Ferric oxide sol is well known to be a positivel
face micelle model, and recent work has shown (4, 5) that thkearged sol (7) and is well dispersed in agueous solution.
shape, size, and lateral organization of ionic surfactant aggreSuch a ferric oxide sol is coagulated upon addition of sodiul
gates at the solid-liquid interface can be determined directikyl sulfates, such as sodium butyl sulfate (SBS), sodium oct
by atomic force microscopy. Thus, the interactions betweenlfate (SOS), and sodium dodecyl sulfate (SDS). The coag
surfactants and solid particles have been studied using varitation behavior of ferric oxide sol with the alkyl chain length
techniques. is summarized as follows: (i) The longer the alkyl chain lengtl

When ionic surfactants adsorb onto metal oxide particles, thethe sulfates, the smaller the coagulation value, which is tt
stability of dispersed particles is often altered by the surfactaaritical concentration required to coagulate the sol. (ii) When th
concentration; a high dispersion stability without surfaclkyl chain of the sulfates reaches C12, peptization is observ
tants decreases by addition of low concentrations of sumadditiontothe coagulation action. (Peptization is the redispe
factants, but at high surfactant concentration the dispersision of coagulated sol.) Upon addition of SDS, the precipitat
stability becomes high. This process is called “dispersiorof ferric oxide sol being coagulated can be easily transferre
flocculation—redispersion” and is very useful for fundameriato an organic phase such as benzene, toluene, and chlorofc
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‘\i f/’ hydrophobic groups of polysoaps is often limited due to blockin
N P and steric hindrance by the main polymer chains so that their i
0 terfacial orientation becomes lower than that of surfactants wit

0 lower molecular weight.
\o\ Two kinds of oligomeric surfactants have been synthesize
:l l f\" T/f and their adsorption characteristics on iron oxide or silica hav

BN ) been studied.

i = The chemical structure and analytical properties of synthe
w T sized acrylic oligomeric surfactants (14, 15) are given in Table :
N~ ""/“/ l \‘L\LL A well-dispersed system is obtained upon addition o
_\\\ T/' 3 \i 0.5 mmol dnt2 iron(lll) chloride to the iron oxide suspen-

- {_, sion. The addition of a small amount of oligomeric surfactan
— -~ () to aqueous sus_pensions of ir_on oxic_ie partic_:les in 0.5 mmq
e N dm~2iron(lll) chloride makes the iron oxide particles flocculate,

/ j [ \. but the flocs redisperse on further addition of the same surfa

tant. The mean particle size of the iron oxide increases with tt

FIG. 1. Model for hydrophobic coagulation and peptization of negativelincreasing concentration of oligomeric surfactant (1), reache
charged sol by surfactant—#) cationic surfactant—o) anionic surfactant; a maximum value at 0.016 mmol Gﬁ'l and then decreases
(—) nonionic surfactant. L. - . .

on further addition of oligomeric surfactant (I), as shown in

. ) . . Fig. 2a. The positively charged iron oxide particles in an aque
simply by shaking. The sol particles transferred into an organigq jron(iil) chioride solution are neutralized in the presenc

phase disperse perfectly in that phase. It is observed that i3&yjiqomeric surfactant (I). The charge is reversed to negativ
precipitate of a ferric oxide sol coagulated by SDS is peptizegh ¢rther addition of this oligomeric surfactant (Fig. 2b). The
again upon addition of a concentrated SDS solution. Slmllgéro point of charge of iron oxide is about 0.016 mmof-drof
peptgau_on phenpmgna can be obseryed in Fh_e case of add'wﬂaomeric surfactant (1); this value corresponds to the concel
of cationic or nonionic surfactants to this precipitate. Hydroph@zation of oligomeric surfactant (1) at which the maximum mear
bic coagulation can be observed similarly in the combination g ice size is observed. The flocs formed on addition of thi
a negative sol, such as arsenic sulfide (8) or silver iodide (), factant can be easily suspended in toluene by shaking, whi
and a cationic surfactant, such as dodecylpyridinium bromide, jicates that the surface of the solids becomes hydrophobic
The model for hydrophobic coagulation and peptization Igysorption of oligomeric surfactant (1). The behavior of the othe
shownin Fig. 1. When an oppositely charged surfactant is add§gh s meric surfactants (11)—(V) is analogous to that of oligomeric
to a sol, the sol is coagulated (see the middle of Fig. 1). TheQtactant (1). The redispersion of the iron oxide flocs has bee
the coagulated sql is peptized by further addition of t_he SaMvestigated by the further addition of oligomeric surfactant (I)
surfactant as the first one, a surfactant charged oppositely 10 f& re 24 shows that the mean particle size of iron oxide flocs d
first one, or a nonionic surfactant (right S'de,Of Fig. 1). Fr_orBreases with increasing concentration of oligomeric surfacta
the experimental evidence in several adsorption systems, it I?ﬁ.SComplete redispersion occurs at about 0.029 mmot&dm
been found thationic surfactants adsorb in appreciable amougtyigomeric surfactant (1). In the case of the other oligomeric
onto oppositely charged solids and the zeta potential of Solig§tactants (11)~(v), similar results are obtained. To study th

converts from positive to negative or vice versa. In additioRrects of different compositions of oligomeric surfactants or
the dispersion state of solids after addition of surfactants can

be correlated with the formation of a surfactant monolayer or

bilayer. TABLE 1
Chemical Structure and Composition of Oligomer-Type
3. ADSORPTION OF OLIGOMERIC SURFACTANTS Surfactants

ON PARTICLES
C,H,sS CH2(|JH CHZFH CH2(|3H H
Although oligomeric surfactants with multichained and mul- CN COOK COOH
X y z

tihydrophilic groups show weaker hydrophilicity than conven-
tional single-chain surfactants, it has been demonstrated (10—1|2
that they provide strong amphiphilicity and high orientation &

omer X y z Mol w

interfaces when a small amount of them is used. These excely 0 9.5 38 1530
lent properties may be derived from the enhancement of thell 3.6 7.0 22 1325
interfacial density of oligomeric surfactants. On the other hand, !! 6.8 2.8 114 1700
polysoaps are known as one type of surfactant with multichained'’ lig i75 22'% 113;23

and multihydrophilic groups (13). However, the orientation aof
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more closely than the oligomeric surfactant with a higher ion
izable acrylic content, the adsorption of a second layer due
hydrophobic—hydrophobic interaction may not occur effectively
Furthermore, oligomeric surfactants with lower ionizable acrylit
content would not contribute as strongly to electrostatic repu
sion. Accordingly, to attain redispersion by adding an oligomeri
surfactant with lower ionizable acrylic content, more dense a
sorption at the second layer is required. Thus, the redispersi
concentration of the oligomeric surfactant with lower ionizable
acrylic content becomes higher. The mechanism of flocculatic
and redispersion processes using oligomeric surfactants is a
consistent with monolayer or bilayer formation, similar to the
case for conventional single- chained surfactants.

Other oligomeric surfactants have been synthesized and th
structures are shown in Fig. 4 (16). The adsorption behavi
of the oligomeric surfactants at the solid/liquid interface ha
been studied using silica particles. Since silica particles a
negatively charged at neutral pH, it is expected that adsorptit
of the oligomeric surfactants would occur mainly due to electrc
static attraction between negatively charged sites of silica al
quaternary pyridinium groups of the oligomeric surfactant as
first adsorption process. Figure 5 show the adsorption isother
of the oligomeric surfactants on silica. It is apparent that th
adsorbed amounts of the oligomeric surfactants increase shar
at very low concentrations and reach a plateau, suggesti
that the interaction between the oligomeric surfactants ar
the surface of silica is appreciably strong. At low oligomeric
surfactant concentrations, the oligomeric surfactant molecul
adsorb onto the negatively charged silica surface by orientir
their hydrocarbon chains to the aqueous solution so that t
surface of the silica becomes hydrophobic. With further increa:
of the oligomeric surfactant concentration, a bilayer adsorptic

o
-—

Concn. of Oligomer(I ) / mmol dm’®

FIG. 2. The variation of (a) the mean particle size and (b) zeta potential of
iron oxide in the presence of 0.5 mmol dfiron(l1l) chloride as a function of
added oligomer surfactant ().

the dispersion of iron oxide, the maximum flocculation and
redispersion concentration values are plotted in Fig. 3. As the
ionizable acrylic content in the oligomeric surfactant molecule

Oligomer(l)concentration/mmol dm®

increases, the maximum flocculation concentration decreases
gradually, while the redispersion concentration decreases more

0 0.5 1

0 L L L L

steeply. These results suggest that the oligomeric surfactant with

higher ionizable acrylic content adsorbs effectively onto the pos-
itively charged iron oxide, thus lowering the maximum floccula-

(y+2)/(x+y+2)

FIG. 3. The variation of the maximum flocculation and the redispersior

tion concentration. However, since oligomeric surfactants Witlncentration as a function of acrylic content in oligomer surfactadisraxi-
lower ionizable acrylic content may be coiled in the solutiomum flocculation concentration)) redispersion concentration.
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(b)

1

will occur. These adsorption behaviors reflect the changes in the
zeta potential of silica. In Fig. 5, the zeta potential of silica in the
absence of the oligomeric surfactants is negative, butitincreases
rapidly with increasing oligomeric surfactant concentration.
This alternation from negative to positive in the zeta potential
supports the formation of a bilayer. Since the areas occupied
by the oligomeric surfactant adsorbed (the surface area of the
silica/the saturated amount of oligomeric surfactant adsorbed)
are quite large compared to those at the air/agueous solution
interface, it is conceivable that patchlike bilayers are sparsely
formed at even high oligomeric surfactant concentrations. The
sedimentation rate of silica by adsorption of the oligomeric .
surfactants is significantly affected by the change of zeta 0 10 20
potential: it increases rapidly at low oligomeric surfactant Equilibrium concn. /g mol dm™
concentrations, reaches a maximum, and then decreases with
further increase of the oligomeric surfactant concentration.
The maximum sedimentation rate corresponds to almost zero
zeta potential, where the order of the rate is 3AR/PQ >
2.5R»-2VPQ > 2.1Rs-2VPQ (Fig. 6). This indicates that the
chain length and the number of hydrocarbon chains, along with
the pyridinium group and the main hydrocarbon chains of the
oligomeric surfactants, play important roles in the flocculation
of silica. Thus, the silica suspension shows a dispersion—
flocculation—redispersion sequence as the oligomeric surfactant
concentration increases, which is very similar for oppositely
charged systems of surfactants and particles.

H
o

S
Zeta potential / mV

Amount of adsorption / ¢ mol g

-1

140

Amount of adsorption / ¢ mol g
Zeta potential / mV

4. SURFACE MODIFICATION BY POLYMERIZABLE
SURFACTANTS

0 10 20 40

As already described, upon addition of ionic surfactants to op- Equilibrium concn. / mol drm™

positely charged particles, a bilayer of the surfactant is formed
on the particles. In this bilayer, the interaction between the firsiric. 5. Adsorption isotherms and zeta potential change for (a) @.1R
and second layers is attributed only to hydrophobic forces b4PQ-silica, (b) 2.5R,-2VPQ-silica, and (c) 3.4R-2VPQ-silica systems.
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tween the surfactants, so that this bilayer is easily broken by 100 0
dilution. Using a polymerizable surfactant, there is a possibility
of fixing the bilayer by polymerization.

Polymerization of sodium 10-undecenoate micellar solutions
either by irradiation or by free radical initiators has been shown
to yield low-molecular-weight oligomers (17-19). Fixation of
bilayers onto alumina particles using polymerizable surfactants g
such as sodium 10-undecenoate and sodium 10-undecenyl sul @ 50¢
fate has been performed (20—-22). Since the alumina has an isofg
electric point of 9.1, all studies have been carried out at pH =
8.0 because sodium 10-undecenoate dissociates fully as an arg
ionic surfactant and the alumina shows an appropriate positive § 1-30
zeta potential;+30 mV. Suspensions which provide an appro- @
priate redispersion state of the alumina by adsorption of sodium
10-undecenoate are transferred to a quartz beaker with a cove or

mount /%

Zeta potential / mV

and polymerization of the suspensions is carried out under ir- 0 6 12
radiation by a UV lamp (40 W). The major differences in the o
IR spectra of alumina before and after the polymerization are Irradiation time / h

in bands at 3100¢CH stretch) and 1640 cm (C=C stretch). g, 7. Change in zeta potential and retained amount of sodium 1C
These bands are present before the polymerization but abs@Bécenyl sulfate on alumina by polymerization and subsequent washing.
after the polymerization. Measurement of the mean patrticle size

shows that the mean patrticle size of alumina is not changed even

after the polymerization. Itis crucial to elucidate how stronglhe layer polymerized by UV irradiation enhances the fixation c
the polymerized layer on particles is fixed. After the washinge pilayer. This method can be applied to microcapsulation

of the polymerized dispersions, the zeta potential and the pggrticles by polymerizable surfactants, which is one of sever
centage of retained surfactant have been determined (Fig. s{}face modification techniques.

Without polymerization, the percentage of retained surfactant is

only about 33%, whereas with irradiatioh ® h or more, the 5 ADSOLUBILIZATION

percentage of retained surfactant is more than 90%. In addition,

the zeta potential of polymerized suspensions shows appreciablgurfactant adsorbed layers formed on particles exhibit h
negative values in a wide pH region. These results indicate tlaﬁbphobm properties which have been characterized by ma
techniques including ESR and fluorescence spectroscopy (2
27). Accordingly, water-insoluble compounds can be incorpc
rated into the surfactant adsorbed layers, which is called a
solubilization. Factors influencing adsolubilization behavior ar
as follows: (a) surfactant structure; (b) kind of water-insolubls
r compound; (c) kind of particles.

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

0.12

©

o

o
T

5.1. Adsolubilization Using Single Surfactant Systems

o

o

Y
T

For adsorption of ionic surfactants, oppositely charged sy
tems of ionic surfactants and particles are well known to sho
strong interactions between the first surfactant layer and the s
faces of particles. The amount of ionic surfactants adsorbed or
oppositely charged particles increases accompanying the forn
2 ' 3 ' 2 tion of monolayer and bilayer. For adsolubilization studies, tw

) systems have been mainly investigated: silica—cationic surfe
Number of alky! chains tant systems (28, 29) and alumina—anionic surfactant systel

Maximum sedimentation rate (dT/d time)

o

FIG.6. Maximum sedimentation rate against the number of alkyl chains S?O_SZ)‘ . . . L.
oligomers for the oligomer—silica systems: 2.1 for 22ZR/PQ, 2.5 for 2.5R,- Adsolubilization of hexanol for silica—cationic surfactant

2VPQ, 3.4 for 3.4R,-2VPQ. systems such as dodecylpyridinium chloride (DPCI) an
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af rescence probe and spin probe techniques. The micropolarity

(a) the CPCl layer on silica is lower than that of the DPCI layer or
silica, while the microviscosity of the former is greater than tha
of the latter. It is reasonable to correlate the adsolubilization be
havior with the microenvironmental properties of the adsorbe
surfactant layer.

Itis interesting to study the effect of surfactant chemical struc
ture on adsolubilization behavior. For that purpose, two kind
of cationic surfactants have been selected (33, 34). One is gt
ternary ammonium cationic surfactants with one, two, or thre
dodecyl chains and the other is monomeric, dimeric, or trimeri

Adsorbed amount of CPCI/ 10”mol g'1

& Ommoldm ™ hexanol . . .
O 10mmol dm™ guaternary ammonium surfactants. Their chemical structures
A 20mmoldm™ shown in Fig. 9. The amount of adsorbed surfactants and tl
O  40mmoldm™ adsolubilization of 2-naphthol are shown in Figs. 10 and 11
The adsolubilized amount of 2-naphthol increases and react
100_6 ' 16_4 ' 16_2 a maximum and then decreases with the surfactant concent

tion for all the systems, while the adsorbed amount of surfacta
increases and reaches a plateau with the surfactant concen
tion. The ratios of maximum amount of 2-naphthol adsolubilize
4r (b) to the adsorbed amount of surfactant on silica for the double
chain and triple-chain surfactants are not so different and a
quite large compared to that for the single-chain surfactan
On the other hand, the ratio increases with an increase in t

{ ANANANAN) DTAC

Equilibrium concn. of CPCI/ mol dm’®

—1

Adsolubilized amount of hexanol / 10“mol g

2 L
VAVAVAVAVAVA
INANAANANO DDAB
. ® 10mmol dm ™ hexanol
A 20mmoldm ™
-3
O 1 I ... iOMI.dTﬂl TMAC
107° 107 1072

Equilibrium concn. of CPCI/ mol dm?®

FIG. 8. (a) Adsorption isotherms of CPCIl and (b) adsolubilization of
hexanol on silica in the presence of various concentrations of hexanol.

AANANANAN) 1RQ
cetylpyridinium chloride (CPCI) has been studied (24). Figure 8
shows the adsorption isotherm of CPCI and adsolubilization of W R.
hexanol for the silica—CPCI system. The adsorbed amount of /\/\/\/\/\/O enQ

CPCl increases slightly with increasing feed concentration of

hexanol. The increase in the adsorption of CPCI is due to an

increase of the surface activity of CPCl in the presence of CPCI.

A similar trend is observed for the silica—DPCI system. The

adsolubilized amount of hexanol increases with the adsorbed W/\/\@

amount of CPCI and decreases above the critical micelle con- ;
centration of CPCI. Also, the adsolubilized amount of hexanol WN\Q 3RdlenQ
increases with the feed concentration of hexanol. However, for

the silica—DPCI system, hexanol is hardly adsolubilized. Mi- /\/\/\/\/\/O

croenvironmental properties such as micropolarity and micro-
viscosity of adsorbed layers have been estimated using the fluo- FIG. 9. Structures of multichained and polymeric surfactants.
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Adsorbed amount of TMAC / 10~°mol g

FIG. 10. Change in adsolubilized amount of 2-naphthol and in adsorbedFIG. 11.
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TABLE 2
Effect of Surfactant Structure on Adsorption and Adsolubilization
(A (B)
Adsolubilized Adsorbed ©)
Surfactant  amount (mmol/g)  amount (mmol/g)  (A)/(B)  (C)/chain
DTAC 71 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 and
3RdienQ. Thus, these results indicate that multiple-chained sur-
factants have an adsolubilization capacity larger than that of
single-chained surfactants. Furthermore, to compare the differ-
ence in the adsolubilization between two systems, the ratios of
maximum adsolubilized amount of 2-naphthol per dodecyl chain
of the surfactants adsorbed are calculated and their values are

shown in Table 2. One can see that the ratios for multichained
surfactants are smaller than those for polymeric surfactants. In

Equilibrium concn. of surfactant / mmol dm™

0 0.5 1
T T T T T T T T T T
0.4} —O T
l —A 0O
i A A
A%
0 g
oo U —0
0.2t
O 1RQ
A 2RenQ
O 3RdienQ
O { 1 1
0 10 20
Equilibrium concen. of surfactant / mmol dm®
FIG. 12. Order parameter vs surfactant concentration.

particular, in both systems, the surfactants having two dode@haphthol was added to the cationic surfactant-adsorbed <
chains give higher ratios than the others. Since adsolubilizatiga. Then, the amount of surfactant remaining on silica and tk
of 2-naphthol is strongly affected by microproperties of the suadsolubilized amount of 2-naphthol have been measured. T
factant adsorbed layer formed on silica, the order parametessults are shown in Fig. 13. In the case of 1RQ, the adsoluk
(S) of 12-doxylstearate in the surfactant-adsorbed layer halieed amount of 2-naphthol markedly decreases accompanyi
been calculated from the maximum hyperfine splittings and tkiee desorption of 1RQ, suggesting that a second layer of 1RQ
known hyperfine crystal tensors. The order parameters incregise bilayer would desorb due to weak hydrophobic interactio
with increasing surfactant concentration and remain constéitween the hydrocarbon chains of 1RQ. On the other hand,
for all the systems (Fig. 12). Among the three surfactants sugte cases of 2RenQ and 3RdienQ, the adsorbed amount of

as 1RQ, 2RenQ, and 3RdienQ, the order parameters for 1RQ
are much lower than those of 2RenQ and 3RdienQ, whereas
those for 2RenQ are slightly greater than those for 3RdienQ.
In the case of multichained surfactants such as DTAC, DDAB,
and TMAC, the order parameters for DTAC are considerably
lower than those for DDAB and TMAC. Since the order param-
eter represents the mobility of the probe in the adsorbed layer,
which can be correlated with the microviscosity, it is inferred
that the microviscosities of the adsorbed surfactant layers for
surfactants having two or three dodecyl chains are higher than
those for single-chained surfactants such as DTAC and 1RQ.
This higher microviscosity is probably derived from the highly
packed surfactant layer. In addition, the small difference in the
order parameters between the surfactants having two or three
dodecyl chains may arise from the increasing difficulty in pack-
ing alkyl chains linked by two and by three. The data for the
adsolubilization have been obtained from mixtures of surfactant
and 2-naphthol on silica. To evaluate the interaction of surfac-
tants with the silica surface for 2-naphthol adsolubilization a
two-step adsorption—adsolubilization process has been carried
out: after the adsorption of the cationic surfactant alone onto

—1

Adsorbed amount of surfactant / 10°mol g

(o

)]

N

N

0

Feed concn. of surfactant / mmol drii®

., @ 1RQ
, A 2RenQ
, W 3RdienQ

10

20
Feed concn. of surfactant / mmol dmi°

10

Adsolubilized amount of 2—naphthol / 10%mol g'1

silica_, the supernatant obtained by Centringationl of the SUSFIG. 13. Change in amount of 2-naphthol adsolubilized and surfactant ac
pensions was removed and then an aqueous solution containistged on silica by the process of adsorption—adsolubilization.



SURFACTANT-PARTICLE INTERACTIONS 9

surfactant, as well as the adsolubilized amount of 2-naphthof, backscattering does not change during the running time.

is almost unchanged by the two-step process. Since no micetles region below 1.6 mmol dni SDS concentration, the trans-
are present in the suspensions, no reduction in the adsolubilireittance of the entire length of the suspensions increases w
amounts of 2-naphthol in the 2RenQ- and 3RdienQ-adsorbib@ running time, indicating that flocculation of alumina par-
layer is observed. Interestingly, it is suggested that 2RenQ aiades occurs. It is suggested that SDS adsorbs onto positive
3RdienQ adsorb strongly onto the silica surface, incorporatigarged alumina particles, orienting its hydrocarbon to aqueo
2-naphthol more firmly than 1RQ. Similar behavior has beeolution at low SDS concentration so that the alumina surfac
observed for adsorption and adsolubilization using multichairecomes hydrophobic, resulting in flocculation between the h
surfactants such as DTAC, DDAB, and TMAC. drophobic surface particles. Thus, in SDS concentrations belc

Adsolubilization of water-insoluble compounds for the ant.6 mmol dnt3, it can be concluded that SDS adsorbs ontt
ionic surfactant—alumina systems has also been investigatédaimina as a monolayer and 2-naphthol molecules can be inc
(35-37). It is generally thought that the decrement in the aperated into the hydrophobic layer of SDS. Further, in the flocct
solubilization occurs at above the cmc of the surfactant becauston region the adsolubilized amount of 2-naphthol increase
the adsolubilizate is partitioned between the adsorbed-surfactstmrply, whereas the adsorbed amount of SDS increases gra
layer and the micelles in solution. However, since the decremetly. This increase in the adsolubilization may proceed by inco
in the adsolubilization in some cases begins below the cmc, gabration and penetration of 2-naphthol into the flocs consistir
solulization behavior of 2-naphthol on alumina with adsorptioof hydrophobic alumina particles. At a SDS concentration ¢
of sodium dodecyl sulfate (SDS) at pH 3.5 in the presence ®mmol dn3, the transmittance of the suspensions increases
10 mmol dn13 NaCl has been reexamined (38). Figure 14 shoitle only in the upper portion of the samples, suggesting th:
the adsorption isotherm of SDS as well as the adsolubilizationadmicelles are formed to some extent and the dispersion stabil
2-naphthol at pH 3.5. Itis seen that the isotherm of SDS consibscomes increased due to electrostatic repulsion between the
of four adsorption regions in the linear—linear plot. The adsolmicellar surfaces. Ifthe number or size of admicelles increases
bilized amount of 2-naphthol increases significantly at low SDiie SDS concentration region between 3 and 4.8 mmofdmd
concentration, reaches a maximum, and then decreases with fiue-efficiency at adsolubilization by admicelles is lower than the
therincrease of SDS concentration. Itis found that the decremehadsolubilization by monolayer, the adsolubilized amount of 2
in the adsolubilization begins at below the cmc. Accordinglyaphtholwould be reduced. As aresult, the SDS concentration
it is unlikely that the decrement in the adsolubilization is duthe maximum adsolubilization is situated below the cmc of SDS$
to the partition of 2-naphthol between the SDS adsorbed lay&bove the cmc of SDS, it is likely that 2-naphthol can be parti
and SDS micelles in solution. To confirm the effect of the adioned into the SDS adsorbed layer and SDS micelles. Accor
sorption of SDS on the adsolubilization, the dispersion stabilitggly it can be suggested that the decrement in the adsolubiliz
of alumina suspensions has been monitored using a Turbisd#on of 2-naphthol is mainly due to the change in the surfactai
Figure 15 shows that the dispersion stability of the alumina suedsorbed state on alumina rather than the partition of 2-naphtt
pensions in the absence of SDS is very high because the intenlséfween the adsorbed layer and SDS micelles in solution.

To enhance the adsolubilization of 2-naphthol, surfactan
clay systems have been studied. In the case of catior
surfactant—laponite clay systems (39), the surfactants adsc
extraordinarily on the clay and layer broadening of laponite oc
curs. As aresult, the adsolubilization of 2-naphthol is conside
ably enhanced. A similar enhancement in the adsolubilization
2-naphthol has been observed for SDS-hydrotalcite systel
(40).

For surface modification of particles, adsolubilization
and subsequent polymerization have been performed. Aft
adsolubilization of styrene into SDS adsorbed layers on met
oxides such as titanium dioxide (41), iron oxide (41), an
alumina (42), the adsolubilized styrene is polymerized b

N
o
T

Adsorbed amount of SDS / 10~ mol g'1
o
Adsolubilized amount of 2—naphthol / 10°mol g‘1

addition of initiator at 70C. This polymerization process
) can be explained by the Smith—-Ewart theory for emulsio
] polymerization.
0 g 5.2. Adsolubilization Using Mixed Surfactant Systems

0 2 4 6 8

Equilibrium concn. of SDS / mmol dri® Adsorption from surfactant mixtures onto solids includes th

adsorption of binary surfactant mixtures of anionic surfactant
FIG. 14. Adsorption of SDS and adsolubilization of 2-naphthol on aluminaanionic—nonionic surfactants, and cationic—nonionic surfactar
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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 fribdeguilibrium
concentration). The arrow indicates running time within 1 h, and the interval is 10 min.

(43-47). In particular, it is interesting that in ionic—nonionierties. The adsolubilization of 2-naphthol onto alumina by sul
surfactants, the adsorption of one surfactant is often enhanéactant mixtures of an anionic surfactant (SDS) and a nonion
by the addition of a small amount of the other surfactant. Sisurfactant (hexaoxyethylenedodecyl! ethegEg) has been in-

factant mixtures provide several advantages over single surfaestigated (48). In aqueous solution, the interaction parameter
tants, because the adsorption of surfactants onto particles 85/GoEg mixed systems calculated using regular solution the
be controlled using appropriate surfactants and solution prapy is about-3.4, suggesting that the mutual phobicity betweer
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® SDS
5 SDS:C ¢ 3:1
0 SDS:C (g 1:1

the adsorption; when the ratio of SDS tg.Es in the adsorp-

tion becomes small, the efficiency of adsolubilization become
greater. This result might be explained by a view that the mixe
surfactant adsorbed layer is more compact because of a shi
of electrostatic repulsion of SDS adsorbed by incorporation
Ci0Es, in particular for the case of SDS j§E¢=1:3. Thus,

surfactant mixtures of anionic and nonionic surfactants with lo\
concentrations have great possibilities for enhancing adsolul
lization of water-insoluble compounds. A similar enhancemer
of 2-naphthol adsolubilization has been observed for hexad

V 8DS:C,4Es 1:3
O CyoBs

Adsolubilized amount of 2—naphthol / mmol §1

Total equilibrium concn. of surfactant / mmol dri°

FIG. 16. Adsolubilization of 2-naphthol on alumina for SDSdEs
mixtures as a function of total surfactant equilibrium concentratiorn'C25
0.4 mmol dnT3 2-naphthol, 10 mmol dr? NaCl, pH 3.5.

the hydrocarbon chains, as well as the reduction in coulombic
repulsion between the headgroups, dominates the interactions
between SDS and ;gEs. Figure 16 shows the adsolubilized
amount of 2-naphthol as a function of total surfactant equilib-
rium concentration. Because the adsolubilization of 2-naphthol
is not observed on aluminawithout surfactants, itis apparent that
2-naphtholis incorporated into the surfactant adsorbed layer that
exhibits a hydrophobic property. It is seen that the amount of
2-naphthol adsolubilized by adsorption ofgEs alone is very

low, but becomes greater with an increase in the SDS content
of the initial mixtures, from SDS:gEs = 1:3 to 3:1. The
adsolubilized amount of 2-naphthol by adsorption of SDS alone
ranges between SDS j§E¢ =1:1and 3:1.

To compare the efficiency of adsolubilization by surfactants,
we compare the ratio of adsolubilized amount to adsorbed sur-
factant amount. The ratios of adsolubilized amount (mmé) g
to adsorbed surfactant amount (mmofyare plotted with the
total adsorbed amount of surfactant in Fig. 17. In the case of
SDS, the ratios are about 0.1 for the whole SDS adsorption::
concentration range, whereas those fopgEg range between
0.02 and 0.06, suggesting that the efficiency of adsolubiliza-
tion is low for both SDS and {Es single adsorption. On the
other hand, the ratios for both SDS;dE¢ = 1:3 and 1:1 de-
crease with anincrease in the total adsorbed amount of surfactan
and approach 0.1, while those for SDSpEs = 3: 1 increase '
gradually and also approach 0.1. It is suggested that for SDS:
CioEs = 3:1, the efficiency of adsolubilization is predomi-
nantly controlled by the adsorption of SDS. Itis also found that
the efficiency of adsolubilization increases when the SDS con-
tent in the initial mixtures drops below surfactant adsorption gf,

tal adsolubilization /

imen

Experi

efficiency of adsolubilization and the ratio of SDS tgyEs in

k=
=
£
. @) ® sDs
B
2 04t A SDS:CyoEq 3:1
=)
2 [ SDS:C 0B 1:1
.g ¥ SDS:CyEq 1:3
:‘-'-‘: v O C1oE¢
€
3
@ m
—~ L
P 0.2 v
] o Vs
§ e . 0%, o
0
§ A % el elg tela
5 |8
= A
§ 08 0l1 0I2
2 . .

Calculated adsolubilization

FIG. 17.
1 . . . ) alumina for SDS-gEs mixtures as a function of total surfactant adsorbed
0.2 mmol g*. Interestingly, a relationship exists between thgmount; (b) ratio of experimental and calculated adsolubilization on alumina f
SDS-GoEg mixtures as a function of total surfactant adsorbed amount.

cyltrimethylammonium bromide/gEg/silica systems.

Total adsorbed amount of surfactant / mmol g‘1

(b} A SDS:CyEq 3:1
O SDS:CyoEg 1:1
o V SDS:CyEq 1:3

00 0.1 0.2

Total adsorbed amount of surfactant / mmol g'1

(a) Ratio of adsolubilized amount and surfactant adsorbed amou
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5.3. Adsolubilization by Surfactants Using Surface N CH,
Chemistry Modified Particles TMCTS ‘

Until now, particles used for adsolubilization have been lim- TiO,
ited to hydrophilic particles such as alumina, silica, titanium
dioxide, and clay. It is expected that the adsolubilization behav- N\ CH,
ior can be altered by using modified hydrophilic particles with ‘ gi—— CHZCHZQ ca.cl
chemical bonding of surfactant or surfactant-like molecules. /4 ?
Various oxides have been modified by chemical vapor depo-
sition using 1,3,5,7-tetramethylcyclotetrasiloxane, followed by

Si—H

O

CmH2m+l N(CH3)2
_——

O\
hydrosilylation to graft functional groups on the oxides (49). Us- ‘ Si— CHZCH'zQ CH,N*(CH,),C_H,,,Ct
age of such grafted oxides can provide information to develop /4

new types of particles for adsolubilization (50).

Titanium dioxide has been modified by grafting dodecyl tpcts CMS
chains onto the surface (51, 52). The concentrations of dodecyl TH,
. H CH,— CH
AN
lo s[i——CH3
60 CH,_lsi\ O_T/—‘OH CH,CI
H

E-3
o

N
(=)

Adsorbed amount of DTAB / 10°mol g‘1

20
Equilibrium concn. of DTAB / mmol dna®

Adsolubilized amount of 2—naphthol / 16°mol g

Equilibrium concn. of DTAB / mmol dmi®

CH,

FIG. 19. Scheme of reaction for Xi.

chains grafted on the surface are 11.8, 26.3, and4mal g1,

respectively, and these samples are referred to as D-10, D-!
and D-40 (D-0 is the untreated sample). Figure 18a shows tl
adsorption isotherms of dodecyltrimethylammonium bromids
(DTAB) on the modified titanium dioxide in the presence of
0.4 mmol dnt3 2-naphthol. The adsorption of DTAB on D-0 and
D-10 increases gradually with DTAB concentration, wherea
that of DTAB on D-30 and D-40 increases rather sharply. Thes
differences are probably derived from the different hydropha
bicities of the samples, which increase with increasing dodec
chain concentration as the anchor. Assuming that DTAB is ac
sorbed on the treated samples through hydrophobic interacti

(b) O D-0 between the hydrocarbon chain of DTAB and dodecyl chain o
E &;g titanium dioxide, aggregation of about five to eight molecule
3 v D0 of DTAB is obtained for adsorption per one dodecyl chain or

titanium dioxide at the saturation. Figure 18b shows the adsol
bilization of 2-naphthol with adsorption of DTAB. Itis apparent
that the amounts of 2-naphthol adsolubilized increase, react
maximum, and then decrease with the DTAB concentration fc
all the samples. It is interesting to note that the amount adsol
bilized is markedly dependent on the dodecyl chain concentr.
tion. In particular, the maximum amount of 2-naphthol adsol
ubilized by D-40 is 2.5 times that adsolubilized by D-0. Thus
an enhancement in the adsolubilization of 2-naphthol by intrc
ducing the dodecyl chain onto the titanium dioxide is clearly
demonstrated. In addition, the ratios of the maximum amount
2-naphthol adsolubilized to the amount of DTAB adsorbed ar
0.048 for D-0, 0.046 for D-10, 0.078 for D-30, and 0.065 for D-
40. In the absence of DTAB, the incorporation of 2-naphthol ol

FIG. 18. (a) Adsorption isotherms of DTAB on titanium dioxide with do- the surface-modified samples increases with increasing dode
decy1 chain anchor; (b) adsolubilization of 2-naphthol with adsorption of DTAEhain concentration, probably due to hydrophobic interactio
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between 2-naphthol and the dodecyl chain on titanium dioxide.
The ratio of 2-naphthol incorporated to dodecyl chains is about
0.10-0.15.

Another surface modification of titanium dioxide has been
performed, as shown in Fig. 19. The modified samples are re-
ferred to as XNMn, wherem is the carbon number of the alkyl
chain, 4-16. Titanium dioxides modified with various chain
lengths from 4 to 16 exhibit good wetting behavior in water
because cationic quaternary ammonium groups are grafted on
the surfaces (53, 54). Figure 20 shows the adsolubilization of
2-naphthol in the adsorbed layers of ionic surfactants omXN
and untreated titanium dioxide. Here, the ionic surfactants used
are SDS, DTAC, and 1,2-bis(dodecyldimethylammonio)ethane
dichloride (2RenQCI). Interestingly, in the absence of ionic sur-
factants, 2-naphthol molecules adsorb appreciably omXir- . .
faces, whereas a negligible amount is observed on the untreated 0 2 4 ,°
titanium dioxide. The amounts of 2-naphthol adsorbed increase Equilibrium conen. of SDS / mmol dm
with increasing alkyl chain length on XN, and the ratios of
2-naphthol molecule adsorbed to alkyl chains are calculated to
be 0.18,0.25,0.31, and 0.46 from XN4, XN8, XN12, and XN16,
respectively. In the case of XNO (only chloromethyl-treated),
the ratio of 2-naphthol to chloromethyl groups is calculated
to be about 0.04, which is very small compared to those for
XNm. The great adsorption of 2-naphthol on Ki\Wvithout ionic
surfactants may occur because of a good polarity matching be-
tween 2-naphthol and the ammonium chain anchor omxThe
amount of 2-naphthol adsolubilized on X¥Nncreases slightly
with increasing SDS or DTAC concentration except for XN16
in which the amount adsolubilized rather decreases. Here, the
adsolubilization experiments for both SDS and DTAC have been
carried out below their cmcs. In the case of 2RenQCl, the amount
of 2-naphthol adsolubilized increases sharply with 2RenQCI
concentration and reaches a maximum and then gradually de-
creases for Xkh and untreated titanium dioxide. The magnitude
in the increment of 2-naphthol adsolubilization becomes small
with increasing alkyl chain length on X

To compare the adsolubilization behavior of 2-naphthol on

w
o

20

10}

T0
XNd
XN8
XN12
XN16

Adsolubilized amount of 2-naphthol / 10°mol g'1

e0OPO®

(b)

\/

N

Adsolubilized amount of 2—naphthol / 16°mol g'1

T0
XN4
XN8
XN12
ole ‘ XN16

0 5 10 15
Equilibrium concn. of DTAC / mmol dm®

e0OPDO®

TU)
]
XNm, the admicellar partitioning coefficien€,qm can be ob- mg L (©)
tained from oL
g
Kadm = Xadm/ Xaq’ é_
Xadm = Cadm/(cadm+ Sads)» i 2
<]
and 5
Q
S
e ®
2 A XN8
whereCygm andCeq are the adsolubilized amount and the equi- 3 O XNi2
librium concentration of the organic solute, aBgsis the ad- § of | . . . @ XN
sorbed amount of the surfactant. The moles of water per liter 0 0.4 0.8 1_-32
is 55.55 andSq is the equilibrium concentration of the sur- Equilibrium concn. of 2RenQCl / mmol dm

factant in agueous solution. Figure 21 shows the admlcellaIEIG. 20. Adsolubilization of 2-naphthol on titanium dioxide with quater-

partitioning coefficients with surfactant concentrations for (&hry ammonium groups with adsorption of surfactant: (a) SDS; (b) DTAC
SDS-XNm, (b) DTAC-XNm, and (¢) 2RenQCI-XK. In the (c) 2RenQcCl.
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FIG. 21. Admicellar partitioning coefficients of 2-naphthol with surfac-

Admicellar partitioning coefficient (16) Admicellar partitioning coefficient (1(7)

Admicellar partitioning coefficient (1(5’)

0_ I I ' l ' © o
0 2 4
Equilibrium concn. of SDS / mmol dm>
4 (b) ® T
O XN4
A XN8
O XN12
3t &
2.
1.
| 1 1 1
0 5 10 15
Equilibrium concn. of DTAC / mmol dri®
() ® 1
6 O XN
A XN8
(I
&
4t
2_
L t i 1 L L il 1 1 1

0 0.5 1
Equilibrium concn. of 2RenQCl / mmol dm®
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case of the SDS-XM systemK,qmbecomes larger as the alkyl
chain length increases from 4 to 16, wher&ag, for untreated
titanium dioxide is very small. This small value &y, for
untreated titanium dioxide is similar to the valueskafyn, for
2-naphthol/SDS/alumina and 2-naphthol/DTAB/titanium diox-
ide. In the case of the DTAC-XiM system, the values & gm
range between % 10° and 15 x 10, irrespective of the alkyl
chain length for XNn at 10 mmol dnm® DTAC. On the other
hand, for the 2RenQCI-XM system K qm increases gradually
and reaches a maximum and then decreases with 2RenQCI ¢
centration, whileK ;qm for untreated titanium dioxide decreases
gradually and reaches a constant level. Further, the magnitude
Kadmincreases with increasing alkyl chain length onNn-
dicating that the alkyl ammonium chain groups for Xiglay an
important role in enhancing the adsolubilization of 2-naphthol
In addition, itis found that adsolubilization of 2-naphthol is con-
siderably altered by a combination of surfactant and modifie
titanium dioxide.

6. SIMULTANEOUS ADSORPTION OF SURFACTANTS
AND POLYMERS ON PARTICLES

Simultaneous adsorption of surfactants and polymers frol
their mixed solutions onto solid particles, as well as adsorptio
of surfactants alone, has been studied (55—70). Depending
the surface properties of solids as well as the aqueous propert
of polymers and surfactants, the adsorption can be described
follows. When the interactions between polymers and surfa
tants in aqueous solution are weak, competitive adsorption mi
occur. If the interactions are strong and the polymer or surfacta
has a strong affinity with the solid surface, enhancement in tf
adsorption of the other occurs.

A remarkable enhancement of polymer adsorption by su
factant has been observed for the poly(vinylpyrrolidone
(PVP)/SDS/alumina system (71). The resultis shown in Fig. 2:
The adsorption of PVP and SDS at an initial concentration c
PVP (0.8 g dm?) has been measured as a function of the SD
equilibrium concentration at pH 3.5. One can see that the amou
of PVP adsorbed increases markedly with the SDS equilibriut
concentration, achieves a maximum, and then decreases, wi
the adsorption of SDS also increases with the SDS equilibriu
concentration and reaches a plateau. The amount of SDS «
sorbed in the presence of PVP is greater than that for SDS alo
atlow SDS equilibrium concentration, but less at high SDS cor
centration. It is suggested that since the PVP-SDS complex
are formed in the bulk, they adsorb to some extent onto tt
surface of the alumina and free PVP is adsorbed onto the pree
sorbed SDS due to the hydrophobic interaction of SDS and PV
resulting in aremarkable enhancement in PVP adsorption at Ic
SDS concentration. The decrease in the PVP adsorption at hi
SDS concentration is due to the decrease in the adsorption
PVP-SDS complexes, which are less surface active than SC
Such a mechanism of PVP and SDS adsorption onto alumit

tant concentration for (a) SDS-XN (b) DTAC-XNm, and (c) 2RenQC1- IS supported by an adsorption kinetics study (72). Furthermor

XNm.

the conformation change in adsorbed PVP due to simultaneo
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Adsorbed amount of SDS / mmol ¢
Adsorbed amount of PVP /mg g~

2 4 6 8
Equlibrium concn. of SDS / mmol dm™®

FIG. 22. Adsorption isotherm of SDS®) and simultaneous adsorption
of SDS ©) and PVP [J) onto alumina. The initial concentration of PVP is
0.8 g dnt3,

adsorption of SDS has been estimated using spin-labeled PVP

(71, 73-75).

Many studies of simultaneous adsorption of surfactants and
polymers have been limited to linear polymers. Dendrimers, be-
ing highly branched polymers, have become the subject of exten-
sive studies (76—79) because their functional groups and specific
shapes have unique properties compared to those of conventional
linear polymers. We have been studying the simultaneous ad-
sorption of poly(amidoamine) dendrimers with surface carboxyl
groups and an anionic surfactant at the alumina/water interface

15

in the adsorption of SB5 is probably due to interaction betwee
SDS and SB5 on the alumina surface. Actually, the surface te
sions of mixtures of SDS and SB5 are very low compared t
that of SDS alone, suggesting formation of some complex «
SDS and SB5 in which the hydrophilic groups of SDS migh
be adsorbed onto the residue of glycoside of SB5, resulting
the orientation of the hydrocarbon chain of SDS to the aqueo
phase (83). When mixtures of SDS and SB5 consisting of the
complexes and SDS monomer contact alumina particles, SI
monomer adsorbs first, orienting its hydrocarbon chain to tt
aqueous phase, followed by adsorption of SDS-SB5 compl
on the surface. As a result, adsorption of SB5 is enhanced
low SDS concentration. With an increase of SDS concentratio

w
o

N
o

-
o
T

SDS only
SDS with SB5 0.10g dm ™
SDS with SB5 0.25g dm ™

Adsorbed amount of SDS / 16°mol g_1
2 N

(=]

1 1 L t 1

2 4
Equilibrium concn. of SDS / mmol dm’®

t ¢
0 6

(80) and of poly(amidoamine) dendrimers with surface amino

groups and cationic surfactants at the silica/water interface (81).
In both systems involving the same charged dendrimers and

surfactants against oppositely charged particles, competitive

sorption of the dendrimers and surfactants has been observed.
From comparison between the dendrimers and linear polymers
such as poly(acrylic acid) and poly(ethyleneimine) it is found

that the number of linear polymers is much smaller than that

dendrimers and the replacement of the linear polymers by the

surfactants occurs more easily than that of the dendrimers by
surfactants.

Enhancement in dendrimer adsorption by surfactant adsor-

ption has been observed for sugar-persubstituted p

(amidoamine) dendrimers (sugar ball) and anionic surfactants

and alumina systems (82). Figure 23 shows simultaneous

sorption of SDS and SB5 (sugar ball with generation 5) onto

alumina. Here, the initial concentrations of SB5 are fixed at 0.

and 0.25 g dm?. Itis very interesting to note that the amount of
SB5 adsorbed increases markedly at low SDS concentrations,

-3

(b)

B SDS with SB5 0.10g dm
A SDS with SB5 0.25g dm

=3

ad-

15

of 10

the

oly

Adsorbed amount of SB5 / mg g'1

ad-

10 l L t 1 1 1‘

Equilibrium concn. of SDS / mmol dm’®

shows a maximum, and then decreases with an increase of Sq:?G. 23. Simultaneous adsorption of SDS and SB5 onto alumina: (a) SD

concentration, while the amount of SDS adsorbed is greate
the presence than in the absence of SB5. Such an enhance

I’a\iﬁorption; (b) SB5 adsorption. The initial concentrations of SB5 are 0.10 at
mesY dnr3. The adsorption isotherm of SDS alone is also given.



16 KUNIO ESUMI

competitive adsorption between SDS monomer and SDS—SRB5 Esumi, K., Watanabe, N., and Meguro, &.Jpn. Soc. Colour Mate64,
complex against SDS-covered alumina surface occurs, and at626 (1991).

the same time the state of the SDS—SB5 complex changes fr%?m Esumi, K., Nakao, T., and Ito, S.,Colloid Interface Scil156,256 (1993).
monolayer coverage to_ bilayer coverage of _SDS_on the S 117,31 (1987).

surface. Then, ads_orptlon of 885 onto alumina will d.ecrea@-. Esumi, K., Nagahama, T., and Meguro, qlloids Surf57,149 (1991).
The enhancement in the adsorption of SB5 by SDS is cleay. Esumi, K., Sugimura, A., Yamada, T., and Meguro,®oJloids Surf.62,

é% Chandar, P., Somasundaran, P., and Turro, N. Colloid Interface Sci.

observed when the initial concentration of SB5 is higher. A sim- 249 (1992).

ilar enhancement in the adsorption of SB5 on alumina has beén .
7. Somasundaran, P., Kunjappu, J. T., Kumar, C. V., Turro, N. J.,

observed by addition of an anionic fluorinated surfactant.

28.
29.
30.

7. CONCLUDING REMARKS

Levitz, P., van Damme, H., and Keravis, D Phys. Chen@8,2228 (1985).

an
Barton, J. K. Langmuir5, 215 (1989).

Monticone, V., and Treiner, Cl, Colloid Interface Sci166,394 (1994).
Kitiyana, B., O’Haver, J. H., and Harwell, J. Hgngmuirl2,2162 (1996).
Nayyar, S. P., Sabatini, D. A., and Harwell, J.Ehyiron. Sci. TechnoR8,
1874 (1994).

The interactions between surfactants and particles can§3€ | 5i c.-Li. O'Rear, E. A., Harwell, J. H., and Hwa, M. angmuir13,

correlated with many interfacial processes. Surfactant adsorbed4267 (1997).
layers formed on particles using various surfactants exhi&. Jain, P. M., Smith, J. S., and Valsaraj, K. Sep. Purif. Technoll7, 21
characteristic adsolubilization behaviors. In addition, the adsol- (1999)-

ubilization is also enhanced using surfactant mixed systems

33,
%ﬁd Esumi, K., Goino, M., and Koide, YJ, Colloid Interface Scil83,539

Esumi, K., Matoba, M., and Yamanaka, lYangmuir12,2130 (1996).

surfactant-modified particles. By addition of surfactant, adsorp- (19g6).

tion of polymer onto particles is considerably affected, depengb. Esumi, K., and Yamanaka, Y., Colloid Interface Sci172,116 (1995).
ing on a combination of kinds of surfactants and polymers. B§. Esumi, K., Mizuno, K., and Yamanaka, ¥angmuir11,1571 (1995).
understand these interactions in detail, analysis of the adsorf§éd Yamanaka, Y., and Esumi, [Colloids Surf122,121 (1997).

surfactant layer is required using several techniques includi%%j

Esumi, K., Sakai, K., and Torigoe, K1, Colloid Interface Sci224,198
(2000).

AFM and negtron_scattering_. Furthgrmore, future studies of the Esumi, K., Takeda, Y., Goino, M., Ishiduki, K., and Koide, ¥angmuir
effect of particle size on the interaction between surfactants and 13,2585 (1997).
particles are necessary, in the range between micrometer ahdEsumi, K., and Yamamoto, Eplloids Surf.137,385 (1998).

nanometer size.
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