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~ and dinapbthylpropane (DNP) tluorescence probes were used to investigate the structure of
the adsorbed layer of sodium dodecyi sulfate at the alumina-water interface. The tluorescence fine
structure ofpyrene yielded information on the polarity of the microenvironment in the adsorbed layer.
Intramolecular excimer formation of DNP was used to measure the microvisoosity of this environment.
The results indicate the presence of highly organized surfactant aggregates at the solid-liquid interface,
formed by the ~tion of hydrocarbon chains. F1~ decay methods enabled the determination
of the size of these aggregates and their evolution as a function of surface coverage. The overall ~
investigation reveals a molecular model that is in agreement with the concept of hemimicelliution.
C 1987 Ai:adeaIjc Pres, Inc.

INTRODucnON

Adsorption of ionic surfactants on charged
particulate solids has been the subject of con-
siderable research owing to the fundamental
importance of it to many applications like flo-
tation (l), detergency (2), enhanced oil recov-
ery (3), and lubrication (4). Conventionally,
adsorption studies involve the determination
of adsorption isotherms, zeta potentials, par-
ticle wettability, and heats of adsorption (5).
The analysis of these results has provided an
understanding of surfactant adsorption in
terms of the major mechanisms governing the
formation of the adsorbed layer. In particular,
electrostatics and surfactant association at the
solid-liquid interface have been established as
important interactions in ionic surfactant-
charged solid systems (6). However, infor-
mation on the structure of the adsorbed layer
is lacking. largely due to the unavailability of
Spectroscopic techniques capable of directly
probing the solid-liquid interface on a molec-
ular level. Techniques such as infrared spec-
troscopy (7) and ellipsometry (8) involve ex
situ procedures such as freezing. drying. in
vacuo, etc., and/or have necessitated the use

of ideal surfaces. Dearly these methods have
limited applicability for studying surfactant
adsorption on particulate solids in aqueous
media.

Advances in fluorescence spectroscopy have
enabled the use of organic fluorescent probes
for in situ characterization of molecular en-
vironments such as surfactant micelles (9). The
utility of fluorescence methods in such studies
arises from the fact that the fluorescence re-
sponses of numerous probes are highly envi-
ronment dependent so that specific informa-
tion may be obtained by the appropriate
choice of probes. fluorescence responses that
have been shown to depend on micellar en-
vironment include excitation and emission
spectra, decay rates, quantum yields of emis-
sion, fluorescence polarization, and quenching
(or sensitization) (10). These responses have
been, in turn, related to molecular properties
such as polarity, viscosity, diffusion, solute
partitioning, and aggregation numbers. from
which information on the dynamic and
physical aspects of micellization has been ob-
tained (11).

In contrast, few studies have reported the
use of fluorescence probes to investigate sur-

11

0021-9797{87 $3.00
~ 0 1917 by A.:.IeaUc PI-. I~.
AD ... of fttIIoducIkID ia ..y bID ~--.c ~Sd-.Vol.I17,No. I,May 1987



CHANDAR. SOMASUNDARAN, AND TUnO32

factant adsorption on solid substrates. Levitz
et al. (12) recently demonstrated that steady-
state emission and fluorescence decay tech-
niques can be used to obtain structural infor-
mation on adsorbed surfactant layers at the
solid-liquid interface. In the present work,
similar methods were utilized to characterize
the structure of the adsorbed layer formed by
an anionic surfactant (dodecyl sulfate) on a
positively charged oxide (alumina). In partic-
ular, the polarity, microviscosity (rigidity), and
size (aggregation number) of the surfactant
microenvironment in the adsorbed layer were
detennined. These results were correlated with
the adsorption and zeta potential behavior of
the sYStem in order to elucidate the formation
and growth of the adsorbed layer as a function
of surface coverage.

PRINCIPLES

The evidence accumulated in the literature
suggests that the structure of surfactant ad-
sorbed layers is, in some respects, analogous
to that of surfactant micelles. Hence fluores-
cence techniques that are used to elucidate
specific structural details of micelles can be
used to characterize the adsorbed layer. In the
present study, specific fluorescence probing
methods were used to determine structural
properties such as polarity, microviscosity and
surfactant aggregation numbers of the ad-
sorbed layer. The principles of these tech-
niques, which are well-established in studies
of micelle structure, are discussed below.

STEADY-STATE EMISSION OF PYRENE:
PolARITY OF MICROENVIRONMENT

The pyrene fluorescence fine structure has
been found to be markedly dependent on the
solvent (13). In particular the intensities of the
first (ll) and the third (/3) vibrionic bands at
373 and 383 nm, respectively, are sensitive to
the solvent polarity (14). In practice, the in-
tensity ratio, /3/ll, is measured in solvents of
known polarity and the polarity of the un-
known environment is determined using this
information. Typically nl Il for pyrene
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Pyrene excimer formation has been studied
extensively in homogeneous solutions as well
as in micellar solutions (17). A homogeneous
solution is an example of an infinite (or con-
tinuous) medium, while a micellar solution is
an example of a fragmented medium; this dis-
tinction is based on the differences in the dy-
namics of excimer formation within these two
types of environments (12).

An excimer forms when an excited state py-
rene P* interacts with a ground state pyrene
P to form p!:

c~es from -0.6 in water to > I in hydro-
carbon media (13e). Pyrene has been widely
utilized as a polarity probe in the study of sur-
factant micelles since owing to its hydrophobic
nature, pyrene is selectively solubilized in mi-
celles (15). The fluorescence response in an
aqueous micellar solution thus reflects the p0-
larity of the micelle media. /3//1 values mea-
sured in various micelles range from 0.7 to 1.0
(13e). These polarities, which are intermediate
between hydrocarbon and aqueous environ-
ments, have been considered to be due to water
penetration in the micelle inner layers (where
pyrene is reportedly located) (16). More re-
cently, Mukerjee has considered the solubili-
zation of aromatics in micelles (16d) in ternlS
of a "two-state" model. Accordingly, these in-
termediate polarities can be interpreted as
being due to an equilibrium distribution of
pyrene between the micelle-water interface
(adsorbed state) and micelle core (dissolved
state).

Levitz et aI. (12) found that pyrene was
strongly solubilized in the adsorbed layer of
Triton X-l00 on silica. They measured a p0-
larity that was similar to that of pyrene in Tri-
ton X-I 00 micelles from which they concluded
that the surfactant environment in the ad-
sorbed layer was formed by surfactant ass0-
ciation in a manner analogous to miceUiza-
tion.

FLUORESCENCE DECAy OF ANALYSIS OF
PYRENE ExaMER FORMATION:

SURFACTANT AOOREGA TION NUMBERS
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I.(O)k'e[P] I1.(1) - (k2 - ko - KelP]) X [exp[ -(ko + k'JP])t]

-exp(-k2t]), rIb]

where ko and k2 (units of 5-1) are reciprocal
lifetimes of ~ (in the absence of excimer for-
mation) and Pt respectively; k'e (units of
mole-I 5-1) is the second-order excimer for-
mation rate constant; [P] is the concentration
of pyrene.

The above rate laws predict that in homo-
geneous solutions the monomer intensity pr0-
file will be monoexponential with a slope that
depends on the level of pyrene in the system.
The excimer intensity profiJe, beca~ k2 is
generally larger than (ko + k~[P]), will have an
initial growth (when k2t is comparable to (ko
+ k'JP]t) followed by a <kdine (when k2t.. (ko
+ k~[P])t). The excimer decline will be con-
trolled by the exp[ -(ko + k'JP])t] term in Eq.
[1 b] and hence will be paraUd to the monomer
profile.

In fragmented media composed of micelles
(or other ~tes of limited size in which
pyrene is solubilized), the probability of the
excited singlet state (P-) ofpyrene leaving one
micelle and interacting with a ground state
pyrene from another micelle during its excited

+.. ke
P-~-P+h,

k~ k~
P+~-Pt-P+P+h..

The extent of excimer formation can be ob-
served in the steady-state emission spectrum.
where, in addition to the monomer (~) emis.-
sion (370 to 400 nm), the excimer (P!) emis-
sion gives rise to a broad band cen~ around
480 nm. Thus under pulsed excitation con-
ditions, the fluorescence intensity due to the
monomer and the excimer can be indepen-
dently monitored as a function of time.

In homogeneous solutions, excimer for-
mation follows second-order kinetics and the
monomer and excimer intensity profile
(change in population of~ and p! as a func-
tion of time) are (12, 17a)

Im(t) = Im(O)exP[-(ko+ k'JP)t) [I a)

lifetime is very loW; the exit of pyrene from
micelles is a millisecond phenomenon com-
pared to its nanosecond fluorescen~ (II).
Hence, the excimer formation of pyrene is es.-
sentiallyan intramicellar process. Only those
micelles which contain more than one pyrene
at the instant of flash excitation can give rise
to excimers. In the time scale of the fluores-
cence, therefore, the micelles are considered
as fixed solubilization sites with pyrene ran-
domly distributed among them. The micellar
system is viewed as groups of individual
micelles with probe occupancies of 0, I, 2,
3, . . . , etc. The relative size of each group is
determined by the total number of probes
available. This situation can be expressed
mathematically by Poisson statistics (18) as

Pft = liftexp(-ri)/n!, [2)

where P ft is the probability of micelles with n
probes and Ii is the average number of probes
per micelle.

The kinetic model to describe intramiceUar
excimer formation for the ensemble of mi-
celles, MPft, where n = 1,2,3, . . . is as follows

(19):
+..

MPft-~P_1
excitation of ensemble,

ke
~P_,-MP~+hp

first-order radiative decay of monomer,
(1I-11kc~P_1 - MPfP_2

first-order intramiceUar excimer formation,
1}

MPfP_2-MP~+h,

first-order radiative decay of excimer.

where ko and k2 are the reciprocailifetimes of
~ (in the absence of excimer formation) and
Pf respectively. In this scheme, intramiceUar
excimer formation is first-order with a rate that
increases as the number of probes in the mi-
celle increases; ke expresses the intramiceUar
encounter frequency of ~ and P (alterna-
tively, (n - l)ke is the rate at which a micelle,

~P(_I)' converts to MPfP(ft-21>.

J-.-ofC#6)ill-I-r..r&-.. Vol. 117. No. I. Nay 1987
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ing equation for the time dependence of
monomer em~on (19):

Im(t)=lm(O)exP[-koi+r'i(exp(-ket)-I)]. [3)

where ko and ke are as defined previously. Ii is
the average occupation number and is given
by
Ii= [P]/[Agg] = [P] XN/[c.-CMC]

for micelles, [4a]
= [PJ X N/[Ct - CaaJ

for adsorbed layer, [4b]

where [PJ = total pyrene concentration; N
= aggregation number; [AggJ is the concen-
tration of surfactant aggregates; [~ - CMq
= concentration of micellized surfactant with

~ and CMC being the total surfactant con.
centration and critical micelle concentration
respectively; [~- CaaJ = concentration of ad-

sorbed surfactant with Caa being the equilib-
rium concentration of surfactant (unad-
sorbed).

Analysis of the monomer decay profiles us-
ing Eq. [3J can yield;; from which the surfac-
tant aggregation numbers can be determined
using Eq. [4aJ or [4bJ.

Inherent in the derivation ofEq. [3J are sev-
eral assumptions such as (i) complete solubi-
lization of the probe, (ii) equal probability of
occupation with no limit to occupation num-
ber for an aggregate, (ill) first-order kinetics to
describe intramicellar excimer formation, and
(iv) nonradiative ~tion of the excimer
is negligible. The validity of these assumptions
has been discussed in the literature ( ISb,
18, 19).

The behavior of pyrene in a fragmented
medium differs from that in homogeneous s0-
lution (infinite or continuous medium) in the
following respects:

1. At low pyrene levels, the probability of
a micelle containing more than one probe is
negligible so that excimer formation does not
occur. The monomer decay profile is mono-
exponential with a slope (ko) corresponding to
the radiative lifetime of P* (10 = llko) in the
absence of excimer formation.

2. As the pyrene concentration increases. a
fraction of the micelles will contain more than
one probe. Excimer formation occurs in these
micelles with the result that P* decay is en-
hanced. The monomer profile is therefore a
sum of exponentials, each of which corre-
sponds to the decay of P* in micelles having
n = 1, 2, 3, . . . . If excimer formation occurs
rapidly, i.e., ke > ko, the monomer profile will
contain an initial rapid decline due to decay
of P* through excimer formation in micelles
with n > I, followed by a long-term single ex-
ponential component. This component, which
corresponds to the radiative decay of P* in
micelles with n = I, is parallel to the curve at
low pyrene concentrations (where no excimer
formation occurs).

3. Unlike for the infinite medium case, the
excimer profile for the fragmented medium
case will not be parallel (after the initial
groWth) to the monomer profile.

INTRAMOLEaJ1.AR ExaMER FORMA 110N
OF DINAPHTHYLPROPANE (DNP):

MlCROVISCOSITY OF ENVIRONMENT

The extent of excimer fonnation as a mea-
sure of the local probe mobility has been uti-
lized to determine the effective viscosity of
microenvironments such as micelles (1O, II).
As the viscosity of the medium increases, the

These differences can be particularly useful
in detennining the structure of the microen-
vironment formed by the adsorbed surfactant
molecules. A surface composed of individual
surfactant aggregates of limited size is likely
to behave as a fragmented medium. On the
other hand, if the surfactant molecules form
a large continuous environment, then the
probe solubilized in this environment would
probably behave as it does in homogeneous
solutions.

Assumption of the intramicellar excimer
formation kinetic mOOeI. and Po~n statistics
for the probe distribution, leads to the follow-

J-.-cf~_l--~ VolI17.No.I.M8J 1917
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~ mobility is retarded with the result that NaC, Ha, and NaOH used were of ACS

tile efficiency of excimer formation (which is grade. All solutions were prepared in triply

diffusion limited) decreases. Although inter- distilled. 10-6 mho conductivity water.

rnolecuIar excimer forming probes such as py-
reoe maY be used fo~ this p~ (20~, the METHODS

analysis, as s~ested 10 the preceding discus- Analytical Techniques

sion, is complicated by other factors such as
probe distribution (18). A variation of this Dodecyl sulfate was analyzed by a two-

technique is the use ofbichromophoric probes phase technique involving titration of SDS

such as dinaphthylpropane, where excimer against hexadecyltrimethylammonium bra-

fonnation is exclusively unimolecular and mide in chloroform with dimidium bromide-

statistical factors may be ignored (21). Exper- disulJine blue as endpoint indicator (23). Py-

irnentally the ratio of monomer to excimer rene was analyzed by UV absorption at 333

intensities (at 342 and 420 nm for DNP) may nm using an absorption coefficient of 4.5

be obtained from steady-state emission spec- X I~ mole-I cm-l.

!rUm in solvents of known viscosity and the

~ty of the system under study compared Adsorption ExperimenlS

on this scale..SDS micellar micro~ties of A known weight of alumina (5 or 30 g) was

-20-40 cp 10 ~ abse.nce ofa;ddiuves have equilibrated at pH 6.5 for 12 h with ISO ml
been reported usIng this techmque (II). Al- f 1 U. .-:.

0 1 M NaC and agb . . . b .oed ' h 0 so u on conl41D1Dg .
thou ° V1SCOS1ties 0 tat ° 10 omogeneous known amount of SDS. The pH of the sus-

soIubons may not be strIctly comparable to . ad ° usted .th 0 I M Ha at the
.,. the tech . . pe DS1 0 n was ~ WI .

those 10 IDlcroen~ro?ments, nlque IS start of the experiment and again I h before

~ful for monltonng structural changes th d f tb uili ' bration period. The sus-. . ) that .thin surfactan e en 0 e eq
(phase tranSItions occur WI t pension was stirred over a magnetic stirrer in

microenVironments such as micelles and ad- a temperature bath maintained at 25 °c.

sorbed layers. Fifty milliliters of the final suspension was

centrifuged and about 10 ml of the resulting
EXPERIMENTAL supernatant was used for analysis. Some of the

MA solids from the adsorption test were added to
TERlAl.S the remaining supernatant and the resulting

.. diluted suspension was used for zeta potential
Alumina used 10 the present study was of ts . a Lazer -Zeemeter elec-99 . (L . de A grade U . Carb°de measuremen USIng % punty 10 ,mon I

tro h ° t (P Ke m Inc
)Corp.). The particle size was specified to be p OreSlS appara us en .

0.3 pm with a BET surface area of 15 m2jg by Fluorescence Experiments

nitrogen adsorption. The point of zero charge
determined by electrophoresis was at pH 8.4. Sample preparation. The same adsorption

Sodium dodecyl sulfate (SDS) obtained procedure was followed as in the experiments

from F1uka Chemicals was of99% purity. Sur- conducted in the absence of probe. Five grams

face tension of solutions prepared from the as- of alumina was used in all tests. The SDS so-

received sample showed no detectable mini- lutions used were prepared by adding a Ie-

mum so that the sample was used for subse- quired volume of stock solution containing
quent tests without further purification. known concentrations of probe (-I X 10-3

Pyrene (Aldrich) was recrystallized from M pyrene and I X 10-4 M DNP, respectively).

ethanol-water mixtures. Dinaphthylpropane The stock solutions were prepared by stirring

was synthesized using a procedure described pyrene or DNP crystals in 1 X 10-1 M SDS

by Chandross et al. (22). solutions for 24 h and filtering off the excess

~...Cl6*'-/-I-sa...w. Vd. 117. No. l.tl8JlM7
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probe. Stock solutions of lower probe concen-
trations were prepared by subsequent dilutions
of the first stock with SOS solutions of equal
concentration.

Steady-state experiments. Steady-state emis-
sion spectra were obtained using either a Spex
F1uorolog or Perkin-Elmer lS-5 spectropho-
tometer. A portion of the adsorption sample
was transferred to a 2-mm quartz cell. The
resulting fluorescence emission spectrum was
recorded and corrected for scattered incident
light by scanning a blank sample that con-
tained no probe. Pyrene- and DNP-containing
samples were excited at 332 and 280 om, re-

spectively.
Fluorescence decay of pyrene. A PRA

nanosecond flash lamp (nitrogen) and Ortec
single-photon counting equipment and mul-
tichannel analyzer were used The principles
of single-photon counting for time-resolved
data a(XJuisition have been discussed elsewhere
(24). The sample used for the steady-state
emission experiments was also excited at 320
nm at a 450 angle of incidence for these tests.
The monomer and excimer decay profiles were
monitored at 383 and 480 om, respectively.
A pulse rate of 20 kHz and a timescale of 4.19
ns/channel were used.

For comparative studies, fluorescence stud-
ies with micellar solutions were conducted us-
ing air-saturated (no degassing) samples in 10-
mm path length cells at normal incidence of
excitation.

RESULTS AND DISCU~ON

ADSORPTION OF DoDECYL SUlFATE (SDS)
ON ALUMINA

The adsorption isotherm of dodecyl sulfate
on alumina at pH 6.5 in 0.1 MNaO (Fig. la)
exhibits features that are characteristic of an-
ionic surfactant adsorption onto a positively
charged oxide. The isotherm can be divided
into four regions (6c, 6d). At low concentra-
tions (Region I) the isotherm is linear with a
slope of -I. An abrupt transition from Region
Itoll occurs at Ceq = 7.S X 10-$M(adsorption
density = 3 X 10-13 molesfcm2) beyond which

a marked increase in surfactant adsorption is

~..C«1d.t_l-t-Sd.-.VolI11.No.I.May 1987

observed. Region II extends linearly up to Ceq
= 2 X 104 M(Ads. density = 7 X 10-11 moles!

cm2). Region III is characterized by a contin.
uously decreasing slope even though adsorp.
tion continues to increase. The onset of the
plateau (Region IV) is at Ceq = 1.5 X 10-3 M

which also corresponds to the CMC of the bulk
solution (monitored in the supernatants by the
pinacyanol dye solubilization technique (25».

The corresponding zeta potential behavior
of alumina particles is found to correlate with
the amount of adsorbed SDS as shown in Fig.
1 b. In Region I, the potential is relatively con-
stant and equal to that of alumina particles at
pH 6.5 in the absence of SDS (+40 mY). A
significant decrease in the positive potential is
observed beyond the transition from Region
I to II which correlates with the marked in-
crease in anionic surfactant adsorption. The
isoelectric point corresponding to the neu-
tralization of the positively charged surface by
the adsorbed anionic surfactant appears to c0-
incide with the transition from Region II to
m. Region III is therefore characterized by
SDS adsorption resulting in a net negative P0-
tential at the surface. Constant negative P0-
tentials (-65 mY) are measured when the ad-
sorption reaches its plateau level in Re-
gion IV.

The interpretation of the shape of the is0-
therm and corresponding zeta potential be-
havior has been reviewed in detail in the lit-
erature (6). Based on this information, the ad-
sorption mechanisms giving rise to the above
behavior can be stated as follows:

I. The slope of unity in Region I indicates
that the anionic surfactant adsorbs as individ-
ual ions through electrostatic interaction with
the positively charged surface.

2. The sharp increase in adsorption in Re-
gion II marks the onset of surfactant associa-
tion at the surface through lateral interaction
of the hydrocarbon chains.

3. The decreasing slope in Region m can
be attributed to an increasing electrostatic
hindrance to the surfactant association process
following interfacial charge reversal.
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4. Plateau adsorption could correspond to
either complete surface coverage or a value
limited by constant surfactant monomer ac-
tivity in solution as a result of bulk micelli-
zation. The prevailing situation would depend
UlX>n the extent to which the surface is charged
through protonation and deprotonation of
surface hydroxyls. Under the present condi-
tions, the plateau can be interpreted as being
CMC limited but also at or very near complete
surface coverage. The latter is inferred from
the plateau adsorption value (6.7 X 10-10
moles/cm2) which indicates a densely packed
monolayer (25 A 2 mol~ 8IQ for sulfate

group) or a less densely packed bilayer (50 A2
molecular area).

The above description of the nature of the
surfactant aggregation process at the surface
and the structure of the adsorbed layer formed
is, however, mostly hypothetical. In adsorption
models, the aggregation process has been
treated as a two-dimensional condensation
that leads to the formation of monolayered-
or bilayered-type surfactant ~bIieS termed

hemimiceUes (26) or admiceUes (27). These
assemblies are thought to occur in a localized
(patchwise) manner due to the energetic het-
erogeneity of the surface (28); the positive sites
are considered to be distributed into nonad-

1
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e
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s
f
)

1

, . -'. 1
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jacent regions where surfactant condensation
takes place. The validity of such assumptions
and molecular models developed therefrom
can be verified only through a direct probing
of the adsorbed phase through spectroscopic
methods.

FLUORESCENCE STUDIES ON ADSORBED
LAYER OF SDS ON ALUMINA

Steady-state and transient experiments were
used to obtain information on the microen-
vironment ofSDS adsorbed on alumina under
the exl)erimental conditions mentioned above.
Comparative studies were also performed us-
ing SDS micellar solutions in 0.1 M NaO.

Local Polarity

EmiWon spectra obtained for pyrene ir
alumina slurries containing adsorbed SD~
showed the characteristic pyrene ftuoresceno
fine structure with respect to the positions 0
the various vibrionic bands. The change in in
tensity ratio, /3/ /l, of pyrene in SOS solution
of varying concentrations in the presence 0
0.1 M NaO is given in Fig. 2a. The rau,
changes sharply at CMC (1.5 X 10-3 M) fron
a value of 0.6. corresoondinv. to oyrene iJ
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1.5
PYRENE IN SOS SOLUTIONS

0.1 M NaCI
1.1

PYRENE IN ADSORBED LAYER SOS/ALUMINA
.IM NoCI, pH 6.5

b

I

I

:.~.D.~.~!~.~I.I..E.(..I~.~llt~i~.-~
~
..

"~
..

i
0 '-- . ... , ... , , , . . ., ..,

0 10-5 10-4 10-3 10-2 Ow"""""""""""""""'"
OODECYL SUlFATE CONCENTRAT~N._/lit... 0 10-& 10-4 10-3 10-1

FIG. 2. (a) nlll, ft~~ parameter ofpyrene in mum dodecyI sulfate (SDS) solutions in 10-1 M
NaCI (~3 = 383 nm, ~I = 374 nm)- (b) nlll, fluorescence parameter ofpyrene in SOS/alumina slurries.

aqueous media, to a value of 1.0, correspond-
ing to pyrene solubilized in SDS micelles.

Figure 2b shows the behavior of pyrene in
SDS-alumina slurries as a function of SDS
equilibrium concentration at points corre-
sponding to the adsorption isotherm in Fig.
la. In Regions II, III, and IV (near CMC), no
pyrene was detected in the supernatants of the
slurries, which suggests that pyrene is com-
pletely solubilized in the adsorbed layer. In
Region I, almost all the pyrene was present in
aqueous solution in the supernatant,1 sug-
gesting that pyrene by itself does not strongly
adsorb on alumina. Also, the adsorption is0-
therm in the presence and absence of pyrene
(Fig. la) was identical so that the adsorption
of SDS is not significantly influenced by the
presence ofpyrene at the added levels (10-7-
10-S M).

The data in Fig. 2b show an abrupt change
in the local polarity of the probe from aqueous
environment to a relatively nonpolar, micelle-
type environment. This change occurs in a re-
gion that is well below the CMC (where no
micelles are present) and that approximately
coincides with the transition in the adsorption
isotherm from Region I to II. Interestingly,
the /3/ /l values of the probe are also relatively
constant (-1.0) throughout most of Region

I The concentrations of pyrene added for the polarity
tests in Region I were below the aqueous solubility limit.
The emission intensities were weak when pyrene was
mostly swesent in solution and increaStd significantly when
it was solubilized in the adsorbed layer.
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II and up to Region IV and hence independent
of surface coverage. The above results suggest
the existence of solubilization sites for pyrene
on the surface that are fonned by micellelike
association of hydrocarbon chains. Oearly,
such aggregation takes place significantly only
in Region n and above. In addition, the mi-
croenvironment fonned by the associated sur-
factant appears to be similar in nature
throughout the entire adsorption isothenn.

Microviscosity

Typical emission spectra obtained for the
intramolecular excimer fonning probe, di-
naphthylpropane, in micellar solutions and in
the adsorbed layer are shown in Fig. 3a. It can
be seen that the extent of excimer fonnation
in the adsorption sample (Idle = 4) is signif-
icantly lower than that in the micellar solution
(1m/Ie = 1.7). The mobility of the probe can
therefore be considered to be more restricted
in the adsorbed layer than in the micelle?

2 In order to ascertain that the 1..11. ratio measured in

the solid slurries was not due to some intrinsic artifact
such as scattering of light, a control experiment was con-
ducted. An 80s micellar solution containing DNP was
added to silica particles (on which 80s did not adsorb)
and the resulting DNP spectrum was recorded. The 1.11.
in this sample was the same as that of the SDS micellar
solution (except that the emission intensity was much
lower). The presence of the solid, thus, did not interfere
with the measurement; the reSJK)~ ofDNP reOected the
fact that it was present exclusively in micelJes. Hence, it
can be concluded that the 1.11. value ofDNP in the 80s!
alumina system reflects its environment in the adsorbed
layer.
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FIG. 3. (a) Spectrum A: Dinaphthyipropane (DNP) 8u~ in SDS micellar solution ([SDS).J[DNP]
- ratio ofmicellized SDS to DNP). Spectrum B: DNP 8~ in SDS/alumina slurry ([SDS)..I[DNP]
- adsorbed SDS to DNP). (b) Monomer to excimer ratio (1.11.) of dinaphthyipropane (DNP) in SDSI
alumina slurries as a function of SDS adsorption (>.. - 340 nm, >.c - 420 nm). (c) Monomer to excimer
ratio (1.11.) of dinaphthylpropane (DNP) in ethanol-gIycerol mixtures (~ties measured by capi1Iary
flow method).

Similar measurements as a function of ad-
sorption density (Fig. 3a) indicate that the ex-
tent of excimer formation is independent of
the surface coverage in the range of adsorption
densities measured (Region n to IV).

The 1m/Ie response ofDNP was calibrated
in ethanol-glycerol mixtures of known vis-
cosities (Fig. 3b). Based on this scale the ad-
sorbed layer and micelle viscosities are 90-
120 and 8 cP, respectively. The high microvis-
cosity in the adsorbed layer suggests that the
surface phase is highly structured and almost
rigid. Furthermore, no significant structural
rearrangements occur with increase in surface
coverage (in the range of adsorption densities
studied); i.e., it is possible that the associated
structures that form at lower surface coverages
are already in a densely packed state which
cannot be compressed any further. Such a sit-
uation can be expected if condensed surfactant
assemblies exist on the surface.

Fluorescence Decay of Pyrene
in SDS Solutions

The fluorescence decay behavior of pyrene
in an SOS micellar solution in 0.1 M NaCI
(Fig. 4) is typical for that in fragmented media.
Curve A is the monomer profiJe obtained un-
der nonexcimeric conditions, i.e., at low levels
ofpyrene (indicated as the ratio ofSDS to py-
rene). The radiative lifetime of pyrene, llko,
in SOS micelles, calculated from the slope of
this monoexponential curve, is 175 ns. Curve
B is the monomer profiJe when excimer for-
mation occurs (see emission spectrum) and
Curve C is the corresponding excimer profile.
Computer fitting of curve B (see Appendix) to
Eq. [3] yields the excimer formation rate, ke,
and the mean occupation number, n. The ag-
gregation number, N, for the SDS micelle in
0.1 MNaO is calculated using Eq. [4a] to be
118. The results are summarized in Table I.

~t(C«1dIi_lllUr/«es.iM«, Vol. 117. No. I. May 1987
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Fluorescence Decay of Pyrene
in Adsorbed Layer

Typical decay profiles of pyrene in the ad-
sorbed layer for the indicated adsorption den-
sities are given in F~. 5-7. Included in each
figure are the monomer profile (Curves A and
B) at two pyrene levels (indicated as SDS/pY,
the number of surfactant molecules per probe
in adsorbed layer) and the corresponding
em~on spectra. The excimer profiles at the
higher pyrene levels are also given (Curve C).

Examination of the monomer and excimer
profiles obtained for the adsorbed layer sam-
ples and comparison with that obtained for
the micellar solution suggest the following:

1. Under excimeric conditions (Curve B),
the profiles obtained in the adsorbed layer are
multiexponential suggesting that pyrene, like
in micelles, reports a fragmented-type struc-
ture. However, the initial declines of the
monomer profiles in each of the adsorbed layer

TABLE!

Summary of Kinetic Analysis of Pyreoe Excimer Formation; S~ Micelle (0.1 M NaO)--( ~ a.: -..n'

~

NIite.-

8.2 x 10-2 1.5 X 10-' 1.4 x 10' 1.10 118101 17'

~-~.rd-.. Vd.117,No.I,..., 1M?

samples are less steep than th<* in the micellar
solution implying that excimer formation 0c-
curs more slowly in the adsorbed layer than
in the micelle. It should be noted that although
the highest adsorption density sample exhibits
fragmented medium properties. it also tends
to exhibit homogeneous environment prop-
erties; the monomer profile is nearly monoex-
ponential and the excimer and monomer de-
clines are almost parallel. A homogeneous type
environment could be expected near the pla-
teau adsorption levels since the adsorption
density corresponds closely to complete cov-
erage of the surface as discussed earlier.

2. That the excimer formation occurs more
slowly in the adso~ layer than in the micelle
can also be qualitatively inferred from the
"paraIlelism" of the corresponding monomer
and excimer profiles; a larger k., results in a
greater deviation of the monomer and excimer
curves in accordance with the fragmented me.-
dium model. In all adsorption cases, the
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monomer and excimer curves deviate less
from each other than do the corresponding
curves in the micellar solution, again suggest-
ing that excimer formation is slower in the
adsorbed layer.

Curves A and B were fitted using Eq. [3] in
order to obtain ko, kc, and Ii" (~Appendix).
These results are summarized in Table II. Ag-
gregation numbers, N, calculated via Eq. [4b]
are also included. The reproducibility in these
calculated parameters was checked by dupli-
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cate tests (S and 7, 14 and IS in Table ll) as
well as tests conducted at varying pyrene le't'ds
but at the same adsorption density (4 and S,
6 and 7,9 and 10, 13 and 14 in Table ll). ke
and N were reproducible to about 1 ~ except
at low adsorption densities. At low adsorption
densities the inaccuracies in determining ad-
sorption densities and hence SDS/pY, as well
as the weaker emission intensities, contribute
to errors of about 2~ in these parameters.
Within these experimental errors, ke and N
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upon the mobility of the probe in its environ.
ment. The range obtained for the rate of ex-
cimer fonnation here is thus supporting evi.
dence that the adsorbed layer is more viscous
compared to the micelle. This is in agreement
with the conclusion from the extent of excimer
fonnation of DNP presented earlier.

The data in Table II also indicate a decreas-
ing trend for ke with increase in adsorption
density with particularly small values being
detennined at high surface coverages. This
trend in ke is not likely to result from micro-
viscosity effects since no significant differen~
in microviscosity were observed as a function
of adsorption density (DNP measurements).
It is to be noted that in addition to local vis-
cosity, other factors such as shape and dimen-
sions of the aggregates can affect the inter-
molecular excimer fonnation rate. These fac-
tors affect the local concentration of pyrene
(interprobe distance) and hence the time of
encounter between P and ~. Indeed the lower
ke values in Table n were obtained in larger
aggregates. The observed change in ke as a
function of adsorption density is thus attrib-
uted to the increase in average interprobe dis-
tance resulting from the growth of aggregates.

Aggregation number. The change in aggre-
gate size with adsorption is shown in Fig. 8.
The average aggregation number, N, measured

are independent of pyrene concentration at a
particular adsorption density in accordance
with the prediction of the kinetic model used
here.

Monomer lifetime. The monomer lifetimes
(l/ko) for samples obtained in Region n and
above of the adsorption isotherm in Fig. I a.
range from 158 to 175 ns3 with no significant
trend as a function of adsorption density.
These lifetimes are comparable to that of py-
rene in SDS micelles (175 ns) but are larger
than that of pyrene in water (135 ns). These
lifetimes suggest an environment for pyrene
in the adsorbed layer that is similar to that of
micelles.

Excimer formation rate. The values of ke
for the adsorbed layer are, (depending on the
adsorption density), 2 to 8X smaller than that
for the micelle. The rate constant, ke, has been
defined as the intramicellar encounter fre-
quency of an excited-state pyrene with an
unexcited-state pyrene which, in turn, depends

3 The - 2O-ns variation in lifetimes was for experiments

conducted on diff~nt days; a much smaller variation was
observed for tests run on the same day. This effect was
subsequently traced to day-to-day room temperature fluc-
tuations during the decay measurements. For all the data
in Table II, Curves A and B ~ obtained on the same
day and hence had the same to.
lowrwl ~C9lIoW --1...err- s.;..,.., Vol. 117, No. I, May 1987
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TABLE II

SuJIlP1a1'Y of Kinetic Analysis of Pyrene Excimer Formation; 50s! Alumina Adsorbed Layer (pH 6.5, 0.1 Mil NaO)

66
49

121
136
106
146
10S
128
169
IS7
172
196
250
2S8
2S8
356

1.2 X 10-12
3.0 X 10-12
S.O X 10-12
1.2 X 10-11
1.3 X 10-11
1.3 X 10-11
1.2 X 10-11
2.3 X 10-11
6.9 X 10-"
7.2 X 10-11
7.6 X 10-11
1.7 X 10-10
4.4 X 10-10
4.5 X 10-10
4.6 X 10-10
6.6 X 10-10

8163
8163
163
163
160
158
158
158
163
162
172
163
175
175
163
168

7.3x10'
6.6 x 10'
7.2 X 10'
6.6 X 10'
6.0 X 10'
6.5 X 10'
6.7 X 10'
6.2 X 10'
S.l X 10'
4.8 X 10'
4.4 X 10'
4.6 X 10'
2.4 X 10'
2.4 X 10'
2.S X 10'
1.8 X 10'

1.68

2.35

1.64

1.06

2.04

0.53

1.92

1.80

0.65

1.44

1.47

1.49

0.74

1.86

1.77

2.91

39

21

74

128

52

275

55

71

260

109

117

132

336

139

146

123

I

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

. l/ko was set at 163 DS.

at particular adsorption densities is indicated ( 121-128) while in Region ill a marked growth
along the isotherD1. In general, the size of ag- in aggregates (166-356) is observed as adsorp-
gregates increases with adsorption density with tion density increases. The implications of this
relatively small aggregates existing near the overall behavior in terms of the evolution of
onset of Region II (the difference in N of 49 the adsorbed layer are discussed below and
and 60, based on the experimental uncertain- shown schematically in Fig. 9.
ties, is not significant). The aggregates in Re- I. In Region I, no significant aggregation
gion II appear to be relatively unifOrD1 in size takes place and adsorption is likely to be due

to electrostatic attraction of individual surfac-
.. 10-9 tant ions.
E
~ 2. Adsorption in Region II and above oc-
j. la-XI curs through the forD1ation of surfactant ag-

gregates of limited size.
3. In Region n, where the surface is essen-

tially bare and sufficient number of positive
sites are available (zeta potential is positive),
increase in adsorption is achieved mostly by
increasing the number of aggregates; a con-
stant aggregation number implies that the
number density of aggregates increases with
increase in adsorption.

4. The transition from Region n to III
marks the point at which most of the positive
sites are filled since the zeta potential reverses
in sign at this point. Adsorption in Region III
is therefore likely to occur through the growth

Joumal I(CoBoidal.t IIJt4r/«lSd Vol 117, No. I, May 1987

~~-~
m u

2
u

SOSIALUMINA
O.IM Motl, pH 6.5

128

10""
J[

49

~ elSDS ONLY

/ - ASOS WITH

PYRENE
lo-~' ... 0 ... 0 ... 0 ... ...

10"5 10"4 )003 10"2

RESIDUAL DOOECYL SULFATE, moles/lit.,

FlG. 80 Surfactant aaregation numbers as function of
adsorption density (average number at ead1 adsorption
lK)int shown alODg isotherm).

w .

~ 1Q'II1
t I

Ja4a



CHANDAR, SOMASUNDARAN. AND TURRO44

~
NO AGGIIEGATIOtC

1

~
NUMBER Of
AGGREGATES
INCREASES
-120-130 ~[C\AD
PER AGGREGATE

~
SIZE OF AGGRfGATES
INCREASES
>~ *lLECIA.ES
PER AGGREGATE

+ + - + + +.. -+- + + +. + - + - - + + - + - + - + + + + + - +

FIG. 9. Schematic representation of the correlation of surface charge and growth of ~ for the

various regions of the adsorption isotherm.

of ex.isting aggregates rather than through the
formation of new ones. The growth of these
aggregates can be expected to be electrostati-
cally hindered. This hindrance to the aggre-
gation process results in the continuously de-
creasing slope for the adsorption isotherm;
higher surfactant chemical potentials (con-
centrations) are required to offset the electrical
repulsion experienced by the adsorbing mol-
ecules. Surfactant adsorption in Region III is
also likely to occur with a reverse orientation
as illustrated in Fig. 9 since there is an insig-
nificant number of positive sites on the surface.

CONCLUSIONS

The fluorescence analySis of the adsorbed
layer formed by dodecyl sulfate on alumina is
in agreement with the basic concepts ofhemi-

J CMJ.,;d4ltd l~~, Vol 117, No. I. May 1987

micel1ization. The surfactant aggregation 0c-
curs above a critical concentration (or adsorp-
tion density) that is marked by a sharp increase
in adsorption and proceeds through the for-
mation of highly organized and finite-sized as-
semblies even at relatively low surface cover-

ages.
The surface charge appears to have ~ in-

fluence on the evolution of the surface aggre-
gates as a function of surface coverage. In Re-
gion II when the surface is positively charged,
relatively uniform-sized aggregates (120-130)
are measured on the surface. A corollary of
this is that adsorption in this region occurs by
increasing the number of aggregates on the
positive sites of the particle. When the positive
charge on the mineral is neutralized, the ener-
getic situation favors the growth of existing
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aggreg3tes rather than the formation of new
aggreg3t~. Thus i~ R.e8i°n III, ~he size of ag-
gregates Increases Slgmficantly WIth adsorption

density (166-356).
The present study shows that fluorescence

spectroSCOP~' whe~ used in conjunction with
other technIques, IS a powerful tool for eluci-
dating the strUcture of surfactant adsorbed
layers at the solid-solution interface.

APPENDIX

Filling Procedure for Monomer Decay
Profiles Using Eq. [3]

REFERENCESEquation 3,

Im(t) = Im(O)exP{-k()l+ ii(exp(-~)-l)],

was fitted using the Marquardt-Levenberg
nonlinear regression algorithm which involved
minimization of the weighted sum of squares

(SSQ):
N

SSQ = ~ W;(t)n(t) -1'1(t)f
;

I. (a) Aplan, F. F., and Fuerstenau, D. W., (Ed.), "Froth
flotation." AIME, New York, 1962; (b) Soma-
sundaran, P., AlChE Symp. Ser. 71, I (1975).

2. Sdlwuger, M. J., "Anionic Surfactants," Surfactant

Scien~ Series, (E. H. Lucassen-Reynders, Ed.),
Voi.11,Dekker,NewYork, 1981.

3. (a) Hanna, H. S., and Somasundaran, P., "Improved
Oil Recovery by Surfactant and Polymer flood-
ing," (D. O. Shah and R. S. Schecter, Eds.), Aca-

demic Press. New York, 1977; (b) Somasundaran,
P., and QJandar, P., "Solid-Liquid Interactions in
Porous Media," pp. 411-428. Tecbnip, Paris, 1985.

4. Shilling. G. J., and Bright, G. S., Lubrication 63, 13

(1977).
5. (a) Somasundaran, P., Healy, T. W., and Fuerstenau,

D. W.,J. Phys. Chern. 68, 3562 (1964); (b) Hough,
D. B., and Rendall, H. M., «Adsorption From S0-
lution at the Solid-liquid Interface," (G. D. Parfitt
and C. H. RocbtSter, Eds.). Academic ~ New
York, 1983; (c) Fuerstenau, D. W., Trans. AlME.

December, 1365 (1957); (d) Somasundaran, P.,
Cbandar, P., and Chari, K., Colloids Surf 8, 0,
(1983); (e) Partyka, S., Zundhemer, M., Zaini, S.,
Keh. E., and Braun. B., "SoIid-Liquid Interactions

in Porous Media," pp. 509-522. Tecbnip, Paris,

1985.
6. (a) Somasundaran, P., and F~u, D. W., J. Phys.

Chern. 70,90(1966); (b)Scamerbom, J. F., Sdl~

ter, R. S., and Wade, W. H., J. Colloid Interface
Sci. 85, 0, (1982); (c) ~ J. H., "PbD Thesis."

University of Texas at Austin. 1983; (d) Somasun-
daran, P., Middleton, R., and Viswanathan, K. V.,
"Structure and Perfonnance Relationship in Sur-
factants," (M. J. Rosen. Ed.). pp. 270-290. ACS

Symposium Series, Washington DC, 1984; (e)
QJander, S., Fuerstenau, D. W., and Stigter, D.,
.. Adsorption From Solution," (R. H. Ottewill,

C. H. Rochester, and A. L. Smith, Eds.). pp. 197-

J-- tt'CoIIoid 8N/ 11It..p,c. s.,;.,-. Vol. 117. No. 1. May 1917

where, Wi, the weight = I/Fl(t); Fl(t) and
}'1(t) are the observed and calculated number
of counts, respectively.

Goodness of fit was checked by examining
the (i) sum of SQuares, (ii) the fitted curve,
and (ill) the weighted residuals, 1/(Fl(t)I/2]
X [F?(t) - 1'1(t)]. n, ko, ke were obtained by
fitting Curves A and B simultaneously. For
example, suppose Curve A was obtained with
a lOX dilution in pyrene with respect to Curve
B, then the equations fitted were

Im(t) = Im(O)exp(-koi + (ii/IOXexp(-kel)- I)]

for A,

I..(t) = Im(O)exp( -koi + ii(exp( -kel) - I)]

forB.

This procedure was found to be necessary be-
cause the pyrene levels for most of the ad-
sorbed layer samples could not be lowered
enough to ensure no excimer formation.

The zero time channel was taken as the
channel in which the monomer intensity was

maximum. The lamp profile extended up to
about 25 ns. Fitting was begun from 50 ns
without deconvolution. A background noise
level corresponding to the last 25 channels was
subtracted from the actual data. The noise
level was generally less than I % of the maxi-
mum intensity.
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