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Abstract

The equilibrium and kinetic aspects of the adsorption of alkyltrimethylammonium surfactants at the silica–aqueous solution inter
been investigated using optical reflectometry. The effect of added electrolyte, the length of the hydrocarbon chain, and of the count
ions has been elucidated. Increasing the length of the surfactant hydrocarbon chain results in the adsorption isotherm being displa
concentrations. The adsorption kinetics indicate that above the cmc micelles are adsorbing directly to the surface and that as the c
increases the hydrophobicity of the surfactant has a greater influence on the adsoption kinetics. While the addition of 10 mM KBr
the CTAB maximal surface excess, there is no corresponding increase for the addition of 10 mM KCl to the CTAC system. This is
to the decreased binding efficiency of the chloride ion relative to the bromide ion. Variations in the co-ion species (Li, Na, K) ha
effect on the adsorption rate and surface excess of CTAC up to a bulk electrolyte concentration of 10 mM. However, the rate of a
is increased in the presence of electrolyte. Slow secondary adsorption is seen over a range of concentrations for CTAC in the
electrolyte and importantly in the presence of LiCl; the origin of this slow adsorption is attributed to a structural barrier to adsorptio
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The physicochemical characteristics of a surfactant m
omer in solution determine the hydrophobicity of the mo
cule and the morphology of the surfactant aggregate. Ch
in the structure of surfactant aggregates can be relate
variations in the packing parameter, induced by altering
effective physical dimensions of the monomer (e.g., ch
or headgroup size) or the solution conditions (electrolyt
temperature) [1].

The hydrocarbon chain length is of critical importance
determining the adsorption behavior of a surfactant. Gol
and Koopal [2] demonstrated that for adsorption to am
phous silica, increasing the chain length of the monome
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four methylene units, from C12 to C16, lowers the concentra
tion at which characteristic features of the isotherm occu
approximately an order of magnitude. This correspond
the reduction in solution cmc. Lajtar et al. [3] noted a qual
tively similar effect upon the addition of only two methyle
units. The addition of electrolyte has an influence simila
increasing the hydrocarbon chain length. Electrolyte “s
out” the hydrocarbon chains of the surfactant and there
results in adsorption at lower concentrations. Additiona
ion binding and charge screening influence the kinetic
adsorption and the packing of surfactant monomers into
gregates.

The influence of counterion identity, as well as surfac
and electrolyte concentration, on the adsorbed layer m
phology of CTA+ was investigated in the previous study
Velegol et al. [4] using AFM and optical reflectometry. F
CTAB, it was shown that when the surfactant concentra
was increased from 0.9× cmc to 10×cmc the adsorbed laye
morphology changed from short rods to cylindrical micell
This effect was consistent regardless of whether 10 mM
was present or absent, although added electrolyte did re

http://www.elsevier.com/locate/jcis
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the spacing between the surface aggregates. When the
terion was changed from bromide to chloride, the CT
surface aggregates were approximately spherical for
concentrations, and once again the presence of electr
did not significantly change the aggregate structure. Th
results were rationalized by the greater binding efficie
of bromide over chloride [5–7]. This leads to a reduction
the headgroup area and enables bromide ions to stabiliz
lower curvature cylindrical surface aggregates. Using o
cal reflectometry, it was shown that the change in surf
aggregate structure from spheres to cylinders (for CTAC
CTAB, respectively) corresponded to the surface exces
creasing by two thirds.

Subramanian and Ducker [8] also investigated the ef
of various electrolytes on the adsorbed structure of CT+
and have extended this explanation. In this case the au
interpreted similar results on the basis of the “hardness
the ion. It was found that soft, polarizable (e.g., Br−) ions
were more effective than hard counterions (e.g., CH3COO−,
Cl−) at inducing shape changes in admicelles, name
sphere-to-cylinder transition. It was suggested that as
anions strongly bind water they are relatively unavaila
for binding to surfactant cations. Soft counterions, wh
interact weakly with water, associate more readily with
surfactant. Binding of counterions lowers the repulsive fo
between headgroups, permitting the formation of the lo
curvature cylindrical aggregates.

In the current investigation the influence of the surfact
chain length, the species of counterion and the presen
electrolyte on the adsorption kinetics and equilibrium s
face excess of quaternary ammonium surfactants on hyd
ylated silica is studied. The influence of co-ions will also
studied, as it has been suggested [8] that hard co-ions
Li+) should have the lowest affinity for the silica and mice
surfaces and therefore have the least effect on adsor
phenomena. Importantly, identical substrates were use
all experiments, as comparison of results obtained in s
previous adsorption investigations on silica have been c
plicated by variability in the properties of the substrate. T
variability can arise from the method of substrate prep
tion [9–11] or the cleaning procedures prior to use [4,11,
Additionally, Goloub et al. have suggested that these p
lems have often been extenuated by poor control of the s
tion conditions, especially for depletion experiments [13

Particular attention will be given to the adsorption kin
ics, which has not previously been studied as a functio
chain length for ionic surfactants or co-ion type. Optical
flectometry is well suited to kinetic studies of adsorption
it has high temporal resolution and the experimentally
termined adsorption rates can be compared to the diffu
limited flux to the surface. This allows the adsorption me
anism to be commented upon [14]. The adsorption kine
of cationic C16 surfactants has been extensively descri
previously [4,9,10]. In general, adsorption times were fou
to be rapid, on the order of a few seconds, save for a
row concentration range in the vicinity of the critical su
-

e

s

f

-

.,

face aggregation concentration (csac), where long-term
ondary increases in adsorption were noted. This region o
isotherm is known as the slow adsorption region (SAR). T
SAR is a mechanistic cusp between two thermodynamic
stable interfacial structures [9,10]. The effect of counter
and co-ion variation on the SAR will also be investigated
this paper.

2. Materials and methods

Cetyltrimethylammonium bromide (C16TAB or CTAB),
myristyltrimethylammonium bromide (C14TAB or MTAB),
dodecyltrimethylammonium bromide (C12TAB or DTAB),
and cetyltrimethylammonium chloride (CTAC) (all with p
rity greater than 99%) were obtained from Aldrich, recr
tallized twice from acetone, and freeze-dried prior to u
KBr, KCl, and LiCl (Analytical Grade) were obtained fro
Aldrich and were oven-baked for 24 h at 600◦C to remove
organic contaminants. All water used was filtered, distill
and passed through a Millipore filtration unit before use. T
cmc values for each surfactant were determined from c
ductivity measurements.

Silicon wafers were baked at 1000◦C for 100 min in an
oxygen atmosphere to produce an oxide layer (SiO2). Sur-
faces with lower hydroxyl group density are obtained up
baking due to condensation reactions at the silica surface
result in the formation of siloxane bonds [15]. When used
this state we call the silica pyrogenic. Pyrogenic silica w
slowly rehydroxylate when immersed in water resulting
what is termed hydroxylated silica. Hydroxylated silica w
prepared here by soaking pyrogenic silica in water for 4
followed by treatment with 10 wt% NaOH for 30 s, rin
ing in water and then ethanol before drying under a nitro
stream. All silica used in this study was of the hydroxyla
form. The thickness of the oxide layer present on the sili
wafer was determined ellipsometrically using an Auto EL
automatic ellipsometer (Rudolf Research) to be 165± 1 nm.
The refractive indices of silica and silicon used in the de
mination of surface excess were 1.46 and 3.8, respectiv

The optical reflectometry technique used follows t
used by Dijt et al. [16] and has been detailed in a previous
per [9]. Reflectometry relies on the changes in the reflec
properties of a substrate upon adsorption of a materia
a typical reflectometry experiment the cell initially conta
only water (or electrolyte solution) while a stable basel
is recorded. Surfactant (or surfactant and electrolyte) s
tion is then passed into the cell via a two-way valve and
change in the ratio of the two perpendicular polarization
the laser beam recorded, which is proportional to the sur
excess. The reflectometer is entirely contained in an inc
tor, allowing the temperature to be accurately maintaine
25± 0.1 ◦C.

The hydrodynamics and deposition of colloidal partic
in a stagnation point flow have been investigated by Dab
and van de Ven [17]. The current investigation is concer
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only with their final equations describing diffusive ma
transport, and simplifications that can be made when
factant molecules are used in place of colloidal partic
The hydrodynamics associated with stagnation point fl
are well defined. While the injected solution flows about
stagnation point, any exchange is diffusion limited. Thus,
rate of adsorption of surfactant to the silica surface is di
sion limited and defined by the equation

(1)J = 0.766v1/3R−1D2/3(αRe)1/3c,

wherev is the kinematic viscosity,D is the diffusion coef-
ficient,Reis the Reynolds number,c is the concentration o
adsorbate, andα is determined by the ratioh/R, whereh

is the distance between the surface and the inlet tube
R is the radius of the tube. The values of the variables u
in the calculation of the theoretical diffusion-limited flu
wereu = 0.0022,R = 0.0013,v = 8.93× 10−7, Re= 3.37,
a = 2 × 10−9, h = 0.0015,α = 6, and the concentratio
of the surfactant solution in kg m−3. The diffusion coeffi-
cients used for DTAB, MTAB, and CTAB monomers we
6.02× 10−10, 5.73× 10−10, and 5.50× 10−10 m2 s−1, as
reported in [18]. The diffusion coefficient for CTAC was a
sumed to be the same as CTAB. The diffusion coeffic
used for the micelles was 8.36× 10−11 m2 s−1, which was
calculated using a micelle radius of 2.9 nm [19]. At the c
centrations of surfactant and electrolyte used in this s
the diffusion coefficient of the micelles effectively rema
unchanged [20]. While the diffusion coefficients do not v
greatly from one surfactant to the next, the difference in
surfactant cmc values has a significant influence on the
culated diffusion-limited flux. This is because at the cmc
rate of increase of the theoretical flux with concentratio
decreased due to the slow diffusion of micelles when c
pared to monomers.

3. Results and discussion

3.1. Surfactant chain length

Typical data for the adsorption of the three alkyltrimeth
lammonium bromide surfactants in 10 mM KBr are p
sented in Fig. 1. The general form of the adsorption data
DTAB and MTAB is essentially the same as that descri
earlier for CTAB [9]. In order to emphasize the fast kin
ics of the adsorption process only a limited time period
presented. Before the introduction of surfactant, a base
was first recorded using the solvent; in this case, a 10
KBr solution. Surfactant was then passed into the ce
12.5 s resulting in a rapid increase in the surface exc
reaching equilibrium levels within approximately 6 s for
three surfactants. The equilibrium surface excess rema
constant whilst surfactant solution was flowing into the c
Upon 10 mM KBr being introduced into the cell, the surfa
excess rapidly dropped to levels below the detection cap
,

Fig. 1. Sample data for the adsorption of quaternary ammonium
mide surfactants at the silica–solution interface versus time in the pre
of 10 mM KBr: 0.1 mM CTAB (1), 0.8 mM MTAB (F), and 5 mM
DTAB (P). These surfactant concentrations are approximately 0.8 × cmc
of each surfactant in 10 mM KBr. The surfactant solution is first passed
the cell at∼12.5 s, leading to adsorption. The plateau level of adsorptio
maintained while the surfactant solution is flowing into the cell.

Fig. 2. Adsorption isotherms for CTAB (1), MTAB (F), and DTAB (P) in
the presence of 10 mM KBr. The dashed vertical lines represent the so
cmc for each surfactant.

ities of the instrument (not shown). Numerous experime
have been used to determine the adsorption isotherm.

In Fig. 2 the adsorption isotherms for DTAB, MTAB, an
CTAB in 10 mM KBr are presented. There is an incre
in the maximal surface excess with chain length and the
sorption isotherms are displaced to lower concentration
the chain length is increased. This effect has been rep
previously [2,3] and is attributed to the increased hydrop
bicity imparted by the progressively longer hydrocarbon t
groups. This promotes surface aggregate formation at lo
surfactant concentrations and is directly analogous to
corresponding reduction in cmc observed in solution.
surface excess decreases in the order CTAB> MTAB >

DTAB for all concentrations above 0.1 × cmc. Below this
concentration the isotherms are coincident as a fractio
the cmc.

The isotherms are most conveniently divided into th
regions: a charge neutralization region, a steeply increa
region, and a maximal surface excess region (not determ
for DTAB). The presence of a fourth region [21], at lo
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surfactant concentrations, corresponding to surface ex
values up to that required for neutralization of the native s
face charge is not disputed. However, as these surface e
values are for the most part below the sensitivity of opt
reflectometry, this region will not be examined here.

The magnitude of the surface excess in the charge
tralization region is approximately equal for the three s
factants and is most likely due to neutralization of thenative
surface charge [2]. This region of the isotherm will not
addressed here, as other techniques are more suitab
evaluating low surface excess values and the kinetic dat
such low adsorption levels is unreliable.

Hydrophobic interactions, the magnitude of which a
largely determined by the chain length, are important in
termining the characteristics of the steeply increasing re
of the adsorption isotherm as the length of the hydrocar
tail is increased. The concentration at which the surface
cess begins to increase appreciably is substantially red
and the concentration range over which the increasing
gion occurs is decreased from 12 mM for DTAB [11],
1 mM for MTAB, to 0.1 mM for CTAB, respectively. Fo
the three chain lengths investigated in the presence of
trolyte, the increasing region of the isotherm is smooth
exhibits no discontinuities. This is not the case in the
sence of electrolyte. For C16 surfactants, the surface exce
increases abruptly between 0.5 and 0.6 mM, rising from
to 3.5 µmol m−2 [9]. This is attributed to a transition from
hemimicelle to admicelle surfactant structures. The smo
form of the isotherms obtained here for the three surfact
in electrolyte suggests that the background electrolyte
bilizes interfacial structures intermediate to the hemimic
and the admicelle structures. However, the precise morp
ogy of these aggregates is not clear. Attempts to image
factant structures at low concentrations using atomic fo
microscopy have been largely unsuccessful. This is m
likely due to the insufficiently repulsive interaction of th
tip with the structures formed.

The critical surface aggregation concentration (csac
the lowest concentration at which the maximal surface
cess is obtained. It is found to be slightly higher than
solution cmc for CTAB and MTAB in the presence of 10 m
KBr. While the increase in surface excess above the
is small, this result is in contrast to results obtained in
absence of electrolyte [9,10,22]. When electrolyte is
present, the csac is approximately 0.3–0.6× cmc. Whether
the slight increase in surface excess above the cmc obs
here is due to an increase in aggregate size or greater a
gate packing density is uncertain.

The kinetics of adsorption for DTAB, MTAB, and CTAB
in 10 mM KBr are presented in Fig. 3. The initial adsorpti
rate is equal to the gradient of the linearly increasing reg
of an adsorption experiment (as per Fig. 1). For surface
cess values up to approximately 0.25 µmol m−2, electrostatic
interactions control the adsorption rate. At these surface
cess values the error in the measured adsorption rate w
high, so these results are not reported here. For surfactan
s

s

r

d

-

d
-

-

Fig. 3. Initial adsorption rate for CTAB (1), MTAB (F), and DTAB (P) in
the presence of 10 mM KBr. The dashed vertical lines represent the so
cmc for each surfactant in 10 mM KBr.

sorption that results in surface excess values of greater
0.25 µmol m−2, electrostatic and hydrophobic interactio
will contribute to the adsorption rate [14]. The higher t
final surface excess, the greater the hydrophobic cont
tion will be. The analysis of adsorption rates in this work
conducted at concentrations where hydrophobic interact
are dominant. The errors in the surface excess assoc
with these measured kinetics are much less, of the ord
0.1 µmol m−2. As the contribution from electrostatic intera
tions will not vary greatly between surfactant concentratio
differences in the measured adsorption rates are, there
primarily a consequence of the level of hydrophobic inter
tions.

Generally, adsorption increases with concentration a
expected due to the increased flux of surfactant to the
face. However therate of increase in adsorption rate wi
increasing concentration reveals details of the adsorp
process. In the vicinity of the cmc there is an abrupt
crease in the rate of adsorption for all of the surfactants. T
has been observed previously [9,10] for C16 surfactants. This
is due to the direct adsorption of micelles, which facilita
rapid and effective surface aggregate formation [14].

The comparison of the adsorption kinetics between
three surfactants is not as simple as it may first appear
the comparison to be valid it is necessary that (a) com
isons be made, not at the same concentration but rath
the same region of the adsorption isotherm, and (b) the
at which the surfactant is being delivered to the surfac
appropriately accounted for. The first of these condition
largely accomplished by normalizing the concentration a
by the cmc. The second is achieved by comparing the
tual rate of adsorption to the theoretical diffusion limit
flux to the surface. We express this ratio as the sticking
tio [9]. Put simply, a ratio of one means that every surfac
molecule that reaches the surface is adsorbed. An inc
ing sticking ratio with increasing concentration is indicat
of cooperative adsorption and a decreasing sticking r
with increasing concentration is indicative of competit
adsorption. On a charged hydrophilic surface, adsorp
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Fig. 4. Sticking ratio versus concentration normalized by the cmc
CTAB (1), MTAB (F), and DTAB (P) in the presence of 10 mM KBr
The lines are drawn to guide the eye.

kinetics that are predominantly driven by electrostatic in
actions will show competitive behavior, as surfactant mo
cules are required to compete for charged sites. Conver
on a charged hydrophilic surface, adsorption kinetics tha
driven predominantly by hydrophobic interactions will e
hibit cooperative behavior. Therefore a plot of sticking ra
versus concentration normalized by the cmc enables kin
data for surfactants of different chain lengths to be co
pared. The data of Fig. 3 is presented in this form in Fig
Additionally, it must be remembered that the cmc values
therefore the actual concentration of monomer in solutio
very different in the three cases.

With reference to Fig. 4, the first observation that can
made is that the magnitude of the sticking ratio increa
with surfactant chain length. As the chain length increa
the adsorption success increases substantially. Clearly
drophobicity is important in the initial stages of surfact
adsorption. This supports descriptions of adsorption tha
scribe the various mechanisms of adsorption as oper
concurrently [14].

Below the cmc, the sticking ratio for CTAB is seen to
increasing with concentration, indicating that the adsorp
is cooperative and the kinetics predominantly hydroph
cally driven, whereas the sticking ratio for MTAB and DTA
is decreasing with increasing concentration indicating
the adsorption process is competitive and predomina
electrostatically driven. This is further evidence that the
drophobic interactions become increasingly important as
chain length increases.

For CTAB there is a clear and marked transition in
sticking ratio at the cmc. Above the cmc the sticking ra
is greater by approximately 35% than immediately be
the cmc. This indicates that the presence of micelles in
lution greatly increases the success of adsorption on a
monomer basis. We attribute this to the direct adsorp
of micelles to the surface [9,10]. We also note that as
bulk surfactant concentration is increased and thereby
number of micelles in solution is increased the sticking r
gradually falls. This is indicative of competitive adsorpti
,

-

r

between micelles. Micelles will only adsorb in a single lay
Each adsorbing micelle will necessarily occupy a region
the surface and thereby reduce the area available for fu
adsorption and thereby inhibit adsorption of subsequen
celles.

A similar, though less marked, increase in sticking rati
the cmc is observed for MTAB, of∼25%. This is attributed
to the greater concentration of monomers in solution. At
cmc there will be competition between monomers and
celles for adsorption. This will be more significant as
chain length decreases and the cmc and the relative nu
of monomers present increases. Hence the magnitude o
change in sticking ratio at the cmc decreases with decrea
chain length. Only one datum point is available at the c
for DTAB. It was not possible to obtain more data above
cmc in this system due to optical artefacts associated
mixing induced by the large concentration of surfactan
solution.

3.2. Chloride versus bromide counterions

The adsorption isotherms on hydroxylated silica
CTAB and CTAC with no added electrolyte, CTAB
10 mM KBr and CTAC in 10 mM KCl are presented
Fig. 4. For simplicity when describing the data, CTAB
10 mM KBr and CTAC in 10 mM KCl will henceforth b
referred to as “CTAB+ KBr” and “CTAC + KCl.”

It is apparent in Fig. 5 that the maximal surface exc
is less for CTAC than for CTAB: 2.5 versus 3.5 µmol m−2.
This result agrees with data obtained by Velegol et al.
also using optical reflectometry, and is a consequence o
decreased binding efficiency of the chloride ion to the
sorbed aggregates relative to the bromide ion.

The addition of electrolyte to the CTAB system resu
in a shift of the isotherm to lower surfactant concentrati
and an increase in maximal surface excess. This is attrib
to electrostatic screening of headgroup charges and a
creased level of counter-ion binding. Both effects lead
closer packing of surfactant monomers into surface ag

Fig. 5. Adsorption isotherms for CTAB in the presence (1) and absence (2)
of 10 mM KBr and for CTAC in the presence (E) and absence (F) of
10 mM KCl.
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gates and an increase in surface excess. In comparis
the bromide ion, the chloride ion binds poorly, yet it has
same charge-screening properties; thus it is possible to s
rate the influence of the electrostatic screening from the
binding in surfactant adsorption by comparing the effect
chloride and bromide counterions on surfactant adsorp
In contrast to the bromide system we find that the maxi
surface excess is almost equivalent for CTAC and CTAC+
KCl; however, the shift of the isotherm features to low
concentrations is still observed. The shift of the feature
attributed to the electrostatic screening and the near eq
lence in the maximal surface excess is attributed to the
ion-binding in the chloride system. Thus, the structure
adsorbed aggregates is not significantly affected by the c
ride counterion. Corresponding results are observed in
bulk solution, with spherical CTAB aggregates transform
to worm like structures at 80 mM KBr, while the corr
sponding change in aggregate structure is not observe
CTAC until an electrolyte concentration of 1200 mM KCl
reached [6].

The AFM investigation of Subramanian and Ducker
indicates that chloride ions have less influence on adso
surfactant structures than bromide ions. This study repo
that the adsorbed aggregate structure did not deviate
spherical for LiCl concentrations up to at least 500 mM. T
electrolyte co-ion differed in these experiments, however
sults presented below will demonstrate that the electro
co-ion has little influence on adsorption behavior. Thus
is reasonable to assume that the adsorbed layer struct
similar for 10 mM KCl and 10 mM LiCl. This assumption
in accordance with the CTAC and CTAC+ KCl isotherms
presented in Fig. 5.

Recall (cf. Fig. 2) that the csac> cmc for CTAB and
MTAB in the presence of 10 mM KBr. This was attributed
stabilization of semiformed interfacial structures by the e
trolyte. This is not observed in Fig. 5 for the CTAC+ KCl
system. This result shows that it is not merely the prese
of electrolyte in solution that affects this stabilization, b
that the binding of the counterion to the adsorbed struc
is all-important.

The kinetics of adsorption for CTAB, CTAB+ KBr,
CTAC and CTAC+ KCl are presented in Fig. 6. It can b
seen that the addition of electrolyte leads to an increas
the initial rate of adsorption for both the CTAC and CTA
system. This can be attributed to the screening of the e
trostatic charge between the monomers and the surface.
that very early in the adsorption process the surface char
reversed as a result of surfactant adsorption. The raw ad
tion rates for the surfactant systems exhibit a clear influe
of the electrolyte type, while the surfactant plus electrol
systems appear very similar. However, as discussed e
it is more appropriate to compare the sticking ratio ver
normalized concentration. This is shown in Fig. 7. In t
figure it is readily apparent that electrolyte greatly increa
the rate of adsorption. The CTAB+ KBr result has been dis
cussed earlier in connection with Fig. 4. Briefly coopera
o

-

-

r

s

e

-

r

adsorption is seen up to the cmc, where a marked incr
in sticking ratio indicates adsorption of micelles. Above
cmc competitive adsorption between micelles is obser
In the absence of KBr, similar trends are observed up to
cmc though the magnitude of the sticking ratio is reduc
Thus we conclude that for the CTAB and CTAB+ KBr sys-
tems hydrophobic interactions are dominating the adsorp
kinetics below the cmc and micelles adsorb directly to
surface above the cmc. In the absence of KBr, no com
itive adsorption is seen between micelles. This is attribu
firstly to the lower maximal surface excess in this syste
Thus the surface is less crowded and competition for the
face is not observed and secondly to the greater propo
of monomers in the system that are competing with the
celles for adsorption.

The CTAC and CTAC+ KCl systems exhibit very dif-
ferent behavior to CTAB. In both systems there is no
crease in sticking ratio accompanying the cmc; thus th
is no evidence of substantial levels of direct micellar adso
tion. Recall that the ion binding of chloride is much reduc
compared to bromide. Therefore the CTAC micelles car

Fig. 6. Initial adsorption rate for CTAB in the presence (1) and absence (2)
of 10 mM KBr and for CTAC in the presence (E) and absence (F) of
10 mM KCl.

Fig. 7. Sticking ratio versus concentration normalized by the cmc for CT
in the presence (1) and absence (2) of 10 mM KBr and for CTAC in the
presence (E) and absence (F) of 10 mM KCl. The lines are drawn to guid
the eye.
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significantly larger surface charge than do CTAB mice
and the substrate will similarly have a greater charge. T
will result in a greater electrostatic repulsion between the
celles and the substrate (once the surface charge of the
has been reversed by adsorbed surfactant); therefore mi
adsorption will not be favored as it is in the CTAB system

In the CTAC+ KCl system below the cmc, the stickin
ratio is seen to decrease with increasing concentration
cating competitive adsorption. In contrast, in the absenc
KCl an increasing sticking ratio is seen below the cmc. T
CTAC + KCl system has a higher cmc than the CTAB+
KBr system. This results in a greater monomer concentra
competing for adsorption and is indicative of predominan
electrostatic adsorption kinetics. Similar behavior was
served with MTAB and DTAB in KBr which also have
higher cmc than the CTAB+ KBr system. Additionally the
monomers must compete with the co-ion for electrostatic
sorption sites.

In the CTAC and CTAB systems the sticking ratio is mu
lower than in the electrolyte containing systems, reflec
the increased electrostatic repulsion between monomer
the surface. Additionally, the hydrophobic contribution
adsorption will be reduced in line with the increased cm
the absence of electrolyte. However, cooperative adsorp
is observed below the cmc indicating that hydrophobic
teractions are more important than electrostatic interact
in the kinetics of adsorption for CTAC and CTAB in the a
sence of electrolyte.

3.3. The influence of the co-ion: K+, Na+, and Li+

In this section the influence of the co-ion on adsorpt
behavior is investigated. The CTAC system has been ch
to investigate this effect, as it has been demonstrated in F
and in the literature [4,8], that the addition of chloride io
has little influence on the maximal surface excess and
adsorbed aggregate morphology for CTAC.

Typical adsorption results for CTAC and CTAC in 10 m
NaCl, KCl and LiCl (henceforth referred to as CTAC a
CTAC + NaCl, CTAC + KCl and CTAC + LiCl, or col-
lectively as CTAC+ XCl) are presented in Fig. 8. Th
surfactant concentration is 0.45× cmc in each case, whic
corresponds to 0.5 mM for CTAC and 0.15 mM for CTAC+
XCl. The form of the data is not significantly different
that described previously in Fig. 1, with equilibrium reach
within a few seconds of surfactant being passed into the

The adsorption isotherms for CTAC and the CTAC+ XCl
systems were also determined (not shown). The adsor
isotherms were shifted to lower concentrations in the p
ence of electrolyte, as noted previously for K+ in Fig. 5.
Importantly, the size of this shift was independent of the
ion type. The maximal surface excess up to 10 mM XCl w
unaffected by the type of co-ion indicating that the co-
has a minimal influence on the structure of the adsorbed
gregates. The rates of adsorption for CTAC and the CTA+
XCl systems were also determined. Once again, the re
r
r

d

-

Fig. 8. Sample data for the adsorption of CTAC at the silica–solution
terface versus time with 10 mM XBr. The surfactant concentrations
approximately 0.45× cmc of each surfactant system. CTAC (0.5 mM)
the absence of electrolyte is represented byF, and 0.15 mM CTAC with
10 mM KCl, LiCl, and NaCl is represented byE, !, andP, respectively.
The surfactant solution is first passed into the cell at∼ 13.5 s leading to ad-
sorption. In all cases the equilibrium surface excess is reached within
The plateau level of adsorption is maintained while the surfactant sol
is flowing into the cell.

for the three different co-ions were alike, indicating that
co-ion species has little effect on the adsorption rate.

These results are in agreement with the AFM study
Subramanian and Ducker [8] that demonstrated that the
dition of LiCl up to a concentration of 500 mM had little e
fect on the adsorbed aggregate morphology of CTAC. T
it is expected that similar surface aggregate structures w
be present for CTAC in the presence or absence of 10
XCl.

3.4. Slow secondary surfactant adsorption

Slow secondary increases in surface excess, simila
those described previously [9,10], have been elucidate
CTAC. The concentration range for slow adsorption or
SAR appears to be somewhat larger than for CTAB
with long-term increases in surface excess observed
0.6–0.9 mM CTAC surfactant solutions. However, the m
important result obtained in this investigation of CTAC a
sorption is the first report of slow adsorption kinetics in
presence of electrolyte. This provides important clues a
the mechanism of slow adsorption.

The adsorption results presented in Fig. 9 for 0.6
0.7 mM CTAC are similar in form, with a fast initial increa
in surface excess to approximately 1.5 µmol m−2, followed
by a secondary increase to 2.5 µmol m−2 over a period of
600 s. At this time equilibrium was attained and no f
ther increases in surface excess were noted (see inset
size of the secondary increase in adsorption for these
centrations is insufficient to bring about maximal levels
coverage, as was the case for 0.6 mM CTAB [9]. It is lik
that an alternative in the adsorbed layer structure acco
for this difference. The change in surface excess that a
from secondary adsorption in the CTAC systems is less
that found previously in CTAB systems. However, the rat
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Fig. 9. Long-term adsorption results for CTAC. All CTAC solutions we
monitored for a period of 3600 s, but as equilibrium adsorption levels w
attained within 600 s, only this portion of the results is presented. The
centrations represented are 0.6 (E), 0.7 (1), 0.8 (P), and 0.9 mM (×).
Importantly, a long-term result was noted in the presence of electrolyt
CTAC, for 0.25 mM CTAC in 10 mM LiCl ("). The first 600 s of the
long-term result for 0.6 mM CTAB [9] (2) is also shown here for com
parison. The inset shows the complete adsorption experiment for 0.25
CTAC in 10 mM LiCl and shows that there is no increase in surface ex
after approximately 600 s.

which the secondary adsorption proceeds is similar, as
be seen in Fig. 9.

The rates of slow adsorption observed for 0.8 and 0.9
CTAC and 0.25 mM CTAC in the presence of LiCl are ve
similar. For these concentrations the fast initial increas
to a surface excess of 2.5 µmol m−2, so a more complet
interfacial structure is present after the primary increas
adsorption than for the slightly lower concentrations. T
magnitude of the secondary adsorption is decreased to
proximately 0.5 µmol m−2 for these concentrations, but th
is sufficient to bring about maximal coverage of the subst
for the CTAC and CTAC+ LiCl systems.

For both CTAC and CTAC+ LiCl the long-term in-
creases in adsorption occur in the vicinity of the csac (as
the case for CTAB). The similarity in form of the data o
tained for CTAB and CTAC supports the adsorption mo
postulated previously [9,10,14]. The fast initial increase
surface excess corresponds to neutralization and revers
the exchangeable surface charge due to hydrophobic ad
tion. The secondary increase in surface excess occu
continued hydrophobic adsorption of monomers leads to
formation of complete (or perhaps semicomplete for CTA
aggregates.

The observation of slow adsorption kinetics for CTAC
the presence of LiCl demonstrates that long-term incre
in adsorption can occur in the presence of electrolyte,
vided the electrolyte does not significantly alter the surf
structure. Recall that the addition of 10 mM LiCl to CTA
solutions has no effect on the equilibrium surface exc
and the adsorbed structure, nor does it permit increas
surface excess above the cmc. Thus, while the presen
10 mM LiCl diminishes the electrostatic repulsion an a
sorbing monomer experiences in the secondary adsor
-

f
-
s

f

phase, the same structural barriers to adsorption are pr
as in the absence of electrolyte. This is evidence that it is
structural barrier to adsorption that is critical for the pr
ence of a slow adsorption region in the isotherm.

Why then have long-term increases in adsorption
been elucidated for the other electrolyte co-ions? First,+
and Na+ may have a small influence on the adsorbed sur
tant morphology that is not revealed by a change in sur
excess, and this change in morphology may permit m
rapid adsorption to occur. Second, the addition of electro
not only lowers the solution cmc, but also narrows the c
centration range of the increasing region of the isothe
cf. Fig. 5. From a practical viewpoint this reduces the po
bility of locating a concentration where long-term increa
in adsorption occur. It is likely that with sufficiently precis
investigations, an SAR could be found for NaCl, KCl a
could be better defined for LiCl.

4. Conclusions

Increasing the length of the surfactant hydrocarbon
results in the adsorption isotherm being displaced to lo
concentrations and an increase in the maximal surface
cess. The addition of 10 mM KBr shifts the CTAB a
sorption isotherm to lower concentrations and increases
maximal surface excess, therefore having a similar influe
to an increase in chain length. The shift of the isotherm
lower concentrations is due to electrostatic screening o
headgroup charge which enables monomers to aggreg
lower surfactant concentrations. The increase in the m
mal surface excess is associated with a change in stru
of the adsorbed aggregates due to an increase in ion bin
For CTAC, while the addition of 10 mM KCl does shift th
isotherm to lower concentrations, there is no correspon
elevation in the maximal surface excess. This is a co
quence of the decreased binding efficiency of the chlo
ion relative to the bromide ion. The bromide ion is able
drive a change in the surface aggregate structure, while
chloride ion is not. The co-ion species has been foun
have little effect on the adsorption characteristics of CTA
up to a bulk concentration of 10 mM XCl.

The rate of adsorption data shows that at any conce
tion longer chain length surfactants have a greater initial
of adsorption. Thus hydrophobic interactions are seen t
increasingly important in the initial adsorption process as
vealed by cooperative adsorption. The addition of electro
results in an increase in the adsorption rate due to a dec
in the electrostatic repulsion between the surfactant and
surface. The counterion also has important influences on
adsorption process as revealed by the adsorption kine
The high degree of ion binding of the bromide ion resu
in significant numbers of micelles adsorbing directly to
substrate. Additionally, the counterion type influences
adsorption kinetics below the cmc.
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An SAR, previously reported for CTAB and CPBr, h
also been detected for CTAC. Importantly, a slow adsorp
result has been obtained for CTAC in the presence of 10
LiCl. This indicates that the origin of the slow adsorpti
kinetics is unlikely to be electrostatic in origin, and due
an energetic barrier associated with the need for a mono
to adopt a favorable orientation in the adsorbed aggre
structure.
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