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Abstract

The equilibrium and kinetic aspects of the adsorption of alkyltrimethylammonium surfactants at the silica—aqueous solution interface have
been investigated using optical reflectometry. The effect of added electrolyte, the length of the hydrocarbon chain, and of the counter- and cc
ions has been elucidated. Increasing the length of the surfactant hydrocarbon chain results in the adsorption isotherm being displaced to low
concentrations. The adsorption kinetics indicate that above the cmc micelles are adsorbing directly to the surface and that as the chain leng
increases the hydrophobicity of the surfactant has a greater influence on the adsoption kinetics. While the addition of 10 mM KBr increases
the CTAB maximal surface excess, there is no corresponding increase for the addition of 10 mM KCI to the CTAC system. This is attributed
to the decreased binding efficiency of the chloride ion relative to the bromide ion. Variations in the co-ion species (Li, Na, K) have little
effect on the adsorption rate and surface excess of CTAC up to a bulk electrolyte concentration of 10 mM. However, the rate of adsorption
is increased in the presence of electrolyte. Slow secondary adsorption is seen over a range of concentrations for CTAC in the absence
electrolyte and importantly in the presence of LiCl; the origin of this slow adsorption is attributed to a structural barrier to adsorption.
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1. Introduction four methylene units, from {3 to Cy6, lowers the concentra-
tion at which characteristic features of the isotherm occur by
The physicochemical characteristics of a surfactant mon- approximately an order of magnitude. This corresponds to
omer in solution determine the hydrophobicity of the mole- the reduction in solution cmc. Lajtar et al. [3] noted a qualita-
cule and the morphology of the surfactant aggregate. Changeiévely similar effect upon the addition of only two methylene
in the structure of surfactant aggregates can be related tounits. The addition of electrolyte has an influence similar to
variations in the packing parameter, induced by altering the increasing the hydrocarbon chain length. Electrolyte “salts
effective physical dimensions of the monomer (e.g., chain out” the hydrocarbon chains of the surfactant and therefore
or headgroup size) or the solution conditions (electrolyte or results in adsorption at lower concentrations. Additionally,
temperature) [1]. ion binding and charge screening influence the kinetics of
The hydrocarbon chain length is of critical importance in adsorption and the packing of surfactant monomers into ag-
determining the adsorption behavior of a surfactant. Goloub gregates.
and Koopal [2] demonstrated that for adsorption to amor- The influence of counterion identity, as well as surfactant

phous silica, increasing the chain length of the monomer by and electrolyte concentration, on the adsorbed layer mor-
phology of CTA" was investigated in the previous study of
Velegol et al. [4] using AFM and optical reflectometry. For
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the spacing between the surface aggregates. When the courface aggregation concentration (csac), where long-term sec-
terion was changed from bromide to chloride, the CTAC ondary increases in adsorption were noted. This region of the
surface aggregates were approximately spherical for bothisotherm is known as the slow adsorption region (SAR). The
concentrations, and once again the presence of electrolytéSAR is a mechanistic cusp between two thermodynamically
did not significantly change the aggregate structure. Thesestable interfacial structures [9,10]. The effect of counterion
results were rationalized by the greater binding efficiency and co-ion variation on the SAR will also be investigated in
of bromide over chloride [5-7]. This leads to a reduction in this paper.
the headgroup area and enables bromide ions to stabilize the
lower curvature cylindrical surface aggregates. Using opti-
cal reflectometry, it was shown that the change in surface 2. Materialsand methods
aggregate structure from spheres to cylinders (for CTAC and
CTAB, respectively) corresponded to the surface excess in-  Cetyltrimethylammonium bromide ¢(€TAB or CTAB),
creasing by two thirds. myristyltrimethylammonium bromide (GTAB or MTAB),
Subramanian and Ducker [8] also investigated the effect dodecyltrimethylammonium bromide {€TAB or DTAB),
of various electrolytes on the adsorbed structure of €TA and cetyltrimethylammonium chloride (CTAC) (all with pu-
and have extended this explanation. In this case the authorsity greater than 99%) were obtained from Aldrich, recrys-
interpreted similar results on the basis of the “hardness” of tallized twice from acetone, and freeze-dried prior to use.
the ion. It was found that soft, polarizable (e.g., Blions KBr, KCI, and LiCl (Analytical Grade) were obtained from
were more effective than hard counterions (e.g.3Ca0 ™, Aldrich and were oven-baked for 24 h at 60D to remove
Cl7) at inducing shape changes in admicelles, namely aorganic contaminants. All water used was filtered, distilled,
sphere-to-cylinder transition. It was suggested that as hardand passed through a Millipore filtration unit before use. The
anions strongly bind water they are relatively unavailable cmc values for each surfactant were determined from con-
for binding to surfactant cations. Soft counterions, which ductivity measurements.
interact weakly with water, associate more readily with the  Silicon wafers were baked at 1000 for 100 min in an
surfactant. Binding of counterions lowers the repulsive force oxygen atmosphere to produce an oxide layer ¢%iSur-
between headgroups, permitting the formation of the lower faces with lower hydroxyl group density are obtained upon
curvature cylindrical aggregates. baking due to condensation reactions at the silica surface that
In the current investigation the influence of the surfactant result in the formation of siloxane bonds [15]. When used in
chain length, the species of counterion and the presence othis state we call the silica pyrogenic. Pyrogenic silica will
electrolyte on the adsorption kinetics and equilibrium sur- slowly rehydroxylate when immersed in water resulting in
face excess of quaternary ammonium surfactants on hydrox-what is termed hydroxylated silica. Hydroxylated silica was
ylated silica is studied. The influence of co-ions will also be prepared here by soaking pyrogenic silica in water for 48 h,
studied, as it has been suggested [8] that hard co-ions (e.g.followed by treatment with 10 wt% NaOH for 30 s, rins-
Li*) should have the lowest affinity for the silica and micelle ing in water and then ethanol before drying under a nitrogen
surfaces and therefore have the least effect on adsorptiorstream. All silica used in this study was of the hydroxylated
phenomena. Importantly, identical substrates were used forform. The thickness of the oxide layer present on the silicon
all experiments, as comparison of results obtained in somewafer was determined ellipsometrically using an Auto EL-II
previous adsorption investigations on silica have been com-automatic ellipsometer (Rudolf Research) to be 2@5nm.
plicated by variability in the properties of the substrate. This The refractive indices of silica and silicon used in the deter-
variability can arise from the method of substrate prepara- mination of surface excess were 1.46 and 3.8, respectively.
tion [9-11] or the cleaning procedures prior to use [4,11,12].  The optical reflectometry technique used follows that
Additionally, Goloub et al. have suggested that these prob- used by Dijt et al. [16] and has been detailed in a previous pa-
lems have often been extenuated by poor control of the solu-per [9]. Reflectometry relies on the changes in the reflective
tion conditions, especially for depletion experiments [13].  properties of a substrate upon adsorption of a material. In
Particular attention will be given to the adsorption kinet- a typical reflectometry experiment the cell initially contains
ics, which has not previously been studied as a function of only water (or electrolyte solution) while a stable baseline
chain length for ionic surfactants or co-ion type. Optical re- is recorded. Surfactant (or surfactant and electrolyte) solu-
flectometry is well suited to kinetic studies of adsorption as tion is then passed into the cell via a two-way valve and the
it has high temporal resolution and the experimentally de- change in the ratio of the two perpendicular polarizations of
termined adsorption rates can be compared to the diffusionthe laser beam recorded, which is proportional to the surface
limited flux to the surface. This allows the adsorption mech- excess. The reflectometer is entirely contained in an incuba-
anism to be commented upon [14]. The adsorption kinetics tor, allowing the temperature to be accurately maintained at
of cationic Gg surfactants has been extensively described 25+ 0.1°C.
previously [4,9,10]. In general, adsorption times were found  The hydrodynamics and deposition of colloidal particles
to be rapid, on the order of a few seconds, save for a nar-in a stagnation point flow have been investigated by Dabros
row concentration range in the vicinity of the critical sur- and van de Ven [17]. The current investigation is concerned
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only with their final equations describing diffusive mass
transport, and simplifications that can be made when sur-
factant molecules are used in place of colloidal particles.
The hydrodynamics associated with stagnation point flow
are well defined. While the injected solution flows about the
stagnation point, any exchange is diffusion limited. Thus, the
rate of adsorption of surfactant to the silica surface is diffu-
sion limited and defined by the equation

J =0.76603R"1D?3aReY3c, (1)

wherev is the kinematic viscosityD is the diffusion coef-
ficient, Reis the Reynolds number,is the concentration of
adsorbate, and is determined by the ratié/R, whereh

is the distance between the surface and the inlet tube, an
R is the radius of the tube. The values of the variables used
in the calculation of the theoretical diffusion-limited flux
wereu = 0.0022,R = 0.0013,v = 8.93x 10/, Re= 3.37,
a=2x10"9 h=0.0015,«a = 6, and the concentration
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Fig. 1. Sample data for the adsorption of quaternary ammonium bro-

C{nide surfactants at the silica—solution interface versus time in the presence

of 10 mM KBr: 0.1 mM CTAB (J), 0.8 mM MTAB (4), and 5 mM
DTAB (A). These surfactant concentrations are approximatedy<@&mc

of each surfactant in 10 mM KBr. The surfactant solution is first passed into
the cell at~12.5 s, leading to adsorption. The plateau level of adsorption is
maintained while the surfactant solution is flowing into the cell.

of the surfactant solution in kgn3. The diffusion coeffi-
cients used for DTAB, MTAB, and CTAB monomers were
6.02 x 10710, 5,73 x 10710, and 550 x 1071° m?s71, as
reported in [18]. The diffusion coefficient for CTAC was as-
sumed to be the same as CTAB. The diffusion coefficient
used for the micelles was® x 10~ m?s~1, which was
calculated using a micelle radius of 2.9 nm [19]. At the con-
centrations of surfactant and electrolyte used in this study
the diffusion coefficient of the micelles effectively remains
unchanged [20]. While the diffusion coefficients do not vary
greatly from one surfactant to the next, the difference in the
surfactant cmc values has a significant influence on the cal-
culated diffusion-limited flux. This is because at the cmc the
rate of increase of the theoretical flux with concentration is
decreased due to the slow diffusion of micelles when com-
pared to monomers.
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Fig. 2. Adsorption isotherms for CTABY), MTAB (@), and DTAB (1) in
the presence of 10 mM KBr. The dashed vertical lines represent the solution
cmc for each surfactant.

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

In Fig. 2 the adsorption isotherms for DTAB, MTAB, and
CTAB in 10 mM KBr are presented. There is an increase
in the maximal surface excess with chain length and the ad-

Typical data for the adsorption of the three alkyltrimethy- sorption isotherms are displaced to lower concentrations as
lammonium bromide surfactants in 10 mM KBr are pre- the chain length is increased. This effect has been reported
sented in Fig. 1. The general form of the adsorption data for previously [2,3] and is attributed to the increased hydropho-
DTAB and MTAB is essentially the same as that described bicity imparted by the progressively longer hydrocarbon tail-
earlier for CTAB [9]. In order to emphasize the fast kinet- groups. This promotes surface aggregate formation at lower
ics of the adsorption process only a limited time period is surfactant concentrations and is directly analogous to the
presented. Before the introduction of surfactant, a baselinecorresponding reduction in cmc observed in solution. The
was first recorded using the solvent; in this case, a 10 mM surface excess decreases in the order CTABITAB >
KBr solution. Surfactant was then passed into the cell at DTAB for all concentrations above.Dx cmc. Below this
12.5 s resulting in a rapid increase in the surface excess,concentration the isotherms are coincident as a fraction of
reaching equilibrium levels within approximately 6 s for all the cmc.
three surfactants. The equilibrium surface excess remained The isotherms are most conveniently divided into three
constant whilst surfactant solution was flowing into the cell. regions: a charge neutralization region, a steeply increasing
Upon 10 mM KBr being introduced into the cell, the surface region, and a maximal surface excess region (not determined
excess rapidly dropped to levels below the detection capabil-for DTAB). The presence of a fourth region [21], at low

3. Resultsand discussion

3.1. Surfactant chain length
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surfactant concentrations, corresponding to surface excess; °
values up to that required for neutralization of the native sur- ¢ &r
face charge is not disputed. However, as these surface excesg 7 [
values are for the most part below the sensitivity of optical
reflectometry, this region will not be examined here.

The magnitude of the surface excess in the charge neu-

tralization region is approximately equal for the three sur-
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surface charge [2]. This region of the isotherm will not be & < . A N A

addressed here, as other techniques are more suitable fo€ 1 | W o

evaluating low surface excess values and the kinetic data for= ¢ = o —cagenO® SN :

such low adsorption levels is unreliable. 0.001 0.01 0.1 1 10
Hydrophobic interactions, the magnitude of which are Concentration (mM)

largely determined by the chain length, are important in de- Fig. 3. Initial adsorption rate for CTAEY), MTAB (4), and DTAB (4) in

termining the C_har_aCtenStICS of the steeply increasing region the presence of 10 mM KBr. The dashed vertical lines represent the solution
of the adsorption isotherm as the length of the hydrocarbon cme for each surfactant in 10 mM KBr.

tail is increased. The concentration at which the surface ex-

cess begins to increase appreciably is substantially reducedorption that results in surface excess values of greater than
and the concentration range over which the increasing re-0.25 umoln12, electrostatic and hydrophobic interactions
gion occurs is decreased from 12 mM for DTAB [11], to  will contribute to the adsorption rate [14]. The higher the
1 mM for MTAB, to 0.1 mM for CTAB, respectively. For  final surface excess, the greater the hydrophobic contribu-
the three chain lengths investigated in the presence of elec+ion will be. The analysis of adsorption rates in this work is
trolyte, the increasing region of the isotherm is smooth and conducted at concentrations where hydrophobic interactions
exhibits no discontinuities. This is not the case in the ab- gre dominant. The errors in the surface excess associated
sence of electrolyte. For4g surfactants, the surface excess with these measured kinetics are much less, of the order of
increases abruptly between 0.5 and 0.6 mM, rising from 1.5 0.1 ymol nT2. As the contribution from electrostatic interac-
to 3.5 umolnT2 [9]. This is attributed to a transition from  tions will not vary greatly between surfactant concentrations,
hemimicelle to admicelle surfactant structures. The smooth differences in the measured adsorption rates are, therefore,
form of the isotherms obtained here for the three surfactantsprimarily a consequence of the level of hydrophobic interac-
in electrolyte suggests that the background electrolyte sta-tions.
bilizes interfacial structures intermediate to the hemimicelle  Generally, adsorption increases with concentration as is
and the admicelle structures. However, the precise morphol-expected due to the increased flux of surfactant to the sur-
ogy of these aggregates is not clear. Attempts to image sur-face. However theate of increase in adsorption rate with
factant structures at low concentrations using atomic force increasing concentration reveals details of the adsorption
microscopy have been largely unsuccessful. This is mostprocess. In the vicinity of the cmc there is an abrupt in-
likely due to the insufficiently repulsive interaction of the crease in the rate of adsorption for all of the surfactants. This
tip with the structures formed. has been observed previously [9,10] fagGurfactants. This
The critical surface aggregation concentration (csac) is is due to the direct adsorption of micelles, which facilitates
the lowest concentration at which the maximal surface ex- rapid and effective surface aggregate formation [14].
cess is obtained. It is found to be slightly higher than the  The comparison of the adsorption kinetics between the
solution cmc for CTAB and MTAB in the presence of L0 mM  three surfactants is not as simple as it may first appear. For
KBr. While the increase in surface excess above the cmcthe comparison to be valid it is necessary that (a) compar-
is small, this result is in contrast to results obtained in the isons be made, not at the same concentration but rather in
absence of electrolyte [9,10,22]. When electrolyte is not the same region of the adsorption isotherm, and (b) the rate
present, the csac is approximately 0.3-% cmc. Whether at which the surfactant is being delivered to the surface is
the slight increase in surface excess above the cmc observedppropriately accounted for. The first of these conditions is
here is due to an increase in aggregate size or greater aggrdargely accomplished by normalizing the concentration axis
gate packing density is uncertain. by the cmc. The second is achieved by comparing the ac-
The kinetics of adsorption for DTAB, MTAB, and CTAB  tual rate of adsorption to the theoretical diffusion limited
in 10 mM KBr are presented in Fig. 3. The initial adsorption flux to the surface. We express this ratio as the sticking ra-
rate is equal to the gradient of the linearly increasing region tio [9]. Put simply, a ratio of one means that every surfactant
of an adsorption experiment (as per Fig. 1). For surface ex- molecule that reaches the surface is adsorbed. An increas-
cess values up to approximately 0.25 pmofirelectrostatic ing sticking ratio with increasing concentration is indicative
interactions control the adsorption rate. At these surface ex-of cooperative adsorption and a decreasing sticking ratio
cess values the error in the measured adsorption rate will bewith increasing concentration is indicative of competitive
high, so these results are not reported here. For surfactant adadsorption. On a charged hydrophilic surface, adsorption
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2 between micelles. Micelles will only adsorb in a single layer.
1} Each adsorbing micelle will necessarily occupy a region of
a) the surface and thereby reduce the area available for further
%08 I . adsorption and thereby inhibit adsorption of subsequent mi-
’-;0 6 DDEﬁ:'D celles.
£ o2 A similar, though less marked, increase in sticking ratio at
'-“5-’0.4 I ° the cmc is observed for MTAB, of25%. This is attributed
\‘\‘\ﬁ\ to the greater concentration of monomers in solution. At the
0.2 cmc there will be competition between monomers and mi-
A—p—a ) celles for adsorption. This will be more significant as the
°0 o1 04 ] 10 chain length decreases and the cmc and the relative number
' Concentration (lcmc) of monomers present increases. Hence the magnitude of the

change in sticking ratio at the cmc decreases with decreasing
Fig. 4. Sticking ratio versus concentration normalized by the cmc for chain length. Only one datum point is available at the cmc
CTAB (O), MTAB (#), and DTAB () in the presence of 10 mM KBr.  ¢or DTAB. |t was not possible to obtain more data above the
The lines are drawn to guide the eye. . . . . .

cmc in this system due to optical artefacts associated with

mixing induced by the large concentration of surfactant in
kinetics that are predominantly driven by electrostatic inter- gsg|ution.

actions will show competitive behavior, as surfactant mole-

cules are required to compete for charged sites. Converselyg 2. Chloride versus bromide counterions

on a charged hydrophilic surface, adsorption kinetics that are

driven predominantly by hydrophobic interactions will ex- The adsorption isotherms on hydroxylated silica for
hibit cooperative behavior. Therefore a plot of sticking ratio cTAB and CTAC with no added electrolyte, CTAB in

versus concentration normalized by the cmc enables kinetic1o mM KBr and CTAC in 10 mM KCI are presented in

data for surfactants of different chain lengths to be com- fig. 4. For simplicity when describing the data, CTAB in

pared. The data of Fig. 3 is presented in this form in Fig. 4. 10 mM KBr and CTAC in 10 mM KCI will henceforth be
Additionally, it must be remembered that the cmc values and eferred to as “CTAB+ KBr” and “CTAC + KCI.”

therefore the actual concentration of monomer in solutionis |t js apparent in Fig. 5 that the maximal surface excess

very different in the three cases. is less for CTAC than for CTAB: 2.5 versus 3.5 umotfn
With reference to Fig. 4, the first observation that can be Thjs result agrees with data obtained by Velegol et al. [4],
made is that the magnitude of the sticking ratio increases a|so using optical reflectometry, and is a consequence of the
with surfactant chain length. As the chain length increases gecreased binding efficiency of the chloride ion to the ad-
the adsorption success increases substantially. Clearly, hysorped aggregates relative to the bromide ion.
drophobicity is important in the initial stages of surfactant  The addition of electrolyte to the CTAB system results
adsorption. This supports descriptions of adsorption that de-jn 5 shift of the isotherm to lower surfactant concentrations
scribe the various mechanisms of adsorption as operatingand an increase in maximal surface excess. This is attributed
concurrently [14]. to electrostatic screening of headgroup charges and an in-
Below the cmc, the sticking ratio for CTAB is seen to be  creased level of counter-ion binding. Both effects lead to a

increasing with concentration, indicating that the adsorption cjoser packing of surfactant monomers into surface aggre-
is cooperative and the kinetics predominantly hydrophobi-

cally driven, whereas the sticking ratio for MTAB and DTAB 6 CTAB+ CTAC+ oo oo

is decreasing with increasing concentration indicating that 10mM KBr 10MMKC! “omeemo

the adsorption process is competitive and predominantly & 5r e S T

electrostatically driven. This is further evidence that the hy- 3 , | D@I‘ : ! :

drophobic interactions become increasingly important as the & P | T '!' ", "

chain length increases. g3r : oo 4 Y 2
For CTAB there is a clear and marked transition in the ) e I S : o : :

sticking ratio at the cmc. Above the cmc the sticking ratio g “ [ == RN DN e | [

is greater by approximately 35% than immediately below € 1 kb o ¢ <><’:’ e I

the cmc. This indicates that the presence of micelles in so- @ o god S . % u ! ! !

lution greatly increases the success of adsorption on a per 0 . . . !

monomer basis. We attribute this to the direct adsorption ~ 0-001 0.01 0.1 1 10

of micelles to the surface [9,10]. We also note that as the Concentration (mM)

bulk surfaCta_‘nt Conlcentrat!on .|s.|ncreased and .th(:f'reby t_heFig. 5. Adsorption isotherms for CTAB in the presené &nd absencdl)
number of micelles in solution is increased the sticking ratio of 10 mm KBr and for CTAC in the presence’f) and absencedp) of
gradually falls. This is indicative of competitive adsorption 10 mMm KCl.
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gates and an increase in surface excess. In comparison t@adsorption is seen up to the cmc, where a marked increase
the bromide ion, the chloride ion binds poorly, yet it has the in sticking ratio indicates adsorption of micelles. Above the
same charge-screening properties; thus it is possible to sepaemc competitive adsorption between micelles is observed.
rate the influence of the electrostatic screening from the ion In the absence of KBr, similar trends are observed up to the
binding in surfactant adsorption by comparing the effects of cmc though the magnitude of the sticking ratio is reduced.
chloride and bromide counterions on surfactant adsorption. Thus we conclude that for the CTAB and CTABKBTr sys-

In contrast to the bromide system we find that the maximal tems hydrophobic interactions are dominating the adsorption
surface excess is almost equivalent for CTAC and CHAC  kinetics below the cmc and micelles adsorb directly to the
KCI; however, the shift of the isotherm features to lower surface above the cmc. In the absence of KBr, no compet-
concentrations is still observed. The shift of the features is itive adsorption is seen between micelles. This is attributed
attributed to the electrostatic screening and the near equivafirstly to the lower maximal surface excess in this system.
lence in the maximal surface excess is attributed to the low Thus the surface is less crowded and competition for the sur-
ion-binding in the chloride system. Thus, the structure of face is not observed and secondly to the greater proportion
adsorbed aggregates is not significantly affected by the chlo-of monomers in the system that are competing with the mi-
ride counterion. Corresponding results are observed in thecelles for adsorption.

bulk solution, with spherical CTAB aggregates transformed  The CTAC and CTAC+ KCI systems exhibit very dif-

to worm like structures at 80 mM KBr, while the corre- ferent behavior to CTAB. In both systems there is no in-
sponding change in aggregate structure is not observed forcrease in sticking ratio accompanying the cmc; thus there
CTAC until an electrolyte concentration of 1200 mM KClis is no evidence of substantial levels of direct micellar adsorp-
reached [6]. tion. Recall that the ion binding of chloride is much reduced

The AFM investigation of Subramanian and Ducker [8] compared to bromide. Therefore the CTAC micelles carry a
indicates that chloride ions have less influence on adsorbed
surfactant structures than bromide ions. This study reported ; _ cTAB+  CTAC+ CTAB GTAC

. . —_ 10 mM 10mM KCI
that the adsorbed aggregate structure did not deviate fromv, KBr cmc cme me - cme .
spherical for LiCl concentrations up to at least 500 mM. The & & :
electrolyte co-ion differed in these experiments, however, re- £
sults presented below will demonstrate that the electrolyte
co-ion has little influence on adsorption behavior. Thus, it
is reasonable to assume that the adsorbed layer structure i
similar for 10 mM KCl and 10 mM LiCl. This assumption is
in accordance with the CTAC and CTAE KCI isotherms
presented in Fig. 5.

Recall (cf. Fig. 2) that the csae cmc for CTAB and
MTAB in the presence of 10 mM KBr. This was attributed to 0.01 oA 1 10
stabilization of semiformed interfacial structures by the elec- Concentration (mM)
trolyte. This is not observed in Fig. 5 for the CTAEKCI
system. This result shows that it is not merely the presenceFig. 6. Initial adsorption rate for' CTAB in the presenté) @nd absencdl)
of electrolyte in solution that affects this stabilization, but ig%ﬁ)me:lKBr and for CTAC in the presence) and absencedy) of
that the binding of the counterion to the adsorbed structure '
is all-important. 12

The kinetics of adsorption for CTAB, CTAB- KBr,
CTAC and CTAC+ KCI are presented in Fig. 6. It can be Tr
seen that the addition of electrolyte leads to an increase in
the initial rate of adsorption for both the CTAC and CTAB
system. This can be attributed to the screening of the elec-2o6 | o
trostatic charge between the monomers and the surface. Note§
that very early in the adsorption process the surface charge is? 94 |
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reversed as a result of surfactant adsorption. The raw adsorp- 0z |

tion rates for the surfactant systems exhibit a clear influence e F’ '

of the electrolyte type, while the surfactant plus electrolyte 0 . .

systems appear very similar. However, as discussed earlier  0.01 0.1 1 10
it is more appropriate to compare the sticking ratio versus Congentration (/cmc)

norma,llzled Concentratlon' This is shown in Fig. 7 In this Fig. 7. Sticking ratio versus concentration normalized by the cmc for CTAB
figure it is readily a}pparent that electrolyte greatly INCreASES in the presencel{) and absenceM) of 10 mM KBr and for CTAC in the
the rate of adsorption. The CTAB KBr result has been dis-  presence(>) and absenced¥) of 10 mM KCI. The lines are drawn to guide
cussed earlier in connection with Fig. 4. Briefly cooperative the eye.
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significantly larger surface charge than do CTAB micelles 13288
and the substrate will similarly have a greater charge. This ¢ . | . s 2 % 6 o0 0 o o
will resultin a greater electrostatic repulsion between the mi- § s & &
celles and the substrate (once the surface charge of the Iatteré 1 ]
has been reversed by adsorbed surfactant); therefore micellarg ]
adsorption will not be favored as it is in the CTAB system. ¢ o5 3

In the CTAC + KCI system below the cmc, the sticking E $
ratio is seen to decrease with increasing concentration indi- g ob-s-o-% .
cating competitive adsorption. In contrast, in the absence of ¢
KCl an increasing sticking ratio is seen below the cmc. The 05 . . . . . . ]
CTAC + KCI system has a higher cmc than the CTAB 13 13.5 14 14.5 15 15.5 16 16.5
KBr system. This results in a greater monomer concentration Time (s)

competlng_for adSOI’p_tIOI’l .and.IS Indl,caftlve of pre,dommantly Fig. 8. Sample data for the adsorption of CTAC at the silica—solution in-
electrostatic adsorption kinetics. Similar behavior was 0b- tgrface versus time with 10 mM XBr. The surfactant concentrations are
served with MTAB and DTAB in KBr which also have a  approximately 35 x cmc of each surfactant system. CTAC (0.5 mM) in
higher cmc than the CTAB- KBr system. Additionally the the absence of electrolyte is represented@pyand 0.15 mM CTAC with

monomers must compete with the co-ion for electrostatic ad- 10 MM KCl, LiCl, and NaCl is represented ks, O, and4, respectively.
. . The surfactant solution is first passed into the ceft dt3.5 s leading to ad-
sorption sites.

L L sorption. In all cases the equilibrium surface excess is reached within 3 s.
In the CTAC and CTAB systems the sticking ratio is much  the plateau level of adsorption is maintained while the surfactant solution

lower than in the electrolyte containing systems, reflecting is flowing into the cell.

the increased electrostatic repulsion between monomers and

the surface. Additionally, the hydrophobic contribution to for the three different co-ions were alike, indicating that the
adsorption will be reduced in line with the increased cmc in ¢g-jon species has little effect on the adsorption rate.

the absence of electrolyte. However, cooperative adsorption These results are in agreement with the AFM study of
is observed below the cmc indicating that hydrophobic in- Subramanian and Ducker [8] that demonstrated that the ad-
teractions are more important than electrostatic interactionsgition of LiCl up to a concentration of 500 mM had little ef-

in the kinetics of adsorption for CTAC and CTAB in the ab-  fect on the adsorbed aggregate morphology of CTAC. Thus,

sence of electrolyte. it is expected that similar surface aggregate structures would
be present for CTAC in the presence or absence of 10 mM
3.3. The influence of the co-ionKNa", and Li" XCl.

In this section the influence of the co-ion on adsorption 3.4. Slow secondary surfactant adsorption
behavior is investigated. The CTAC system has been chosen
to investigate this effect, as it has been demonstratedin Fig.5  Slow secondary increases in surface excess, similar to
and in the literature [4,8], that the addition of chloride ions those described previously [9,10], have been elucidated for
has little influence on the maximal surface excess and theCTAC. The concentration range for slow adsorption or the
adsorbed aggregate morphology for CTAC. SAR appears to be somewhat larger than for CTAB [9],

Typical adsorption results for CTAC and CTAC in 10 mM  with long-term increases in surface excess observed for
NaCl, KCI and LiCl (henceforth referred to as CTAC and 0.6-0.9 mM CTAC surfactant solutions. However, the most
CTAC + NaCl, CTAC + KCI and CTAC + LiCl, or col- important result obtained in this investigation of CTAC ad-
lectively as CTAC+ XCI) are presented in Fig. 8. The sorption is the first report of slow adsorption kinetics in the
surfactant concentration is4b x cmc in each case, which  presence of electrolyte. This provides important clues as to
correspondsto 0.5 mM for CTAC and 0.15 mM for CTAC the mechanism of slow adsorption.
XCI. The form of the data is not significantly different to The adsorption results presented in Fig. 9 for 0.6 and
that described previously in Fig. 1, with equilibrium reached 0.7 mM CTAC are similar in form, with a fast initial increase
within a few seconds of surfactant being passed into the cell.in surface excess to approximately 1.5 umofnfollowed

The adsorption isotherms for CTAC and the CTACXCI by a secondary increase to 2.5 umolfover a period of
systems were also determined (not shown). The adsorption600 s. At this time equilibrium was attained and no fur-
isotherms were shifted to lower concentrations in the pres- ther increases in surface excess were noted (see inset). The
ence of electrolyte, as noted previously fof Kn Fig. 5. size of the secondary increase in adsorption for these con-
Importantly, the size of this shift was independent of the co- centrations is insufficient to bring about maximal levels of
ion type. The maximal surface excess up to 10 mM XCl was coverage, as was the case for 0.6 mM CTAB [9]. It is likely
unaffected by the type of co-ion indicating that the co-ion that an alternative in the adsorbed layer structure accounts
has a minimal influence on the structure of the adsorbed ag-for this difference. The change in surface excess that arises
gregates. The rates of adsorption for CTAC and the CFAC  from secondary adsorption in the CTAC systems is less than
XCI systems were also determined. Once again, the resultsthat found previously in CTAB systems. However, the rate at
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u 0 , X T excess, and this change in morphology may permit more

[;Q . 0 500 1000 1500 rapid adsorption to occur. Second, the addition of electrolyte

not only lowers the solution cmc, but also narrows the con-

centration range of the increasing region of the isotherm;

cf. Fig. 5. From a practical viewpoint this reduces the possi-

Fig. 9. Long-term adsorption results for CTAC. All CTAC solutions were  Dility of locating a concentration where long-term increases
monitored for a period of 3600 s, but as equilibrium adsorption levels were in adsorption occur. It is likely that with sufficiently precise

attained within 600 s, only this portion of the results is presented. The con- jnvestigations, an SAR could be found for NaCl, KCI and

centrations represented are 0, 0.7 (J), 0.8 (A), and 0.9 mM ). could be better defined for LiCl
Importantly, a long-term result was noted in the presence of electrolyte for '

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]R) is also shown here for com-

parison. The inset shows the complete adsorption experiment for 0.25 mM 4. Conclusions
CTAC in 10 mM LiCl and shows that there is no increase in surface excess

after approximately 600 s.

3.5 OO phgse, the same structural barrierg tq adsprption are.p.resent
T3 Xxxxxxﬁﬁgﬁﬁéﬁ“foé“ asinthe absepce of eIectronte. ThIS.IS ewpience that it is the
8,5k 55&”2““%5%-.0’ ...ggéé@@ﬁﬁﬁ structural barrier to adsorption that is critical for the pres-

] MBapanh @gaaﬁgmﬁ R ence of a slow adsorption region in the isotherm.

> Ai&ﬂmﬁﬂg““-"““ Why then have long-term increases in adsorption not
8 15 | gt 3 T been elucidated for the other electrolyte co-ions? First, K

i Ag 2 . and Na& may have a small influence on the adsorbed surfac-
g 1 [$m 1 b X tant morphology that is not revealed by a change in surface
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Increasing the length of the surfactant hydrocarbon tail

which the secondary adsorption proceeds is similar, as canfesults in the adsorption isotherm being displaced to lower
be seen in Fig. 9. concentrations and an increase in the maximal surface ex-
The rates of slow adsorption observed for 0.8 and 0.9 mm C€sS- The addition of 10 mM KBr shifts the CTAB ad-
CTAC and 0.25 mM CTAC in the presence of LiCl are very SOrption isotherm to lower concentrations and increases the
similar. For these concentrations the fast initial increase is Maximal surface excess, therefore having a similar influence
to a surface excess of 2.5 umotA) so a more complete 0 @n increase in chain length. The shift of the isotherm to
interfacial structure is present after the primary increase in I0Wer concentrations is due to electrostatic screening of the
adsorption than for the slightly lower concentrations. The headgroup charge which enables monomers to aggregate at
magnitude of the secondary adsorption is decreased to aplower surfactant concentrations. The increase in the maxi-
proximately 0.5 umol m? for these concentrations, but this mal surface excess is associated with a change in structure

is sufficient to bring about maximal coverage of the substrate Of the adsorbed aggregates due to an increase in ion binding.
for the CTAC and CTAG+ LiCl systems. For CTAC, while the addition of 10 mM KCI does shift the

For both CTAC and CTAC+ LiCl the long-term in- isotherm to lower concentrations, there is no corresponding
creases in adsorption occur in the vicinity of the csac (as waselevation in the maximal surface excess. This is a conse-
the case for CTAB). The similarity in form of the data ob- duence of the decreased binding efficiency of the chloride
tained for CTAB and CTAC supports the adsorption model ion relative to the bromide ion. The bromide ion is able to
postulated previously [9,10,14]. The fast initial increase in drive a change in the surface aggregate structure, while the
surface excess corresponds to neutralization and reversal oghloride ion is not. The co-ion species has been found to
the exchangeable surface charge due to hydrophobic adsorphave little effect on the adsorption characteristics of CTAC,
tion. The secondary increase in surface excess occurs a$lp to a bulk concentration of 10 mM XCI.
continued hydrophobic adsorption of monomers leads to the ~ The rate of adsorption data shows that at any concentra-
formation of complete (or perhaps semicomplete for CTAC) tion longer chain length surfactants have a greater initial rate
aggregates. of adsorption. Thus hydrophobic interactions are seen to be

The observation of slow adsorption kinetics for CTAC in increasingly important in the initial adsorption process as re-
the presence of LiCl demonstrates that long-term increasesvealed by cooperative adsorption. The addition of electrolyte
in adsorption can occur in the presence of electrolyte, pro- results in an increase in the adsorption rate due to a decrease
vided the electrolyte does not significantly alter the surface in the electrostatic repulsion between the surfactant and the
structure. Recall that the addition of 10 mM LiCl to CTAC surface. The counterion also has important influences on the
solutions has no effect on the equilibrium surface excessadsorption process as revealed by the adsorption kinetics.
and the adsorbed structure, nor does it permit increases inThe high degree of ion binding of the bromide ion results
surface excess above the cmc. Thus, while the presence oin significant numbers of micelles adsorbing directly to the
10 mM LIiCI diminishes the electrostatic repulsion an ad- substrate. Additionally, the counterion type influences the
sorbing monomer experiences in the secondary adsorptionadsorption kinetics below the cmc.
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An SAR, previously reported for CTAB and CPBr, has  [7] L.J. Magid, Z. Han, G.G. Warr, M.A. Cassidy, P.D. Butler, W.A.
also been detected for CTAC. Importantly, a slow adsorption Hamilton, J. Phys. Chem. B 101 (1997) 7919.
result has been obtained for CTAC in the presence of 10 mM (81 V- S”E_'ama”ia”’ W.A. Ducker, Langmuir 16 (2000) 4447.
LiCl. This indicates that the origin of the slow adsorption [1[?)]] g f\tk:g 1//2‘3] grrz'lg 2 Ezggi tiﬂg"r;ﬂ'.: ig gggg; 2%:
kinetics is unlikely to be electrostatic in origin, and due to [11] m. chorro, C. Chorro, O. Dolladille, S. Partyka, R. Zana, J. Colloid
an energetic barrier associated with the need for a monomer  Interface Sci. 199 (1998) 169.

to adopt a favorable orientation in the adsorbed aggregate[lZ} J. Penfold, E. Staples, I. Tucker, Langmuir 18 (2002) 2967.
[13] T.P. Goloub, L.K. Koopal, B.H. Bijsterbosch, M.P. Sidorova, Lang-

structure.
muir 12 (1996) 3188.
[14] R. Atkin, V.S.J. Craig, E.J. Wanless, S. Biggs, Adv. Colloid Interface
Sci. 103 (2003) 219.
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