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The material and enthalpy balances of the adsorption of sodium n-decyl sulfate from aqueous solutions
onto graphitized carbon black were determined between 288 and 318 K by using an automated flow sorption/
microcalorimeter system. At low concentrations, the surfactant molecules form a flat monomolecular film
on the graphite plane, in consequence of surface-directed ordering. A mechanism is proposed in which two
adsorbed phases coexist during the formation of this surfactant monolayer. The enthalpy of adsorption
in the monolayer region is ca. —42 kJ mol~1, which does not depend appreciably on the temperature or
on the surface coverage. At higher concentrations, the ordered monolayer induces surface aggregation to
produce half-cylindrical hemimicelles as the critical micelle concentration is approached. The enthalpies
of surface aggregation at 288, 298, and 318 K are —10, —16, and —26 kJ mol~1, respectively. As the
temperature is increased from 288 to 318 K, the average number of surfactant molecules in the cross
section of a half-cylinder drops from ca. 5.4 to 3.4. Calorimetric evidence is provided that cationic and
anionic surfactant adsorption on graphite follow the same mechanism in the low-density and high-density

adsorbate regions.

Introduction

It has long been believed that ionic surfactants adsorbed
from aqueous solutions onto the hydrophobic surface of
graphite form a vertical monolayer at surface saturation.'®
According to the classical reorientation model,>~7 in the
first step of adsorption (at concentrations far below the
critical micelle concentration, cmc) the surfactant mol-
ecules adsorb in a horizontal orientation on the graphite
surface, and a close-packed monolayer is formed in a head-
to-tail arrangement, with the hydrocarbon chains lying
parallel to one another and to the graphite plane. In the
second step of adsorption (at higher concentrations, as
the cmc is approached), the adsorbed molecules gradually
take up a vertical orientation with the polar head groups
directed toward the aqueous phase, thereby facilitating
the vertical adsorption of further molecules from the bulk
solution until surface saturation occurs at close to the
cmc. The idea of this reorientation scheme relies mostly
on analysis of the adsorbate densities (or the apparent
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occupational areas of adsorbed surfactant molecules)
calculated along the adsorption isotherm.

Manne et al.1°~'2 and Ducker et al.**16 recently used
an atomic force microscope (AFM) to image the adsorbate
structure of the ionic surfactants n-dodecyl, n-tetradecyl,
and n-hexadecyltrimethylammonium bromides,°"? n-
dodecyl sulfate,’* %5 and n-dodecyldimethylammonium
propanesulfonate’® at the graphite/aqueous solution in-
terface. These AFM images suggested a two-step adsorp-
tion mechanism which markedly differed from that
proposed on the basis of the reorientation model. In the
first adsorption step, the surfactant molecules self-
assemble horizontally on the graphite plane, parallel to
each other but in a head-to-head, tail-to-tail arrangement.
In the second step, surface hemicylinders are formed in
response to hydrophobic interactions between the exposed
alkyl chains in the ordered monolayer and those of the
molecules in the bulk solution.

Todate, whereas most AFM studies depict the situation
at full surface coverage, adsorption calorimetry has been
applied to study the adsorption process in the subplateau
region and also at surface saturation. Inaprevious paper,
we reported on the material and enthalpy balances of the
adsorption of n-dodecyltrimethylammonium bromide (C;,-
TAB) from aqueous solution onto graphite in the tem-
perature range from 288 to 318 K.!7 The results of a
rigorous thermodynamic analysis were fully consistent
with the formation of half-cylindrical aggregates using
an ordered monolayer as a template but were not
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Table 1. Thermodynamic Parameters for the Adsorption and Aggregation of SDeS at the Graphite/Aqueous Solution
Interface?

T[K] cmc®[mM]  Amich? [kImol™t]  Ti'"' = Ty max ¢ [umol m=2]

AxtHC[MIM™?]  npc®  Azhi' ¢ [kI mol™l]  Azih;' [kJ mol™]

288.15 35.0 +5.3 3.75+£0.21 —749+ 26 5.4 —412+ 4.4 —10.0+ 0.8
298.15 33.2 +1.6 3.48 £0.14 —949+ 40 5.0 —42.3+1.38 —16.2 + 0.6
318.25 35.0 —5.8 2.37 £0.09 —89.3+1.7 3.4 —42.4+31 —26.1+0.7

a See text for notations. Heat capacities of aggregation: AmicCp = —367 J mol~* K~ and Azicp'' = —531 J mol~* K. b Reference 19.

¢ Plateau values with cumulative errors. 9 Estimated from np. = 21"/ with T';' = 1.4 umol m=2. € It seems more plausible to take Az;h;!
= —42 4+ 3 kJ mol~! in the range from 288 to 313 K. Note: Az:h;!' and Az;h;'" are not affected by the cumulative errors in 'y and Az H.

congruent with the earlier reorientation model. Although
surface aggregation was found to be some 15 kJ mol !
more exothermic than micelle formation in the bulk
solution, the pronounced temperature dependences of the
two processes were remarkably similar. The number of
surfactant molecules in a sheet perpendicular to the major
axis of a half-cylinder at 298 K was ca. 5, with a
temperature dependence similar in magnitude to that of
the aggregation number of bulk micelles.

Following our previous calorimetric studies on the
adsorption of cationic!” and nonionic surfactants?® at the
graphite/water interface, in this paper we report on the
adsorption isotherms and the calorimetric enthalpies of
adsorption of an anionic surfactant, sodium n-decyl sulfate
(SDeS), on graphite at three different temperatures:
288.15, 298.15, and 318.15 K. A thermometric titration
study on the micellization of SDeS in aqueous solution in
the same range of temperature was reported recently.®
Although sodium n-dodecyl sulfate (SDS) is at present
the most frequently investigated anionic surfactantin the
adsorption literature, SDeS seemed to be a better can-
didate for the current flow sorption microcalorimetric
study. This is because SDeS has a higher cmc and is less
strongly adsorbed on graphite than SDS, therefore al-
lowing a better resolution of the adsorption both at low
and at higher concentrations. It will be shown that our
results are fully consistent with current views on surface
aggregation at the solid/solution interface and that the
mechanisms of cationic and anionic surfactant adsorption
on graphite are very similar.

Experimental Section

Materials. SDeS (99% pure) was obtained from Fluka and
was used as received. Solutions were made up with distilled water
passed through a Milli-Q filtration system. Vulcan 3G (V3G), a
carbon black of Cabot Corp., graphitized by Sigri Elektrographite
GmbH, Meitingen, was taken from the same lot as in previous
studies.”*® The graphite pearls had a specific surface area of 68
m2g-1to N, at 77 K. The mean size of the primary particles was
determined by transmission electron microscopy to be ca. 40 nm.

Methods. The automated equipment and the procedure
applied during this study were described in detail in recent
papers.17:20 Measurements of the adsorption isotherm (I'; vs c;)
in parallel with the calorimetric enthalpy isotherm of displace-
ment (A21H; vs ¢1) were made at 288.15, 298.15, and 318.15 +
2 x 107* K on the principle of flow frontal analysis solid/liquid
chromatography. The term “displacement” refers here to the
adsorption process during which the solvent (component 2) is
stepwise displaced by the solute (component 1) at the solid/
solution interface. Typically, 0.2 g of V3G was weighed inasmall
chromatographic column and placed inside the measuring block
of a Thermal Activity Monitor 2277 microcalorimeter (Thermo-
Metrics, Lund, Sweden). A high-performance liquid chromatog-
raphy (HPLC) system (from Merck, Darmstadt, Germany at
288.15and 298.15 K and from Knauer, Berlin, Germany at 318.15

K) was connected to the calorimeter. The HPLC system was used
to control the liquid flow (ca. 6 cm® h~1), to change the solutions
entering the column (in 10—12 consecutive concentration steps,
starting from pure water up to the cmc), and to monitor the
concentration waves (in terms of refractive index variation)
passing through the column. Ideal chromatographic behavior
assumes a permanent plug flow, which implies that the break-
through curve is a sharp step function. For real processes, the
breakthrough curves are broadened on the time scale (because
of back-mixing, channeling, or other complexities) and the
enthalpy of mixing at the interface between the replacing and
replaced solutions may contribute to the total heat measured.
However, for dilute solutions and if small concentration steps
are applied (as for the present experiments), the enthalpy of
mixing in this boundary region can safely be neglected.?%21 For
each concentration step Acs, the retention time tg was determined
from the concentration profile.?? The amount adsorbed during a
step Aci was calculated as AT's = Qtcr Aci/mas, where Q is the
liquid flow rate, tcr is the retention time corrected for the dead-
time, and m and as are the mass and the specific surface area,
respectively, of the solid. The heat A¢H associated with this
adsorption step was detected by the calorimeter so that the
(pseudo) differential enthalpy of displacement was directly
measured for each step: Azihi = AqH/AT:. Alternatively, sum-
mation of the measured adsorption increments and the measured
heats over the whole concentration range provided the adsorption
isotherm I'; versus c¢; and the cumulative enthalpy isotherm of
displacement A,;1H; versus ci. Whereas adsorption—desorption
cycles indicated nonreversible adsorption steps at high dilutions
(cz < 1 mmol dm=3), fairly reversible adsorption steps were
experienced at higher concentrations (c; > 1 mmol dm=3). Similar
observations have been made for closely related systems.823

The accuracy of the adsorption measurements varied between
2 and 8%, depending on the concentration step. The precision
was slightly better for the calorimetric experiments. The
cumulative errors are given in Table 1 (see Discussion). The
lower accuracy of the present results compared to those expe-
rienced for C1,TAB” must be noted and commented on. SDeS is
susceptible to hydrolysis in aqueous media, which might occur
upon storage of the solutions in the time scale of the experi-
ments.® Hence, our results may be slightly influenced by the
appearance of some n-decanol, a product of the natural hydrolysis
of SDeS. We may refer toan AFM study, however, which indicated
that the presence of n-dodecanol originating from the self-
hydrolysis of SDS had only a minor effect, if any, on the surface
aggregation of SDS at the graphite/solution interface.'®> Further
addition of n-dodecanol did influence the structure of the
interfacial SDS aggregates.

Results

The adsorption of SDeS from aqueous solutions onto
graphite exhibited a normal temperature dependence (I'y
decreased with increasing T), as depicted in the adsorption
isothermsin Figure 1. For each temperature, the isotherm
was of the double-plateau (LS) type, which leveled off at
the cmc. The two plateaus tended to merge into a single
plateau as the temperature was further increased. Our
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Figurel. Adsorptionisotherms for the system SDeS(1)—water-
(2)/Vulcan 3G graphitized carbon black at 288.15, 298.15, and
318.15 K. The arrow indicates the cmc region (34 =1 mM in
the present temperature range (ref 19)).
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Figure 2. Integral enthalpy isotherms of displacement for the
system SDeS(1)—water(2)/Vulcan 3G graphitized carbon black
at 288.15, 298.15, and 318.15 K. The arrow indicates the cmc
region (34 +£ 1 mM in the present temperature range (ref 19)).

results can be directly compared with the adsorption
isotherm of Gabrielli et al., who reported a plateau value
of ca. 'y max = 5 umol m~2 for SDeS on Graphon at 294.6
K.? This value is significantly higher than the present
values of 3.48 and 3.74 umol m~2 at the neighboring
temperatures of 298.15 and 288.15 K, respectively, and
significantly higher than the plateau for SDS, which is
3.8 £ 0.2 umol m~2 at 298.15 K38 and 3.3 umol m~2 at
303.15 K.! In favor of the present results, we refer to the
general trend observed on graphite: ata fixed temperature
and within a surfactant homolog series, the maximum
adsorption increases with increasing alkyl chain length.
As concerns the cationics, we obtained 3.2 gmol m~2 for
C1,TAB at 298.15 K,” which may be compared with the
4.2 umol m~2 for C;,TAB at the same temperature.? A
similar trend was observed for the nonionic n-alkyl
polyoxyethylene glycol monoethers?32?4 and alkylsulfi-
nylethanols?® adsorbed on graphite.

The calorimetric enthalpies of displacement are depicted
in Figure 2. Ateach temperature, the shape of the enthalpy
isotherm is qualitatively similar to that of the corre-
sponding adsorption isotherm. In the whole concentration
range studied, the adsorption is exothermic. It appears,
however, that the extent of this exothermic character is
dependent on the temperature. The maximum amounts
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Figure 3. Differential molar enthalpies of displacement for
the system SDeS(1)—water(2)/Vulcan 3G graphitized carbon
black at 288.15, 298.15, and 318.15 K as functions of the surface
coverage.

adsorbed and the cumulative enthalpies at the cmc are
listed in Table 1.

Discussion

Interestingly, the enthalpy curves cross each other
(Figure 2), whereas the adsorption isotherms do not exhibit
this kind of (apparent) anomaly (Figure 1). It should be
noted, however, that the adsorption isotherms and the
cumulative enthalpy isotherms of displacement as func-
tions of the equilibrium concentration (A,h vs ¢; and T'y
Vs ¢;) do not betray much concerning the mechanism of
adsorption. Toget a better insight, the (pseudo) differential
molar enthalpies of displacement A,;h; are plotted against
the surface concentration I'; in Figure 3; the above-
mentioned apparent anomaly is absent in this represen-
tation. A,.h; is defined as the difference between the
partial molar enthalpies of the solute (component 1) and
the solvent (component 2) in the adsorbed layer (super-
script s) and in the bulk solution (superscript I):2¢

=(h; —h) —r(h;—hy) (1)
T,p,ag

where Ay H is the integral (or cumulative) enthalpy of
displacement of 2 by 1 and r represents the number of
moles of solvent displaced by one mole of solute at the
solid/solution interface of specific surface area as. It
appears from Figure 3 that, at each temperature, the
adsorption of SDeS from aqueous solutions onto graphite
proceeds in two distinct steps. A strongly exothermic
adsorption step at low adsorbate densities (region 1) is
followed by a less exothermic adsorption step at high
adsorbate densities (region I1). The enthalpy of adsorption
in region I does not change much with the surface coverage
or with variation in temperature. The enthalpy of adsorp-
tion in region Il is little affected by the surface coverage
but is strongly dependent on the temperature. There is
a transition region between the two modes of adsorption.
The marked difference between the adsorption mecha-
nisms in the two regions has recently been established at

(26) Kiraly, Z.; Dékany, I.; Klumpp, E.; Lewandowski, H.; Narres, H.
D.; Schwuger, M. J. Langmuir 1996, 12, 423.
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a molecular level by using AFM°716 and at a thermody-
namic level by using adsorption microcalorimetry.”18
Accordingly, we may postulate the formation of an ordered
monolayer in region I, followed by the formation of
hemicylindrical surface micelles in region 1. The further
discussion is based on this postulation. The earlier
reorientation model,3~8 which has been shown not to be
applicable for the adsorption of surfactants at the graphite/
water interface,'°~18 is not considered in the present work.

Adsorption Process in Region I. The adsorption in
the low-density adsorbate region is strongly exothermic
(Figure 3) and has been found to be nonreversible; only
a fraction of the firmly bound SDeS monolayer can be
removed in desorption steps, even on washing with pure
water. The major driving forces of this high-affinity
adsorption process are the strong hydrophobic interaction
between the surfactant tails and the graphite surface and,
in part, the energetically favored epitaxial ordering due
to the nearly perfect matching of the alkyl skeletons in a
zigzag conformation with the carbon hexagons of the
graphite basal planes.?”?8 The differential molar heat of
adsorption —A;h;' of SDeS on graphite is apparently
independent of (or slightly decreases with) the surface
coverage (and temperature), amounting to ca. 42 kJ mol !
(Table 1). For comparison, —A,;h;' =61 kJ mol~! has been
reported for C;,TAB.Y This difference in bond strength
signifies the importance of the length of the alkyl chains
in contact with the hydrophobic surface. Although the
enthalpic interactions between the surfactant headgroups
and the graphite planes are probably small, these inter-
actions must be different for anionic and cationic sur-
factants. Because the graphite surface possesses a mod-
erate electrical conductivity, it seems plausible that the
anionic sulfate headgroup induces repulsive interactions
with the z-electrons of the highly condensed basal planes,
whereas the cationic ammonium head can to some extent
be attracted by them.%11.17 The apparent temperature
independence of Ay1h;' (within the present experimental
uncertainty) is not clearly understood. It may be a result
of a compensation effect: the expected positive temper-
ature coefficient of the enthalpy change (heat capacity)
due to direct contact between the surfactant molecules
and the graphite surface may be accompanied and
counterbalanced by a negative heat capacity change due
to (partial) dehydration of the surfactant molecules as
they become adsorbed. As far as the surface coverage at
a fixed temperature is concerned, experimental data for
T'; values smaller than those displayed in Figure 3 were
not obtained because of the very high affinity of SDeS for
the substrate even from very dilute solutions. The enthalpy
of adsorption in this region should therefore be regarded
as an integral molar quantity rather than a differential
molar quantity. Nevertheless, the calorimetric data for
the adsorption of C,TAB, CsTAB, and C¢TAB surfac-
tants,?® which are less strongly bound to the graphite
surface and for which more experimental points were
therefore attainable at low surface coverages, support the
approximate constancy of Ayh;' in adsorption region 1.
This observation implies that the adsorption layer behaves
nearly ideally in the monolayer regime. There isnoapriori
reason to believe that a mixture of surfactant and water
molecules would behave ideally unless phase separation
occurs. If so, the ideal behavior can be explained in terms
of the existence of a two-phase equilibrium within the
adsorption layer, wherein pure water and essentially pure
surfactant films coexist (the term “essentially pure” allows

(27) Groszek, A. J. Proc. R. Soc. London, Ser. A 1970, 134, 473.
(28) Rabe, P. J.; Buchholz, S. Science 1991, 253, 424.
(29) Kiraly, Z.; Findenegg, G. H. To be published.
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the picture of headgroup hydration). The adsorbed phases
are in equilibrium with each other and with the bulk
solution. The compositions of the adsorbed phases remain
unchanged as the adsorption proceeds; only their relative
ratio changes in favor of the surfactant phase. Such a
model was first proposed by Findenegg et al. for the
adsorption of long-chain alcohols from nonaqueous sol-
vents onto graphite.3® We further propose that at a very
early stage of the adsorption process isolated SDeS
molecules are adsorbed in registry with the graphite
surface along one of the three graphite symmetry axes.
Initially, these adsorbate molecules form tiny islands on
the graphite surface, serving as nuclei for two-dimensional
growth (quasi-crystallization) at the expense of surface-
bound water. Within a single two-dimensional domain,
the surfactant molecules are oriented along the same
graphite symmetry axis and self-assemble parallel toeach
other and in a head-to-head, tail-to-tail arrangement so
that the orientation of the rows of laterally bound
surfactant molecules is perpendicular to the symmetry
axis. This adsorption mechanism is consistent with AFM
images at a later stage of the adsorption process, because
only three domain orientations (at 120° to each other,
0.25—1 um? in size) were observed across the surface and
the repeat spacing in a domain was a little over twice the
length of a fully extended surfactant molecule.10-16
The Transition Region. A significant change in the
mode of adsorption occurs where —A;;h; begins to fall
withincreasing I'; (Figure 3). The two modes of adsorption
overlap so that a transition zone appears. Prior to
completion of the flat monolayer in adsorption region I,
the adsorbed surfactant molecules are sufficiently pre-
concentrated by the graphite surface to induce aggregation
on top of the monolayer patches. At this critical surface
aggregation concentration (csac), half-cylindrical hemimi-
celles begin to form, with the underlying ordered mono-
layer as a template. This picture implies that the formation
of surface hemicylinders is accompanied by further
horizontal adsorption until the maximum monolayer
coverage (I';') is reached. Surface aggregation is less
exothermic than adsorption in direct contact with the solid
surface (—Az1h;'' < —Ayh;"), thereby resulting in a net
decrease in —Ayh; with increasing I'; (Figure 3). Azih;
represents a mean enthalpy in the transition zone; the
enthalpy of adsorption is weighted along the T'; axis in
proportion to the contributions of the two modes of
adsorption; the process gradually changes from purely
horizontal (region 1) to purely aggregative (region II)
adsorption. Although a normal temperature effect would
suggest thatI',' is higher at lower temperature, adecrease
in temperature induces surface aggregation at lower I';'.
By way of analogy, it was found for the formation of
cylindrical micelles that the critical rod concentration
decreases with decreasing temperature for a series of
cationic surfactants.! It is difficult to define the position
of the (hypothetical) completion of the monolayer because
the transition zone is smeared out over a range of adsorbate
densities. The transition region becomes less diffuse as
the temperature is decreased. The nominal value of I’y
lies somewhere in the interval of 1.2—1.6 umol m~2 along
the descending section of the —A;;h; versus I'; curve, and
it is probably dependent on the temperature. For simplic-
ity, we take an approximate value of I';' = 1.4 umol m~—2
to estimate the “real” surface coverage with respect to a

(30) Findenegg, G. H.; Koch, C.; Liphard, M. In Adsorption from
Solution; Ottewill, R. H., Rochester, C. H., Smith, A. L., Eds,
Academic: London, 1983; p 87.
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1992, 148, 353.



2424  Langmuir, Vol. 17, No. 8, 2001

close-packed flat monolayer. Hey et al. applied the
geometric model of Groszek?” for the horizontal adsorption
of SDS on graphite.” Adopting these geometric consider-
ations for SDeS, we obtain that only ca. 66% of the total
surface area of graphite is occupied by SDeS molecules,
the rest being covered by water molecules, which may
also participate in headgroup hydration. For comparison,
a maximum surface coverage of 73% has been reported
for C;,TAB on V3G.Y” The monomolecular adsorption
capacities estimated for SDeS and C;,TAB from adsorption
and calorimetric data can be compared with AFM images
which indicated periodicities (aggregate diameter plus
interaggregate distance) between 2 and 3 times the length
of the surfactant molecules in the all-trans conforma-
tion.'213 This observation allows a water content up to
33% in a completed surfactant monolayer. The major
difference between the graphite sample V3G used in the
present work and in our previous studies!’!® and the
graphite sample, a cleavage of pyrolytic graphite mono-
chromator used in AFM experiments,1°16 is that V3G
consists of colloidal particles, whereas the cleaved graphite
is of macroscopic size. Hence, the patches of uniform area
are smaller for V3G, and a higher proportion of the area
is close to polar edges along which the graphite crystallites
merge. This can account for a higher water content in a
surfactant monolayer on V3G.

Adsorption Process in Region Il. The number of
surfactant molecules in a sheet perpendicular to the major
axis of a half-cylinder can be calculated as nn, = 2I';'/
I';".Y” The maximum amount adsorbed (I';" = I'y max, the
plateau value on the isotherm) is given for each temper-
ature in Table 1. Taking I';' = 1.4 umol m~2 for SDeS, the
calculation yields ny. values ranging from 5.4 to 3.4 as the
temperature is increased from 288.15 to 318.15 K (Table
1). Inview of the data available for closely related systems,
the nominal values and the negative temperature de-
pendence of nn for SDeS hemicylinders on graphite seem
to be plausible. For example, ny values between 5.1 and
4.5 were obtained from calorimetric investigations of the
adsorption of C;,TAB on graphite, in the same range of
temperature as in the present work.” In another calo-
rimetric study, we obtained 4.0 and 5.1 for two nonionic
surfactants adsorbed on graphite at 298.15 K.'8 Further,
an AFM study on the organization of SDS on graphite at
room temperature suggested n,. = 5 close to the cmc.*® In
all cases, low values for nyc were obtained, indicating that
surfactant molecules in the aggregative adsorption region
are less strongly held in the adsorption layer (they are
more dynamic) than surfactant molecules in direct contact
with the graphite surface. The difference in the strength
of adsorption in regions | and Il may be inferred from a
comparison of the magnitudes of the corresponding
adsorption enthalpies, A,1h;' and Ay h;" (Table 1), and
from the reversible character of the adsorption process in
region Il as compared with the nonreversible nature of
the adsorption process in region I. Zettlemoyer detected
the adsorption of sodium cations and dodecyl sulfate anions
separately by using a radiotracer technique;* no sodium
ions were adsorbed on the graphite surface unless the
organic ions were previously adsorbed. The counterion
was found to adsorb in the diffuse double layer, but the
amount taken up was less than that of the surfactant
anion below the cmc and greater than it above the cmc,
suggesting that at surface saturation the adsorbed dodecyl
sulfate took up sodium ions preferentially, leaving the
bulk micelles deficient. The present adsorption/calori-
metric technique cannot be used to resolve the stoichi-
ometry of the adsorption of sodium ions and decyl sulfate
ions along the adsorption isotherm.
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Figure 4. Molar enthalpies of aggregation (Aaggh) of SDeS
(this work) and C,,TAB (ref 17) plotted against temperature:
Amich, in aqueous solution; A,;h;", at the graphite/water
interface.

Figure 3 suggests that the enthalpy of hemicylinder
formation, —A;h;", is not (or only slightly) dependent on
the surface coverage but is strongly dependent on the
temperature. The enthalpies of aggregation (Aaggh) of
SDeS inaqueous bulk solution (Any;ch) and at the graphite/
water interface (Az:;h;") are compared at different tem-
peratures in Figure 4. Although the formation of surface
hemicylinders is more exothermic than the formation of
globular micelles in free solution, the temperature de-
pendences of the enthalpy changes are rather similar.
This trend might be envisaged from the sphere-to-rod
transition of some cationic surfactants (in the absence of
electrolytes) with enthalpy changes in the range from —2
to 0 kJ mol~1 3! and the sphere-to-rod transition of SDS
in aqueous solution (in the presence of electrolyte), which
is likewise slightly exothermic with a negligible change
in the heat capacity.®?3 The unfavorable interactions
between alkyl chains and water diminish greatly upon
chain—chain association, either in free solution or at the
graphite/solution interface. The major thermodynamic
driving force is similar in the two cases: a change in
hydration of the monomer upon aggregation. It is the
monomer rather than the micellar state which is influ-
enced by the temperature change also. Headgroup hydra-
tion is less sensitive to temperature variation than the
hydrophobic hydration of the tails.®® In free solution, it is
the repulsive interactions between the headgroups which
dictate the molecular packing arrangement. At the
graphite/solution interface, however, the molecular pack-
ing arrangement is largely determined by the substrate,
which facilitates interfacial ordering and imposes geo-
metric constraints on the aggregate shape. For a further
comparison, the enthalpies of micellization of C;,TAB in
aqueous bulk solution at the cmc3* and the enthalpies of
aggregation of C;,TAB at the graphite/water interface!”
are displayed in Figure 4. Apich for SDeS is shifted in the
endothermic direction as compared with C,,TAB. Although
the enthalpies of surface aggregation for SDeS are less
exothermic than those for C;, TAB, the differencesin Ay h;"
are less significantand are close to the experimental error
in the determination of A,1h;. In bulk solution, the heat
capacities (AmicCp) at the cmc are —367 J mol~! K1 for
SDeS™ and —422 J mol~! K1 for C1,TAB.3* The heat
capacities of surface aggregation (Azc,") are —530 and
—605 J mol~t K™ for SDeS (this work) and C;,TAB,*
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respectively. Both in the bulk solution and at the graphite/
water interface, Ay Cp(C12TAB) < AggyrCo(SDES), which is
mostly ascribed to the different chain lengths of the two
surfactants; the headgroup effect on A,y Cp is of secondary
importance.'®% For a given surfactant, —Az:Cp!' > —AnmicCp,
which implies that interfacial aggregation is more sensi-
tive to temperature variation than aggregation in the bulk
solution. This is supported by the strong temperature
dependence of ny,.. Indeed, for SDeS, surface aggregation
may disappear entirely at temperatures not too far from
the highest temperature investigated in this work.

Calorimetric evidence of the similarity between the
mechanisms of cationic and anionic surfactant adsorption
on oppositely charged crystalline oxide surfaces has been
given by Zajac et al.®> The present work, together with
our previous study,'” provides calorimetric evidence
concerning the similarity between the mechanisms of
cationic and anionic surfactant adsorption on the hydro-
phobic surface of graphite.

Conclusions

The adsorption of SDeS from aqueous solution onto
graphite follows a two-step mechanism as a function of
the surfactant concentration. In the first step, at low
concentrations, a flat, ordered monolayer is formed. This
processis strongly exothermic and apparently independent
of (or only slightly dependent on) the temperature and
the surface coverage. We propose a mechanism in which
two adsorbed phases (water-rich and surfactant-rich
domains) coexist during monolayer formation. In the
second step, as the solution concentration is increased

(35) Zajac, J.; Lindheimer, M.; Partyka, S. Prog. Colloid Polym. Sci.
1995, 98, 303.
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toward the cmc, loosely packed surface hemicylinders are
formed, this being facilitated by the underlying monolayer.
The second adsorption step is less exothermic than the
first, apparently independent of (or only slightly dependent
on) the surface coverage, but strongly dependent on the
temperature. Our results indicate that surface aggregation
begins close to but earlier than the completion of this
monolayer. The proposed mechanism can be confirmed or
confuted by AFM investigations, in which attention is
focused on the low-density adsorbate region. The ag-
gregation behaviors of SDeS in aqueous solution and at
the graphite/solution interface share many common
properties originating from intermolecular hydrophobic
interactions. The quantitative differences in terms of
enthalpies, heat capacities, and molecular packing are
mostly attributed to the specific properties of the graphite
substrate. Calorimetric evidence is furnished that the
adsorption and aggregation of cationic and anionic sur-
factants follow the same adsorption mechanism on the
surface of graphite. Finally, it is envisioned that a
combination of adsorption calorimetry (thermodynamic
level) with AFM (molecular level), applied to the same
system, isa most promising way to investigate adsorption
phenomena at solid/solution interfaces.
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