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Abstract ’C NMR chemical shift measurements have
been used to study the adsorption of short-chain ionic
surfactants on the Aerosil surface from aqueous solutions.
The investigations were carried out in a wide concentration
range above and below the critical micelle concentration
value. The values and the character of the chemical shift
changes of A¢ are mainly determined by the surface charge,
which is generally assumed to change with the initial pH
value of the silica aqueous dispersion. Most sensitive to
changes of the surface charge are the '>*C NMR parameters
of the first and second carbon atoms in the hydrophobic
chain of the surfactant molecules. This allows investigating
the influence of the Aerosil surface charge on the structure
of the adsorbed aggregates.

Keywords Short-chain surfactants - Surfactant adsorption -
Surfactants self-association - '*C chemical shifts

Introduction

The adsorption of surfactants at solid/liquid interface is
widely used in many industrial processes such as mineral
flotation, emulsion polymerization, dewatering and many
others. The structure of adsorption sites, adsorption kinetics
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and dynamics were studied in detail by various NMR
techniques [1-16], infrared spectroscopy [17-20], calori-
metric measurements [21-24], fluorescence [25-27], and
electronic spin resonance [28]. On the basis of experimental
and theoretical investigations, it is shown that the adsorp-
tion process results from energetically favorable interac-
tions between the solid adsorbate and the solute species. It
is often a very complex process because of the influence of
all components of the systems (solid, solvent, and solute).
Previous experimental results (see for example reviews
[29-31]) have demonstrated that the adsorption process
depends on surface charge density, pH, surfactant structure
and concentration, electrolyte concentration, and the type of
the adsorbent surface (hydrophobic or hydrophilic). It is
shown that several interactions can contribute to the
adsorption process, such as electrostatic attraction, covalent
and hydrogen bonding, hydrophobic interaction between
the adsorbed molecules and these molecules with adsorbent
surface, as well as the lateral interaction between the
adsorbed species and their desolvatation.

Our recent work [32] has shown that the adsorption of
short-chain surfactant (potassium nonanoate) from aqueous
solution strongly depends on the Aerosil surface charge. On
the basis of '*C chemical shifts, we investigated structural
changes of the adsorbed layers at various surfactant
concentration and/or surface charges. Measurements of the
13C spin-lattice relaxation time 7} for separate segments of
the hydrophobic chain allowed conclusion of the molecular
dynamics in the adsorbed state. Thus, we confirmed the
results already derived from the chemical shifts. In this
article, we show that the diamagnetic shielding of the
carbon atoms is very sensitive to the bonding between the
active sites on the Aerosil surface and the adsorbed
surfactant molecule. The changes are especially essential
for the first and second carbon atoms of the amphyphilic
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molecules. In ternary systems with a nearly neutral Aerosil
surface, we observed a maximum downfield change of the
chemical shifts of about 1 ppm. For a relatively strongly
charged Aerosil surface, the upfield shift of 3 to 4 ppm was
observed for these atoms.

We have carried out similar measurements for four
different short-chain ionic surfactants with different chain
hydrophobic length. The aim of this study is to investigate
the influence of the hydrophobic chain length and Aerosil
surface charge on the adsorption of the short-chain
amphyphilic molecules and to confirm our previous
conclusions [32].

Materials and methods

As adsorbent, we used Aerosil with a specific surface
of 200 m?%g (Degussa) without further pretreatment.
Four different anionic surfactants, potassium butanoate
[CH3(CH,),COOK], heptanoate [CH3(CH,);COOK],
octanoate [CH3(CH,)sCOOK], and nonanoate [CH3(CH,),
COOK], were synthesized in our laboratory. The purity was
better than 99.8%. The experiments were carried out using
an aqueous Aerosil dispersion with initial pH values of 2
and 6. To prepare the samples with an adsorbent, an amount
of 40 mg Aerosil was introduced into a polyethylene tube,
and the required pH value of 2 and 6 was set by adding HCI
and water. After addition of the acid, the aqueous Aerosil
dispersion was kept for 24 h to ensure equilibrium before
the surfactant solution was added. Then, the surfactant
solution was added. After stirring, all samples were
centrifuged for 30 min at a rate of 15,000 rpm. Then, the
supernatant formed after this procedure was removed. At
the end, the ratio of weight fractions of solid to liquid
phases was 1:10 in all samples. For brevity, in the further
text, we will denote systems with a relatively high charge
density on the Aecrosil surface by “systems with pH=2".
Similarly, systems with a nearly neutral Aerosil surface are
referred to as “systems with pH=6".

3C NMR measurements were made at DC magnetic
fields of 11.7 T (Bruker MSL, 500 NMR spectrometer). To
increase the 'C chemical shift resolution, magic angle
spinning (MAS) techniques and proton broadband decou-
pling were applied. The MAS frequency was about 2 kHz.
For the MAS measurements, 7-mm ZrO, rotors were used.
All measurements were carried out at 293 K.

The carbon atoms of the surfactant molecules are
numerated beginning with the carbon in the polar group
of the amphyphilic molecule. The surfactant concentration
was varied between 1.5 and 20 wt.%. This range corre-
sponds to concentrations from 0.08 to 2.0 mol/l depending
on the molecular size. The values between 1.5 and 20%
cover the range above and below the critical micelle

@ Springer

concentration (CMC) values for an aqueous solution of
the investigated surfactants. As usual, the '*C chemical
shifts were referenced to liquid tetramethylsilane. In the
following, only the changes Ad'=5'-6," of the chemical
shifts relative to the sample with the maximum concentra-
tion (20%, chemical shift &,') are given for various
concentrations.

Results

In the following, we discuss for the Aerosil dispersion only
the chemical shifts of the first carbon because for this atom
the changes are maximum. The concentration dependencies
of the '°C chemical shift change Ad' for all investigated
systems with pH=2 are shown in Fig. 1 and for systems
with pH=6 in Fig. 2.

As we may see from Figs. 1 and 2, the largest changes
AS" occur at small concentrations of the surfactant
molecules in our systems, corresponding to a range that is
much smaller than the CMC value (for octanoate and
nonanoate, these values are 0.39 and 0.34 mol/l [33]). The
changes A¢' are much larger for the system with pH=2 (for
instance, 3.5 ppm for nonanoate) than in the system with
pH=6 (1.5 ppm for nonanoate). The distinct changes Ad' in
the '>C shifts of the carboxylic carbons for systems with
pH=2 may be due to the influence of strong adsorption
interactions with active surface sites, as well as to the
reduction of the carbonic acids in the solution. Since we
observe only one line in the NMR spectra, we should
consider the simple case of the surfactant system with a fast
exchange between the dissociated form of the surfactant
molecules (fraction pg;s) and the non-dissociated (reduced)
form of the carbonic acid (fraction p,,_qiss) in the solution,
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Fig. 1 Concentration dependence of the carbon chemical shift
changes A¢' for some short-chain ionic surfactants in Aerosil
dispersion with pH=2 at 293 K
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Fig. 2 Concentration dependence of the carbon chemical shift
changes A¢' for some short-chain ionic surfactants in Aerosil
dispersion with pH=6 at 293 K

as well as with molecules on the surface (fraction p,qs).
Then, the measured chemical shift can be written as

0=PdissOdiss T Pnon—dissOnon—diss  PadsOads> ( 1 )

where dgisss Onon-diss» and J,4¢ are the chemical shifts of the
dissociated surfactant molecules, the non-dissociated ones,
and the adsorbed species, respectively.

Since the concentration of the HCI acid in the aqueous
Aerosil dispersion is small (<0.01 mol/l), we may assume
that the concentration of reduced molecules is still lower
than the total surfactant concentration in the whole
concentration range (0.1-1 mol/l). If we neglect, for a first
inspection, the influence of the surface, we may take into
account (see, e.g., [34]) that the formation of the carbonic
acid molecules leads to an upfield shift of 8 ppm for the
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Fig. 3 Experimental and calculated from Eq. (1) '*C chemical shifts

AS' for potassium nonanoate in Aerosil dispersion with pH=2 at
293 K. The lines drawn are only a guide for the eyes

difference in the chemical shifts for dissociated and non-
dissociated molecules. We, then, may calculate the contri-
bution pdiss6diss+pnon-diss(5non-diss in Eq 19 assuming that the
concentration of ¢;on_qiss 1S €qual to the maximum possible
value cycy. The results of the calculations are shown on
Fig. 3 for potassium nonanoate and are compared with the
experimental values §'. As can be seen (Fig. 3), the
calculated difference in the chemical shifts for the maxi-
mum and minimum concentrations does not exceed a value
of 1 ppm and is clearly less than the experimental
difference of 3.5 ppm. Moreover, in ternary systems, the
fraction pponqiss may be still reduced on account of p,gs, i.€.,
as compared with the case where the Aerosil is absent.
Therefore, the value for the chemical shift contribution
PdissOdissTPnon—dissOnon_diss» 8 discussed here, may be consid-
ered as a maximum estimation, and the difference between
these values in Fig. 3 may indicate a lower limit for the
influence of surface interactions.

Consequently, the assumption that the large values for
the chemical shifts are connected to non-dissociated forms
of the carbonic acid seems not to be true. Our estimation of
similar values &' for other investigated surfactants has
shown that this fact does not depend on the length of the
hydrophobic chain. Hence, we suppose that in systems with
pH=2, the adsorption of surfactant molecules occurs due to
hydrogen bonding between COO and free hydroxyl
groups on the surface. Taking into account a specific
surface area of 200 m?/g for the Aerosil, the concentration
range of 0.11-0.14 mol/l corresponds to a completely
formed monolayer on the surface. Here, we assumed that
the adsorbed molecules are oriented normal to the surface
occupying a mean cross-section area of 22 A”. Because
these values are about the same for all surfactants
investigated, one may expect that formation and change of
the surface structures take place approximately in the same
concentration range.

Above this concentration range, the observable growth
of the Ad" is caused basically by a continuous adsorption.
From this point of view, the concentration dependences of
the chemical shift of the first atom (and second atom as
shown in [32]) can be considered as a measure for an
adsorption isotherm. In this case, the continuous growth of
downfield change of the chemical shift in the concentration
range of 0.14—0.30 mol/l can be related to the formation of
a second layer of adsorbed molecules. This layer is formed
due to hydrophobic interactions with the alkyl chains of the
molecules. At still higher surfactant concentration, the
difference in the Ad' values decreases, and for the maximum
concentration (about 2.0 mol/l), the difference is practically
zero, 1.e., the same as for the surfactant molecules in bulk
solution.

From Fig. 1, it is visible that the formation of a surface
bilayer occurs in the concentration range of 0.3—0.7 mol/l for
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all surfactants investigated here, and the concentration at
which an adsorption plateau is achieved does not depend on
the length of the hydrophobic chain of the molecules.

The difference between the chemical shifts values at low
concentration in dependence on the hydrophobic chain length
is explained by the formation of the various conformers. To a
larger extent, this property is peculiar to still longer molecules.

From the data of concentration dependences of the '*C
chemical shifts, we estimated the relative fraction of
adsorbed molecules in the systems at pH=2 and the
absolute surfactant concentrations in the adsorbed state.
The maximum fraction estimated for the adsorbed sub-
stance in case of systems at pH=2 does not depend on the
length of a hydrophobic chain and corresponds to a
completely formed bilayer on the surface.

As seen in Fig. 2, for systems with pH=6, a downfield
shift A§" occurs at all surfactant concentrations. But the
effect is less pronounced than the (upfield) shifts for
systems with pH=2. The character of the chemical shift
changes and quantity AJ" for systems at pH=6 are different
as observed for aqueous surfactant solutions.

We suppose that the surfactant adsorption on the neutral
surface is the result of the hydrophobic interaction of the
molecular alkyl chains and/or active (non-polar) surface
centers. This assumption is established by the dependences
of the chemical shift values on the hydrophobic chain
length. For the shortest investigated molecule (potassium
butanoate), the change of the chemical shift is relatively
small. Moreover, this change is observed only at small
concentration (0.12-0.25 mol/l). For the longer molecule
(potassium geptanoate), the change of the chemical shift is
larger and observed for a broader concentration range.
Hence, the quantity of the adsorbed molecules increases
with the increasing of the hydrophobic chain length. For
example, only monolayer formed for potassium nonanoate,
for the potassium octanoate and nonanoate the formation of
the hemimicelles or addmicelles is possible.

Further insights are possible if we consider the '*C NMR
relaxation data. We have carried out measurements of the
spin-lattice relaxation time in combination with '*C
chemical shifts for potassium nonanoate at various concen-
trations [32]. The relaxation data confirm that in nonanoate
ternary systems an adsorption process takes place. From the
comparison of the concentration dependences of the
chemical shifts of the potassium nonanoate with the similar
dependences for other shorter surfactant, we conclude that
the adsorption process occurs in all cases, and this result did
not depend on the hydrophobic chain length. In order to
confirm this conclusion, as well as to fully quantify the
motional processes, the spin relaxation behavior needs to be
studied in detail for all systems as a function of the
surfactant concentration and/or the Aerosil surface charge.
Further investigations in this area are currently in progress.
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Conclusions

In this work, the basic attention is focused on the
concentration dependence of '>C chemical shifts for the
short-chain ionic surfactants adsorbed on a Aerosil surface.
It is shown that the adsorption of the short-chain anionic
surfactant from an aqueous solution essentially depends on
Aerosil surface charge. For a relatively strongly charged
Aerosil surface (systems with pH=2), the amphyphilic
molecules are preferentially oriented normal to the surface.
The changes in the chemical shifts for certain carbon atoms
with increasing concentration allow a similar conclusion as
may be derived from the adsorption isotherms. In the
ternary systems with a nearly neutral Aerosil surface
(systems with pH=6), the adsorption interactions are
primarily related to the hydrophobic parts of the molecules,
and this process is observed only at rather low concentra-
tion. At higher concentrations (from 15 to 20%), observable
values of chemical shifts are mainly caused by structural
changes of surfactant molecules in micellar aggregates in
the solution state and are typical for a fast molecular
exchange between these phases.

In a case of an insignificantly charged Aerosil surface,
the adsorption process depends on the hydrophobic chain
length of a molecule. Hence, for the shortest of the
investigated molecules (potassium butanoate), the adsorp-
tion is limited to the formation of a monolayer. We
estimated the quantity of the adsorbed surfactant molecules
as a function of the total surfactant concentration.
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