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ABSTRACT: Alcohols have an amphiphilic characteristic and are
employed in industrial processes to enhance interfacial properties. In
this study, the change in surface potential (ΔV) and surface tension of
1-hexanol were measured on the subsurface of electrolyte solutions
(NaCl at 0.02, 0.2, and 2 M). The results were fitted by a newly
proposed model, which includes the influence of electrolytes and
surface concentration of surfactant at the air−water interface. The
findings were compared to those of a previous study on methyl
isobutyl carbinol (MIBC). Most significantly, the modeling results
showed opposite behaviors between the two systems: adsorbed MIBC
enhances the presence of cations, whereas adsorbed 1-hexanol
enhances the presence of anions. The difference highlights the
significance of the molecular structure on the arrangement at the air/
water interface.

■ INTRODUCTION

Surface-active agents are widely used in many chemical
processes, including foaming, emulsification, floatation, wetting,
and coating, which can be found in the mineral, food, and
pharmaceutical industries.1,2 The interfacial properties of
surfactant solutions play a critical role in the efficiency of
various industrial processes and lead to a large number of
experimental and theoretical investigations in the field.3−5

Despite these studies, interfacial adsorption remains not well-
defined. One of the measurable properties of the adsorption
layer is the change in surface potential (ΔV),6 which influences
the double-layer charge, the disjoining pressure, thin-film
stabilization, and foaminess.7

There are a number of proposed models for surface potential
at the air/water interface.8−10 However, most of these models
focus on ionic surfactants relating to the interfacial adsorption
of their counterions. Moreover, these models require multiple
parameters, which cannot be verified independently, to describe
the experiment data.
Recently, the influence of methyl isobutyl carbinol (MIBC)

on the air/water interfacial potential has been quantified using a
newly proposed model, with only two independent parame-
ters.11 Sodium chloride (NaCl) was added to determine the
concentration of electrolytes and reduce the degree of freedom
of the model. The modeling results indicated a small charge at
the Stern layer. In spite of the neutral charge, MIBC has a
positive effect on the surface potential by disrupting/
reorienting water molecules.9,12

The influence of the molecular structure of alcohols on
surface behavior has been studied by tensiometry.13,14 These
studies revealed that the linear isomers had stronger interfacial
activities despite the lower water solubility than the
corresponding branched isomers. Recent research on the effect
of the tail structure, i.e., different lengths, on the surface
potential was carried out with ionic surfactants.12 Surprisingly,
the length of the tail impacted the locations of the average
centers of positive and negative charges, which leads to a
discrepant increase in the surface potential.
In the present study, surface adsorption of 1-hexanol (an

isomer of MIBC) from the aqueous solutions with NaCl is
investigated by surface tensiometry (γ) and surface potential
(ΔV). The main motivation is to identify any difference in
surface properties, which makes MIBC a more effective frother
than 1-hexanol in mineral flotation.

■ THEORETICAL MODEL

A new model for nonionic surfactants was proposed for
alcohols (shown in Figure 1). The change in surface potential is
given by11
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where NA is the Avogadro constant, Γa is the surface
concentration of alcohol, kB is the Boltzmann constant, T is
the temperature, e is the charge of one electron, ccation is the
effective cation concentration, which is also equal to the anion
concentration in the bulk, and ε and ε0 are the dielectric
constant and the permittivity of a vacuum, respectively.
In the case of strong electrolyte solutions, eq 1 has two free

parameters, α and β, which depend on the physical properties
of the system. As derived previously, β is defined as11
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where μt is the total normal dipole moment per alcohol
molecule, εa and εs are dielectric permittivities of the adsorbed
layer and the Stern layer, respectively, and λs is the thickness of
the Stern layer.
In the model, α can be considered as an “effective charge” of

the hydroxyl group, which is related to the surface charge at the
boundary between the diffuse layer and the Stern layer, σ. This
surface charge density is given as15

σ = Γ − ΓeN ( )A cation anion (3)

where Γcation and Γanion are the surface concentrations of
adsorbed ions at the interface due to the adsorption of alcohol.
The net charge, Γion = Γcation − Γanion, can be either negative

or positive. Within the Stern layer arrangement, the headgroup
of the alcohol is assumed to be thermodynamically balanced by
a certain number of ions, and therefore

αΓ = Γion a (4)

Summarily, α represents the net ion adsorbed due to the
balance with alcohols. It is well-accepted that anions and
cations are not adsorbed equally at the interface.16−18 Typically,
the anions are more enhanced at the water surface.19 The
relative adsorption between anions and cations depends on
their interaction with the water interfacial layer. Since the
adsorbed alcohols disrupt the water arrangement, it is expected
that adsorbed alcohols affect the relative ionic adsorption. In
Figure 1, two scenarios are presented: (a) α > 0 (cations get
closer to the interface than anions) and (b) α > 0 (anions get
closer to the interface than cations).
The surface excess of alcohol is determined by a combination

between the surface tension and Langmuir isotherm:2
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where cb is the bulk concentration of the alcohol solution and K
and Γm are adsorption constants, which can be found by fitting
the surface tension to the Szyszkowski equation:2

γ γ− = − Γ +RT Kcln(1 )0 a m b (6)

where γ0 and γa are the surface tension of alcohol-free (pure
solvent or supporting solute) and alcohol solutions, respec-
tively.
In applying eq 5, the Gibbs energy of supporting electrolyte

adsorption is assumed to be independent of alcohol adsorption
as proposed by Karraker and Radke.10 One critical aspect of the
modeling framework, eq 1, is that the degree of freedom is 2.
Consequently, the model has to be applied to two different sets
of experimental data, i.e., two different ion concentrations,
simultaneously.11

■ EXPERIMENT
Materials. Both 1-hexanol (≥99%) and sodium chloride

(≥99.5%) purchased from Sigma-Aldrich were used without

Figure 1. Schematic representation for 1-hexanol: (a) α > 0, (b) α > 0.
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further purification. Water was obtained by using a Milli-Q
system, which consists of a prefilter, a carbon cartridge, two
mixed-bed ion exchange cartridges, and an ultrafiltration
cartridge, to produce pure water. All glassware, plastic bottles,
and apparatuses used in the experiments were carefully cleaned
and dried.
Surface Tension (γ). A tensiometer, KSV Sigma 701(KSV

Instrument Ltd., Finland), coupled with an automatic micro-
disperser employing the Wilhelmy plate method20 was used for
equilibrium surface tension measurement. The instrument was
calibrated against pure water before measurements were made.
The surfactant concentration was increased gradually by
dispersing stock solution into the measurement cell. The
software automatically determined the surface tension as a
function of the bulk concentration. The Wilhelmy plate is made
of platinum with a perimeter of 39.4 mm. Before each
measurement, the plate was flushed with pure ethanol and
water and then heated over a Bunsen burner for a few seconds
to remove contamination. All the measurements were
conducted at a room temperature of 298 K.
Surface Potential (ΔV). The surface potential of 1-hexanol

solutions was determined relative to the surface potential of the
pure supporting electrolyte (0.02, 0.2, and 2 M NaCl) using an
ionizing 241Am electrode. The details of surface potential
measurement have been described elsewhere.6,12,21

■ RESULTS
Surface Tension. The surface tensions (γ) of 1-hexanol in

water and NaCl solutions are depicted in Figure 2. The
experimental data were fitted to eq 5 by the least-squares
method, using K and Γm as adjustable parameters. The fitting
procedure was done with Solver (in Microsoft Excel).
The standard deviation (δγ) in Table 1 was calculated using

δ
γ γ

=
∑ −

γ n

( )exptl modeled
2

(7)

where n is the number of experimental data, which is greater
than 30 for all experiments used in this investigation. Since the
automatic microdispenser could accurately produce wide ranges

of concentrations, the apparatus provided more measurements
and consequently improved the accuracy of modeling. It is
noted that the standard deviations for all measurements in this
study were smaller than 0.3 mN/m, which is much smaller than
the accepted thresholds.24 Moreover, the best fitted values of K
and Γm are consistent with other data in the literature.
It should be noted that 1-hexanol and MIBC had similar

trends in surface tension. The data for pure water and a low
concentration of NaCl almost overlap. However, this changed
significantly with increasing concentration of NaCl. The
behavior of K and Γm in different salinities is similar to the
modeling results of MIBC in NaCl and SDS in NaCl24 as well.

Surface Potential. The surface potential of 1-hexanol in
0.02, 0.2, and 2 M sodium chloride solutions is plotted in
Figure 3. Due to the low solubility of 1-hexanol in 2 M NaCl
solution, the surface potential data were measured up to a
concentration of 1 mM. The increment of the surface potential
with the 1-hexanol concentration was gradual and nonlinear,
which is in contrast to the results for cationic and anionic
surfactants.6 Consequently, the simplified model,9 which
indicated the linear influence of the concentration on the
surface potential, could not be applied. It should be noted that
ΔV was referenced to the respective NaCl solutions without
alcohol.
As α and β in eq 1 are independent of the NaCl

concentration, the model was fitted against the data at both
concentrations simultaneously (using the least-squares method
with Polymath). It should be noted that the best fitted values of
α and β were independent of the initial guesses (with an overall
standard deviation of 7.5 mV). The third data set, i.e., 0.2 M

Figure 2. Surface tension of 1-hexanol with and without NaCl (dots, experimental data; lines, modeled prediction).

Table 1. Adsorption Isotherm Constants for 1-Hexanol

K (M−1) Γm (106 mol/m2)

solution this study lit. this study lit. δγ (mN/m)

water 173.2 178a 7.53 7.4,b 7.6a 0.17
0.02 M NaCl 164.4 8.10 0.23
0.2 M NaCl 186.5 8.06 0.20
2 M NaCl 800.7 6.11 0.25

aLavi and Marmur.22 bComley et al.23
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NaCl, was used for modeled verification only (broken line in
Figure 3). As shown in Figure 3, the model fits the data very
well.
Most strikingly, the best fitted parameters (Table 2) show a

contrast in the values of α between 1-hexanol and MIBC: a

change from positive to negative, albeit small in magnitude. The
negative value of α for 1-hexanol indicates that the net charge is
negative (i.e., there are more anions at the Stern layer than
cations). The results indicate a structural change between the
two systems. On the other hand, the best fitted value of β
remains within the physically feasible range.11

To confirm the opposite charges at the Stern layer, the 95%
confidence intervals25 of the fitting parameters were calculated
for both systems (Table 2). In spite of the large variation for α
(∼20%), the 95% confidence intervals remain on the opposite
sides: positive for MIBC and negative for 1-hexanol. Figure 4
shows the surface potential at the air−water interface as a
function of the surface excesses. Since arcsinh is an odd and
monotonic function, the sign of α determines the relative
position between the 2 and 0.02 M curves. A negative value of

Figure 3. Surface potential of 1-hexanol on the NaCl aqueous solutions (points, experimental data; lines, modeled predictions). The best fitted
values of the parameters are reported in Table 2.

Table 2. Best Fitted Adsorption Parameters for MIBC and 1-
Hexanol

param

MIBC
(previous
study)

95%
confidence
interval

1-hexanol
(this
study)

95%
confidence
interval

α 0.043 0.008 −0.047 0.010
β (104 (V m2)/mol) 3.30 0.10 4.57 0.12

Figure 4. Comparison between 1-hexanol and MIBC.
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α means the 2 M curve is above the 0.02 M curve, as seen with
1-hexanol. In contrast, a positive α means the 2 M curve is
below the 0.02 M curve, as with MIBC. If α = 0, eq 1 results in
the same line for both the 2 and 0.02 M curves. The confidence
intervals in Table 2 and relative positions in Figure 4 confirm
the opposite signs of α between the two alcohols.

■ DISCUSSION
For NaCl in water, it has been accepted17,18,26,27 that the anion
locates closer to the interface than the cation. The exact nature
of anion enhancement is not clear due to experimental
difficulties. Nevertheless, molecular simulations have provided
some useful insights. For instance, a well-ordered dual-layer
structure has been proposed for the air/water interface.28,29

The water interfacial arrangement can have a strong influence
on hydrated ions in the bulk.30 Simulations with different ionic
systems at the air/water interface also presented ordered
arrangements of ions near the interface.16,27

With adsorbed alcohols, the ion arrangement near the
interface should be altered dramatically. Previously, an
investigation of 1-butanol at the electrolyte solution interface,31

which is particularly important for atmospheric chemistry, has
revealed an interesting change in terms of the anion/cation
ratio. The X-ray photoelectron spectroscopy (XPS) exper-
imental results indicated that adsorbed 1-butanol decreased the
I−/K+ ratio in “the region of the liquid interface”. The XPS data
could not confirm which ion is higher: the reported I−/K+ ratio
was either smaller or greater than 1, depending on the 1-
butanol concentration and photoelectron kinetic energy.
However, the accompanied simulation of 1-butanol in 5 M
NaI solution was able to quantify the average number of alcohol
molecules directly interacting with ions over 1 ns (tabulated in
Table 131). The data show that 1-butanol contacts with more
anions than cations. Applying these numbers to eq 4, one can
easily calculate the average ionic charge per 1-butanol molecule.
Remarkably, the magnitude of these numbers (from −0.038 to
−0.004) is comparable to our calculated α, i.e., −0.047, for 1-
hexanol in NaCl.
The results in this study indicated that adsorbed 1-hexanol

still enhanced the anions (as with 1-butanol). Adsorbed MIBC,
in contrast, enhanced the cations. This contrast can be
explained by considering the spatial distribution around the
hydroxyl group. It is generally perceived that the headgroup of
the alcohol (hydroxyl) is negatively charged11 and consequently
attracts cations. However, the alpha-carbon should be positively
charged. If the whole group (alpha-carbon and hydroxyl) is
located inside the water phase, anions can penetrate into the
space between the alcohol and interface due to Coulombic
attraction with the alpha-carbon. For straight alcohols, such as
1-butanol and 1-hexanol, this leads to a net negative charge. For
MIBC, however, the two hydrocarbon branches occupy the
space surrounding the alpha-carbon and reduce the available
space for anions. Consequently, less anion can penetrate in, and
the layer is positively charged.
Although the net charge of the interfacial layer is relatively

small, ∼10−8 mol of electrons/m2, the structural change (sign
of α) might have a profound impact on the selectivity of the
mineral particles adsorbing to the air/water interface.
Consequently, this could be the main reason for superior
flotation performance of MIBC over 1-hexanol.32

It is also noteworthy that the model apparently overestimates
the surface potential at low alcohol concentrations (in Figures 3
and 4). A possible explanation is that the adsorbed alcohols

may be too far apart at these concentrations to have an effective
interaction with the ions (the net ionic charge is <5% of that of
adsorbed alcohol).
There are two theoretical developments to investigate the ion

enhancement at the interface: polarizable force fields16 and
hydrated cations.33 The absolute values, or the change, of α
from this study can provide much needed evidence to verify
these theories. On the other hand, molecular simulations might
be able to verify, or otherwise, our hypothesis about anion
distribution around alcohols.

■ CONCLUSIONS

The surface potential (ΔV) and surface tension (γ) of 1-
hexanol were measured in electrolyte solution at three
concentrations: 0.02, 0.2, and 2 M NaCl. Similar to the other
isomer, methyl isobutyl carbinol, the surface potential gradually
increased with increasing 1-hexanol concentration. The
proposed model for alcohols was applied successfully.
The best fitted values of two fitting parameters indicated

opposite behavior between 1-hexanol and MIBC: adsorbed
MIBC molecules enhance the presence of cations, whereas 1-
hexanol molecules enhance the presence of anions. The
structural change might be the underlying reason for superior
flotation performance of MIBC over 1-hexanol. To quantify the
influence of the molecular structure on the interfacial
adsorption and the presence of ions near the adsorption
layer, further study on the molecular arrangement at the
interface is recommended.
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