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Abstract

Industrially produced anionic surfactant alkylbenzenesulfonic acid is proposed as a reagent for the ionic flotation of metals
from acidic media. To establish the possibility of its application using this method, it is necessary to study the surface-active
(surface tension, adsorption, cross-sectional area of a molecule in the adsorption layer) and colloidal (particle size, critical
micelle concentration, solubilisation) properties of its aqueous and nitric acid solutions.

In this study, a series of solutions with various concentrations of alkylbenzenesulfonic acid and containing various amounts
of nitric acid (from 1 to 10 wt%) were prepared. The surface tension of the obtained solutions was determined by the hanging
drop method using a DSA 25E tensiometer. The introduction of HNO, led to a decrease in the surface tension of
alkylbenzenesulfonic acid solutions and in its CMC value in comparison with aqueous solutions. On surface tension isotherms
with a nitric acid content of 5 and 10 wt%, the presence of several inflections was found, which indicates a stepwise micelle
formation. The values of surface activity and Gibbs energies of micelle formation of alkylbenzenesulfonic acid in aqueous
and nitric acid solutions were calculated. Adsorption isotherms were constructed from the results of processing the curves
of the surface tension of alkylbenzenesulfonic acid solutions. With small amounts of HNO, (1 and 2%), the limiting adsorption
value of the anionic surfactant significantly increased as compared to the aqueous solution. A further increase in the acidity
of the medium led to a decrease in the maximum on the adsorption isotherm. In the presence of an inorganic acid, the
monomolecular layer of the surfactant first significantly loosened and then gradually became denser with an increase in
acidity. The values of the limiting adsorptions, the adsorption equilibrium constants and the Gibbs energies of adsorption
at the liquid-gas interface were calculated using the obtained isotherms. The solubilising ability of alkylbenzenesulfonic
acid in relation to the Sudan I dye was determined photometrically using a UNICO 1201 spectrophotometer. With an increase
in the solution acidity and the surfactants content the amount of solubilised dye increased.
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1. Introduction

Solutions of surfactants are widely used in
various industries: the production of detergents
and cosmetics, food products and dyes, oil
production and refining technology, various
chemical, biochemical and pharmaceutical
industries, where surfactants can be used to
influence the speed and direction of processes,
to synthesize mesoporous materials, etc.

A feature of surfactants is the ability to
spontaneously form structured aggregates
(micelles) in solution, which determines the
particular practical importance of such systems.
The size and shape of surfactant aggregates
in solution is determined by the balance of
interactions between the hydrophilic and
hydrophobic parts of surfactant molecules.
While hydrophobic interactions of surfactant
molecules promote the growth of micelles, the
repulsion between hydrophilic groups on the
micelle surface limits their growth. The addition
of low molecular weight inorganic compounds
(salts, acids), ions of which shield the electrostatic
repulsion of surfactant hydrophilic groups on the
micelle surface, increases surface activity and
enhances surfactant adsorption at the interphase
boundary. In addition, inorganic electrolytes
affect the entire complex of colloid-chemical
properties of surfactants, increase their micelle-
forming ability, solubilising effect, wetting, and
promote, in particular, the transition of spherical
micelles to cylindrical ones. If cylindrical micelles
already exist in the solution, then the addition
of an inorganic low molecular weight salt can
lead to an increase in their length. In this case,
the effect is determined not only by the amount
of salt added to the surfactant solution, but also
by the chemical structure of the ions formed
during its dissociation. Thus, since the structure
of surfactant micelles is highly sensitive to the
type and amount of the inorganic low molecular
weight salt added to the solution [1-3], for the
control of the surface active and rheological
properties of surfactant solutions electrolytes
are used [4].

The anionic surfactant alkylbenzenesulfonic
acid (ABSA) was proposed as a reagent for ionic
flotation. ABSA mixes well with water, forms
a stable foam, forms precipitates with metal
ions, and it is also a fairly accessible reagent.
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To establish the possibility of using ABSA as a
flotation agent in acidic solutions, it is necessary to
study the effect of the concentration of inorganic
acids on the surfactant and micellar properties
of ABSA solutions [5]. Previously, the effect of
hydrochloric acid on the colloidal properties
of alkylbenzenesulfonic acid was studied [6].
This study is devoted to the investigation of
the colloidal properties of aqueous solutions
containing ABSA and nitric acid.

2. Experimental

Reagents. Anionic surfactant alkylbenzene-
sulfonic acid (general formula C H, ,C,H,SO.H,
where n = 10-14, the content of the main
substance is 96.8%, the average molecular weight
is 320.9 g/mol, OO0 KINEF). The initial ABSA
solution was prepared by dissolving an accurate
weighed quantity in distilled water. Solutions
with lower concentrations were prepared by
appropriate dilution. Sudan I dye (1-(phenylazo)-
2-naphthol, chemically pure reagent, Sigma-
Aldrich). Nitric acid, concentrated (p = 1.49 g/cm?®,
chemically pure reagent, RM Engineering). HNO,
content of 1, 2, 5, and 10% in mixtures were
created by introducing the calculated amount of
concentrated acid.

All experiments were performed at a
temperature of 25 °C.

Devices. The surface tension of ABSA-~HNO, -
H,O systems at the liquid-gas interface was
determined by the hanging drop method using
a DSA 25E tensiometer manufactured by KRUSS.

The critical micelle concentration (CMC) of
ABSA at different HNO, content was determined
based on surface tension isotherms: the content
of surfactant, at which the curvilinear section
of the graph become straight line parallel to the
abscissa axis was determined in semilogarithmic
coordinates [7, 8]. The surface tension value at
the water-air boundary at a given temperature
was taken from the reference book [9]. All
data presented in the study were obtained by
averaging the results of three measurements.
Surface activity was calculated as the slope
of the initial section of the surface tension
isotherm:

dy

g=—lim 2L, (1)
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C is the concentration of the ABSA solution
(kg/m3); v is the surface tension of the solution
(N/m).

Based on the CMC values obtained, the Gibbs
energies of micelle formation were calculated
using the formula:

A,G=RTInCMC, )

R = 8.314 J/molK is the universal gas constant;
T =298 Kis the absolute temperature; CMC is the
critical micelle concentration (mol/m3).
Adsorption G (umol/m?) of ABSA at the liquid-
gas boundary was calculated based on the surface
tension isotherms according to the equation:

1 dy

3
RT dInC’ ®)

C is the concentration of the ABS solution
(kg/m3); R = 8.314 J/molK is the universal gas
constant; T= 298 K is the absolute temperature;
vyis the surface tension of the solution (N/m).

Based on the obtained adsorption data, the
C/G values were calculated and the dependence
C/G - f(C) was plotted. According to the graph,
the values of the limiting adsorption G, (as the
slope o) and adsorption equilibrium constant K
(m*/mol), as the Y-interception is equal to 1/(G, K)
were determined. The determination of limiting
adsorption value allows to calculate the parameters
of the monomolecular layer: the cross-sectional
area of amolecule S (nm?) and axial length d (nm) of
the molecule according to the following formulas:

1
S= , 4
) )
5= CuM )
p

G, is the limiting Gibbs adsorption (mol/m?);
N, = 6.02 10* mol™! is the Avogadro number; M
is the molar mass of the surfactant (kg/mol); p is
the surfactant density (kg/m?®).

The Gibbs energies A_, G of adsorption at the
liquid-gas interface were calculated based on the
values of the adsorption equilibrium constants K
according to the equation:

A,G=-RTInK, (6)

R=8.314]/mol-K is the universal gas constant;
T = 298 K is the absolute temperature; K is the
adsorption equilibrium constant (m3/mol).
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The solubilising ability S (mg/dm?®) of ABSA
- HNO, - H,0 compositions was studied by
absorption photometry in relation to the
oleophilic dye Sudan1[10, 11], which is insoluble
in water but soluble in the hydrophobic part of
micelles. The dye content in the solution was
determined by measuring the optical density of
the solution in 0.5 cm cuvettes using a UNICO
1201 spectrophotometer at A = 400 nm. In
prepared solutions of surfactant compositions
with a volume of 20 cm? dye (20 mg) was
added. The flasks were stoppered, mixed using
Millab Unimax 1010 shaker for 60 min until
equilibrated, then the contents were filtered
through filter paper. According to the calibration
chart (A =0.0147-C (mg/dm3), R* = 0.9983) [6] the
amount of solubilised dye per unit volume of the
solution was determined.

Molar solubilising ability S_ (mg/g) was
calculated as the ratio of the obtained value of S
to the ABSA concentration (c, g/dm?®) [12]:

s =2, (7)

3. Results and discussion
3.1. Surface tension and micellization

The introduction of alkylbenzenesulfonic
acid leads to a sharp decrease in the surface
tension of both water and aqueous solutions of
nitric acid (Fig. 1). The decrease in the value of
vy reflects the process of filling the surface layer
with surfactant molecules and reaching the

80 —

70 -

30 -

20
-2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0

18C 155 [Cpso &/ dm3]

Fig. 1. Surface tension isotherms of ABSA acid com-
positions: I -withoutacid; 2-1% HNO,; 3-2% HNO,;
4-5% HNO,; 5-10% HNO,
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limiting value of adsorption. After the critical
micelle concentration is reached, the decrease
in surface tension with an increase in the ABSA
content slows down, which is associated with the
formation of micelles in the solution [13].

In the presence of an inorganic acid, the
decrease in surface tension is more significant
than in pure water. The introduction of nitric
acid at concentrations of 1 and 2 wt. % led to an
increase in micelle-forming ability, expressed in
a decrease in CMC values and surface tension
during CMC, which was caused by dehydration
of the polar groups of surface-active ions in the
presence of an electrolyte. Also, with an increase
in the concentration of inorganic acid, a decrease
in the surface tension of the solution started at a
lower content of ABSA.

An increase in the content of HNO, up to 5
and 10% led to the appearance of two inflections
on the surface tension curves (Fig. 1, curves 4 and
5).Probably, with an increase in the concentration
of the inorganic acid, the dissociation of ABSA,
as a weaker acid, is suppressed (pK_ = 2.17 [14]),
as a result it behaves similarly to a nonionic
surfactant and forms premicellar structures
at lower concentration regions [15]. With an
increase in the surfactant content, the amount
of ABSA anions increased, and mixed micelles
were formed. This formation was accompanied
by the appearance of another step on the surface
tension isotherm. The obtained CMC, values and
values of the surface activity and Gibbs energy of
micellization calculated using formulas (1) and (2)
depending on the ionic strength of the medium are
presented in Table 1. Negative values of the Gibbs
energy indicated the spontaneity of the micelle
formation process. The introduction of HNO, led
to a sharp increase in the surface activity of ABSA,
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the negative value of A G slightly increased in
absolute value with increasing acidity.

3.2. Adsorption at the liquid-gas interface

The increase in the acidity of the medium
in the transition from water to 10 wt% HNO,
changed the conditions for the formation of a
monomolecular layer, compared with an aqueous
solution, which was expressed as the change
in the height and position of the maximum of
adsorption isotherms, calculated based on surface
tension isotherms (Fig. 2). The initial increase in
acidity sharply increased the value of the limiting
adsorption, however, a subsequent increase in the
acid content lowered the value of G_.

The introduction of nitric acid at concentrations
of 1and 2% led toa “loosening” of the monomolecular
layer, which was expressed by an increase in the
area occupied by one surfactant molecule (Table 2).
In this case, the adsorption equilibrium constants
(K) and the absolute values of the Gibbs energies

0,00 0,05 0,10 0,15 0,20
3
C pss g/dm

Fig. 2. ABSA adsorption isotherms at the liquid-gas
interface: 1 —withoutacid; 2-1% HNO,; 3- 2% HNO,;
4-5% HNO,; 5-10% HNO,

Table 1. Influence of the ionic strength of the solution on the surface-active characteristics

of ABSA - HNO, - water compositions

CHNOS, % I, mol/dm?3 CMC, g/dm? g, mN-m?*/kg A, G, k]/mol
0.00 0.00 0.50 74.72 -33.17
1.00 0.16 0.15 252.83 -36.15
2.00 0.32 0.20 217.05 -35.44
5.00 0.79 0.20 217.05 -35.44

(CMC, =0.80)
10.00 1.59 (CM%ZOE 0.1) 347.00 -41.11
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Table 2. Influence of the ionic strength of the solution on the parameters of the ABSA monomolecular

layer at the liquid-gas interface

Cinoy % I, mol/dm? G,, mmol/m? K, m3/mol A .G, k]/mol S,nm? | §,nm
0.00 0.00 5.09 9.65 -5.62 1.96 1.58
1.00 0.29 9.90 26.31 -8.10 1.01 3.07
2.00 0.58 9.19 32.17 -8.60 1.09 2.85
5.00 1.45 8.54 28.89 -8.33 1.17 2.65
10.00 2.92 5.67 38.49 -9.04 1.76 1.76

of adsorption, which characterize the adsorption,
increased. With an increase in the content of
inorganic acid, the transfer of 1 mol of surfactant
from the solution to the surface layer requires less
energy than in an aqueous solution.

3.3. Solubilisation

The mechanism of solubilisation is largely
determined by the nature of the surfactant. In
the case of ionic surfactants, an oleophilic dye
containing polar groups is introduced into the
surface layer of micelles, where its molecules are
located between surfactant molecules, orienting
parallel to them and turning polar groups into the
aqueous phase. In this case, the solubilisate can
dissolve both in the core and in the hydrophilic
shell of micelles [16].

In the initial section, the amount of solubilised
dye slowly increased with increasing surfactant
concentration. Solubilisation isotherms in
aqueous solution and in the presence of 1 and
2% HNO, almost coincided (Fig. 3). In a medium
with 5 and 10% inorganic acid, the solubilisation
of the dye increased abruptly with an increase in
the ABSA content, which was probably due to the
transition from one type of micelles to another.

At high concentrations of nitric acid, an
increase in the solubilising capacity was also
observed, which was probably due to the
protonation of the dye and the formation of
an ion associate with the ABSA anion. Various
additives especially affect colloidal dissolution,
contributing to the enlargement of micelles due
to their hydrophobization (i.e., lowering the
effective degree of dissociation and hydration).
The molar solubilisation curves of Sudan I have
maxima at an ABSA content of 0.01 g/dm3, only
the degree of the manifestation of the maximum
changed with increasing acidity (Fig. 4). With a
further increase in the concentration of ABSA, the
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Fig. 3. Effect of nitric acid concentration on the solu-
bilisation of the Sudan I dye in ABSA solutions: 1 —
without acid, 1 and 2% HNO,; 2 - 5% HNO,; 3 - 10%
HNO,
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Fig. 4. Effect of nitric acid concentration on the molar

solubilisation of the Sudan I dye in ABSA solutions:

I — without acid; 2 - 1% HNO,; 3 - 2% HNO,; 4 - 5%

HNO,; 5-10% HNO,

number of moles of solubilised dye per 1 mole of
surfactant remained constant.

4. Conclusions

The introduction of nitric acid into aqueous
solutions of alkylbenzenesulfonic acid changed
the structure of surfactant monomolecular layers
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and led to an increase in the surface activity
of ABSA, expressed in a decrease in the CMC
value. In more concentrated nitric acid solutions
(5 and 10%), micelle formation proceeded in
several stages. The processes of micellization
and adsorption of surfactants at the liquid-gas
interface proceeded spontaneously, while with an
increase in the acidity of the medium, absolute
values of Gibbs energies of these processes
increased. The introduction of nitric acid had a
positive effect on the solubilising ability of ABSA
aqueous solutions in relation to the oleophilic dye
Sudan I, which can be caused by the protonation
of the dye and the formation of an ion associate
of the solubilisate with the ABSA anion.
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