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EINFÜHRUNG / INTRODUCTION
Nowadays many features of surface-active substances' (surfactants, SAS)
adsorption by hydrophobic carbon sorbents have not been adequately investigated.
This issue also concerns the structure of adsorption layers and the influence of
various factors on it. This data is extremely important, as it is the background
information for calculating and optimizing many technological processes.
A number of adsorption problems for sorbents of hydrophilic nature is solved
through the application of physical and chemical analysis' methods. The usage of
these methods for "surfactant – carbon sorbent" systems is complicated because of
electrical conductivity and optical opacity of carbon materials. In addition, the
surface of carbon sorbents changes considerably depending on the nature and method
of pre-treatment. Therefore, experimental data for related systems is often
ambiguous. This complicates the generalization of research results and the
determination of general patterns of adsorption process over a wide range of
surfactant concentrations.
Additionally, the application of patterns, established for simple organic
substances, to the adsorption of micelle-forming SAS is limited by the specific
behaviour of surfactant in aqueous solutions. The key point of SAS-containing
systems are the ability to reverse phase transitions in aqueous solutions from the
molecular-disperse to the micellar state. Adsorption processes from micellar solutions
differ significantly from those of molecular-disperse systems. And this fact makes up
an important task for studying the relationship between adsorption and associative
interactions in systems containing hydrophobic sorbent and diphilic molecules of
micelle-forming SAS, under different conditions of contact of aqueous surfactant
with a surface of a solid sorbent.
As it follows from the analysis of the data available in the literature, special
attention should be paid to the study of factors influencing the association of
surfactants in the adsorption layer at equilibrium concentrations below the critical
micelle-forming concentration (CMC). One of these factors is the influence of
MONOGRAPH
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temperature on SAS adsorption, because hydrophobic interactions that cause the
association of surfactants’ diphilic molecules are endothermic and should increase
with temperature rise [1, 2].

MONOGRAPH

6

ISBN 978-3-949059-26-1

Intellektuelles Kapital - die Grundlage für innovative Entwicklung ‘ 2021

Part 1

KAPITEL 1 / CHAPTER 1
THERMODYNAMICS OF ADSORPTION OF SURFACE-ACTIVE
SUBSTANCES FROM WATER SOLUTIONS BY CARBON SORBENTS
1.1 Influence of temperature on SAS adsorption by carbon sorbents
Influence of temperature on SAS adsorption by carbon sorbents was researched
in works [3-14].
Different techniques, such as calorimetry, wetting angle measurement and
electrophoresis [15-17], were used to describe surfactants' adsorption on carbon
materials.
Pasucha [3] has investigated the adsorption of oxyethylene monoethers on
graphite under different temperatures using different methods: from enclosed volume,
in circulating mode and with dynamic method. There was established an influence of
temperature on the adsorption of ethers of decyl alcohol with oxyethylation degree of
4 and 8 (C10E4, C10E8): the adsorption decreased with temperature elevation at low
concentrations and it increased in case of high concentrations. Similar results were
obtained in [4] during the study of adsorption of dodecyl ether of pentaethylene
glycol C12E5 on graphite. The same patterns of temperature influence on the
adsorption of oxyethylated octylphenols were found by the authors [14]. The
adsorption of C8E4 [3] increased with temperature elevation throughout the
investigated concentration area. However, studies of a similar "C8E4 – graphite"
system, conducted by Findenegg et al. [5], showed no significant effect of
temperature on SAS adsorption at low equilibrium concentration of the solution. At
high concentrations the adsorption increased with temperature rise.
According to [6], the adsorption of cationic surfactants on charcoal AG-3 and
BAС decreased significantly with an increase in temperature in the range of 20 40°C. The authors have noted that this does not contradict the behaviour of most
organic substances on the surface of the phase interface, if there is no dependence
between adsorption and solubility, which non-ionic surfactants do have.
In [7], the influence of temperature on adsorption of alkyl sulphates from
aqueous solutions by acetylene black was investigated. In this case, the adsorption
MONOGRAPH
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decreased with increasing temperature throughout the investigated concentration area.
The authors have explained this by the fact that the energy of dispersion interaction
between SAS molecules falls so low that the electrostatic interactions between the
polar groups, impeding the process of association, become a determinative factor.
The

authors

[8]

have

investigated

the

extraction

of

sodium

dodecylbenzenesulfonate (SDBS) using an adsorbent based on thermochemically and
chemically activated coconut shells and graphite waste. There was studied the
dependence of SDBS extraction degree on pH, adsorbent concentration, amount and
temperature. The maximum adsorption capacity was estimated at 28.57 mg/g at pH =
2, adsorbent amount of 3 g/l and at temperature of 293 K. A thermodynamic analysis
was performed to predict the change in free energy (ΔG°), enthalpy (ΔH°) and
entropy (ΔS°).The negative value of the adsorption enthalpy (-9.8 kJ/mmol)
confirmed that the adsorption process was exothermic. It was found that the change
in entropy was also negative (-22.05 J/mmol), which indicates a decrease in system's
disorder while SDBS adsorption. This also has provided the evidence for a fact that a
decrease in the adsorption capacity is expected to happen in case of temperature
elevation. The values of free energy change and enthalpy, obtained during this study,
confirmed the formation of weak links between adsorbate and adsorbent.
X. Yuan et al. [9] have evaluated the thermodynamic parameters of nonylphenol
ethoxylates' (NPE) adsorption on mesoporous carbon materials based on equilibrium
constants, connected with the adsorption equilibrium at different temperatures. It is
shown that the adsorption temperature has a more significant effect on the adsorption
rate than on the adsorption capacity of the sorbents.
Studies [10] have also shown that the temperature rise reduces the adsorption
capacity of sodium dodecylbenzenesulfonate (SDBS) on activated carbon.
The authors [11] have investigated the adsorption of X-100 triton from aqueous
solution at 20°C on four activated coals. The results showed that there are at least two
types of interactions. The first type is related to the direct interaction between the
surface of activated charcoal and adsorbate molecules. And the second type is mainly
due to the interaction between the surfactant molecules at the interface of the
MONOGRAPH
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adsorbent solution, which leads to the formation of interphase aggregates.
V. Wernert and R. Denoyel [12] have studied the adsorption of styrene sulfonate
from aqueous solutions on carbon fibres and mesoporous carbon against kinetic and
thermodynamic backgrounds. The results are interpreted in terms of distribution of
the pores' size, pore organization and the charge of the surface. Several classical
models are used for both kinetics and thermodynamic aspects. A very different
behaviour was found for different types of coal. Adsorption isotherms were modelled
using the Langmuir equation and the Langmuir double equation.
R. Marsalek et al. [13] have investigated the effect of temperature on the
adsorption of cetyltrimethylammonium bromide (CTAB) on coal. The results have
showed that adsorption capacity of sorbents depends on temperature. The maximum
adsorption capacity increases with temperature elevation.
According to Steinby K., co-authored [18], the growth of non-ionic surfactants'
adsorption on latex with temperature rise is conditioned by decrease in their
solubility.
The authors [19, 20] believe that water structuring plays a dominant role in the
temperature dependence of non-ionic SAS adsorption on hydrophobic surfaces.
Evaluation of zeta-potential of activated charcoal and carbon black in the
presence of surfactant [21] led to the idea that their interactions mainly have
hydrophobic nature.
The important role of water structuring in hydrophobic interactions of SAScontaining systems is described in works [22-27].
Thus, the literature analysis has shown that the influence of temperature on SAS
adsorption is studied insufficiently, some data is contradictory.
At the same time, the temperature change should affect the interaction of
surfactant molecules in the bulk solution and on the surface of phase separation,
which leads to a change in the structure of the adsorption layer.
The purpose of the work was to investigate the effect of temperature on
intermolecular interactions of non-ionic surfactants in the bulk solution and on the
surface of carbon sorbents of porous and non-porous structures.
MONOGRAPH
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1.2. Objects and methods of research
1.2.1. Characteristics of adsorbates
As non-ionic surfactants, there were used oxyethylated octylphenols with
oxyethylation degrees of n=5, 9-10 and 30: the tritons X-45, X-100 and X-305 of
general formula C8H17S6H4(OCN2CH2)n and PA qualification (pure-for-analysis).
Substances were used without further purification.
Physical, chemical and structural characteristics of the studied surfactants are
presented in Table 1.
Table 1. Physical, chemical and structural characteristics of surfactant:
molar mass (M), critical micelle-forming concentration (CMC), surface
tension in the CMC area (σCMC), length of the molecule (lmol), projection area
of the molecule (ω), molar volume according to geometric dimensions (V)
and parachor molar volume (V*)

Surfactants
ТХ-45
ТХ-100
ТХ-305

М,
g/mol
426
624
1526

CMC,
mol/m3
0.16
0.24
0.30

σСМС,
mJ/m2
32.6
34.4
38.0

lmol,
nm
2.93
4.60
7.26

ω,
nm2
1.63
2.14
4.78

V·106,
m3/mol
497.9
723.8
1372.1

V*·106,
m3/mol
527.8
741.8
1836.5

Linear parameters of SAS molecules have been determined by Stuart-Briegleb
models.
The values of molar volumes of surfactant were determined using two methods
[28]:
1) by geometric dimensions of molecules, as the product of Van der Waals
molecule's projection area ω on its thickness t:
V ∗ = ϖtN A ,

(1),

where NA is the Avogadro's number;
2) on the basis of data about surface tension of SAS aqueous solutions in the
area ККМ1 δккм, where as a result of dense packing of surfactant molecules in the
surface layer, the properties of the latter can be considered as properties of pure
liquid:
V∗ =
MONOGRAPH
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where Rch is a parachor, J1/4·m5/4/mmol is the constant determined from the
tabular data.
As can be seen from Table 1, the match between values of molar volumes,
calculated by these two methods, is quite satisfactory.
To calculate the micellar sizes of surfactants, there were used the theoretical
basics developed in the works of Tartar and Tenford [29], according to which the
micelle consists of a hydrocarbon nucleus, whose shell is formed by hydrophilic
groups of SAS molecules. The shape of micellar nucleus is a flattened or oblong
ellipsoid of revolution with a smaller semiaxis b, limited by the maximum length of
the alkyl chain, while the larger semiaxis a may increase in rather ambiguous way.
The length of the alkyl chain in the micelle will in fact be slightly less than lmax. To
determine the length of the smaller semiaxis b, the following relation is proposed:
b = ρlmax ,

(3)

where ρ – the dimensionless factor.
According to Tenford's micelle formation theory, the CH2-group, adjacent to
SAS molecule’s polar group, lies within the hydrated sphere and does not possess
hydrophobic properties. Therefore, the number of carbon atoms nc in the hydrocarbon
part of the chain, composing the micelle core, is less than their total number per one
atom.
The volume of the hydrocarbon nucleus Vmic (in nm3) of micelle containing n
alkyl chains is determined by the formula:
Vmic = m(27,4 + 26,9nc ) ⋅10−3 ,

(4)

where m is the aggregation number. Knowing the volume of hydrocarbon
nucleus of micelle and the value of b, one can find the value of a from the formula for
ellipsoid volume:
a=

3V
4πb

(5)

The micelle's area size can be determined by the ratio:

( )

S = 2πa 2 + π b 2 l ln
MONOGRAPH
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where l is the eccentricity:
l=

a 2 − b2
a2 ,

(7)

In determining the micellar surface, it should be taken into account that the area
size of micellar surface does not coincide with the area size of hydrocarbon nucleus.
This is rather the area at some distance from the nucleus outside, closer to the water
molecules, or the place, where the polar groups’ charge is localized. To calculate this
area size, one should use an ellipsoid of revolution with semiaxis a +δr and b+δr,
where δ is the distance from the micelle nucleus that equals 0.15 mn3.
The micellar characteristics of the studied surfactants are shown in Table 2.
Sizes of non-ionic SAS's micelles are calculated taking into account the
configuration of the oxyethyl chain in the micelle. Proceeding from the fact that most
probably the micelle of non-ionic surfactants in aqueous solutions has an ellipsoid
shape, the radius of micelle's hydrocarbon part can be calculated from the formula
[29]:
ralk = 3

3 ∗
V f
4π
,

(8)

where V* is the molar volume of octylphenol, and f – the association factor.
The length L of molecule or micelle’s semiaxis equals to the sum of the radius
of micelle's hydrocarbon part ralk with the length of oxyethylated chain loe:
L = ralk + loe

Table 2. Micellar characteristics of surfactants: association factor (fass), length of
alkyl chain (lalk), coefficient ρ, micelle’s smaller semiaxis (b), micelle’s larger
semiaxis (a), micelle’s volume (Vmic) and are size of micelle’s surface (Smic)

Surfactants
ТХ-45
ТХ-100
ТХ-305

fass
220.5
105
18

lalk, nm
1.06
1.06
1.06

ρ
-

b, nm
3.80
3.16
3.96

a, nm
4.09
4.18
4.47

Vmic, nm3
247.84
174.53
74.05

Smic, nm2
131.48
147.77
160.87

With due consideration of oxyethyl chain's compression in the micelle by 50%:
L = ralk + 0,5loe

(9)

The second micelle's semiaxis can be found by substituting the micelle’s volume
MONOGRAPH
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and the length of the large semiaxis L in the formula for calculating the volume of
ellipsoid of revolution:
3Vmic
4πL

a=

(10)

Thus, the volume of non-ionic SAS's micelle is calculated by the
equation:

(

Vmic = f V ∗ − nRVH 2 O

),

(11)

where R is the number of oxyethyl groups in the molecules of the non-ionic
surfactant that make up the micelle; n – the hydration degree;

VH 2 O

– water’s molar

volume, being 0,0299 nm3.
The sizes of micelles of non-ionic surfactants decrease with the lengthening of
the oxyethyl chain, since the association factor of surfactant molecules is an inverse
function from moles' number of ethylene oxide:
f =

P
−K
R
,

(12)

where f is the association factor; R is the number of moles of ethylene oxide per
moles of hydrophobic part; P and K are the constants, which equal respectively 1215
and 22,5 for octylphenol derivatives.
The reasonableness of usage of the correlation with these coefficients is
confirmed by the fact that the association factor of X-100 triton, calculated from the
dependence (13), equals to 105, which practically coincides with the results of
ultracentrifugation and light scattering methods with the received value of 100 [29].
1.2.2. Characteristics of adsorbents and their preparation for experiments
In order to find out the influence of sorbent's pore structure over the
intermolecular interaction of surfactants in the adsorption layer, there were used
porous and non-porous carbon sorbents.
Graphitized carbon black was used as a non-porous carbon sorbent. Its specific
surface was determined by adsorption of argon using BET method and appeared to be
105 m2/g.
Industrial activated charcoal of AG-3 grade was used as a porous sorbent.
MONOGRAPH
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To remove inorganic ash contents, the sorbents were de-ashed with solutions of
2M HNO3 and concentrated HF using [28] methodology. The samples were washed
with distilled water, until the absence of ions NO3- і F- in washing waters, and dried at
105 °C. The limited volume of the adsorption space of AG-3 charcoal, determined by
the adsorption of benzene vapors, amounted to 2.9 × 10-4m3/ kg, the specific volume
of micropores was 2.6 × 10-4 m3/ kg; that of mesopores – 3 × 10-5 m3/ kg, and
effective specific surface was 6.7 × 105 m2 / kg.
For the study, we have selected a fraction of charcoal with a grain size of 0.50 0.63 mm.
1.2.3. Research methods
Surface tension (σ) in SAS solutions was measured by the Wilhelmi method.
The basis of the method is the determination of the force F applied vertically on a
thin rectangular plate, which is placed in a certain fixed position relative to the
horizontal surface of the liquid, at the established moment of system's mechanical
equilibrium:
F = 2 (l + t)σ cosΘ-lth(ρn – ρp)g ,

(13)

where l і t is respectively width and thickness of the plate, σ – liquid’s surface
tension, Θ – contact angle of plate wetting with the solution, ρn s ρp – density of the
plate and solution, h – depth of plate’s immersion into the solution.
For thin plates (t → 0) under condition of full wetting (Θ = 0 °), the formula
(2.1) is resolved into:
(14)

F = 2lσ,
which greatly simplifies the calculation of the surface tension.

The weight of the plate was measured with a tensiometer ВТ-500, with
weighing accuracy of 1 mg. We used platinum plate having the size of 1x1 cm2. (The
thickness of the plate is very small in comparison with other measurements).
To ensure full wetting, the plate was treated with hot chromic mixture, then it
was boiled for 30 minutes in distilled water. The cleanliness of the plate was
controlled by the surface tension of double-distilled water (σ = 72.5 mJ/ m2). Taking
MONOGRAPH
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into account the characteristics of the measuring system, the accuracy of the method
was ± 0.5 mJ/ m2, and the accuracy of the measurements was 3-5 points ± 0.5 mJ/ m2.
The CMC of the surfactant was determined as the concentration, equivalent to
the breaking point upon dependence of σ from lnC.
To determine the time required to establish the adsorption equilibrium in the
systems, there were conducted studies of adsorption kinetics. Previous studies have
found that the time needed to achieve the adsorption equilibrium in "SAS's aqueous
solution – solid sorbent" system depends on the initial concentration of adsorbate and
the nature of the adsorbent. The performed kinetic studies have shown that to
establish the adsorption equilibrium in "non-ionic SAS's aqueous solution – carbon
black" system, in the studied range of concentrations, it is sufficient to shake the
solution for 8 hours (under conditions provided by experiment). The process requires
40 hours of shaking for "non-ionic SAS's aqueous solution – activated charcoal AG3" system.
In order to obtain adsorption isotherms, the solutions, containing different
concentrations of surfactant, were shaken with constant sorbent weighting on a
shaking installation that makes 6,000 oscillations per hour.
The sorbent's weighting was calculated based on the size of molecule's place
area and sorbent's specific effective surface that amounted to 3×10-5 and 5×10-5 for
charcoal and carbon black, respectively. The volume of the solution was 0.025 dm3.
After reaching the adsorption equilibrium, the solutions were separated from the
adsorbent. The values of equilibrium concentrations were determined by the
spectrophotometric method at λ = 274 nm. λ was set as the length of maximum
optical transmission. Measurement error does not exceed 1%.
Thermostating was carried out using thermostat IТЖ-0-03, the temperature
stabilization error in the steady state was within ± 0,1 °С.
The value of specific adsorption was calculated by the ratio:
a=

C0 − C р
m

V

,

(15)

where а is the adsorption value, mmol/ kg; V – the volume of the solution for
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measuring the adsorption value, dm3; m – the sorbent’s weighting, kg; Со and Ср –
the initial and equilibrium concentrations of organic matter’s solution, mmol/ dm3.

1.3. Thermodynamic characteristics of surfactant's micelle formation in
aqueous solutions
Studies of micelle-forming and surface-active properties of SAS were carried
out according to data of surface tension's isotherms at temperatures of 20, 30 and 45
ºС. The received isotherms of surface tension σ = f(CПАР) of individual non-ionic
surfactants' solutions are presented in Fig. 1.

a)

b)

c)
Figure 1. Adsorption isotherms of ТХ-45 (а), ТХ-100 (b) and ТХ-305 (c) in
“SAS’s aqueous solution – air” system at 20 ⁰С (♦), 30 ⁰С (▲) and 45 ⁰С (●)
MONOGRAPH
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Isotherms of adsorption are typical for micellar surfactants: they are
characterized by the presence of a transitional region with reaching the saturation
state in the region of micellar concentrations. In the range of SAS's low
concentrations there is almost a linear relationship between the surface tension and
the concentration of surfactant in the bulk phase. Surface tension isotherms are
shifted in relation to concentration axis and are characterized by different inclination
of the transitional region, which indicates a different surface activity of the studied
surfactants.
According to the surface tension's isotherms, there were calculated the main
colloid and chemical characteristics of surfactant: the critical micelle-forming
concentration (CMC), the change of free molar energy, enthalpy and entropy. They
are presented in Table 3.
The CMC value of the studied surfactants was determined by the tangent
method using the dependence σ= f(lgC). This is an important characteristic of
colloidal SAS's surface activity, as this value is always taken into account in many
technological processes: emulsification, solubilization, foam formation, and etc.
Table 3. Thermodynamic characteristics of surfactant's micelle formation in
aqueous solutions: critical micelle-forming concentration (CMC), change of free
molar energy (ΔG0m), enthalpy (ΔНm) and entropy (ΔS0m) of micelle formation.
Surfactants
ТХ-45
ТХ-100
ТХ-305

t, ºС
20
30
45
20
30
45
20
30
45

CMC·104,
mol/dm3
1,60
1,50
1,25
2,35
2,00
1,80
3,10
2,75
2,40

-ΔG0m,
kJ/mol
31.5
32.4
34.3
30.5
31.4
33.6
29.9
30.9
33.0

ΔНm,
kJ/mol
6.9
9.0
9.6

-ΔS0m, kJ/mol
for the formula
graphic
130.2
130.0
129.8
129.5
133.9
134.6
133.6
133.4
133.9
132.5
133.7
133.5

As it can be noticed from the given data, the smallest values of surface tension,
among the studied surfactants, were reached by X-45 triton, the largest ones – by X305 triton which is explained by the peculiarities of these surfactants' structure. Fig.
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2 shows the dependence of lg KKM on the number of oxyethyl groups n in the
hydrophilic chain of tritons at 20 °С (1), 30 °С (2) and 45 °С (3).

Figure 2. Dependence of lg KKM on the number of oxyethyl groups n in the
hydrophilic chain of tritons at different temperatures
As can be seen from Fig. 2, lgСккм increases significantly with an increase in the
number of oxyethyl groups (n) from 5 to 10 in the hydrophilic chain of the triton,
however when n>10, the CMC's value varies not that much. This can be explained by
the state of the oxyethyl chain in aqueous solution, depending on the number of
oxyethyl groups. It is known that at n < 9, the oxyethyl chain of non-ionic surfactant's
molecules in a solution has a zigzag shape [30]. At higher degrees of oxyethylation as
a result of attraction of oxygen atoms available the chain, the chain tends to decrease
and takes a twisted shape that has a spiral structure. It is probable that at n = 30 the
spiral-like chain takes an energetically advantageous state, for example, curls up,
which leads to hydrophobicity increase of the surfactant molecules, and therefore the
CMC decreases. So, for X-405 triton, containing 40 oxyethyl groups in hydrophilic
chain, the CMC is 0.15 mmol/ m3, and the association factor f, calculated by the
equation (1) amounts to 8.0 [29].
Thermodynamic characteristics of micelle formation were determined using the
equation [1]:
∆G 0 m = RT ln C KKM ,
 ∂  ∆G 0 m 
 ∂ ln C KKM
 = − RT 2 
∆H m = −T 2  
 ∂T
 ∂T  T 
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∆H 0 m − ∆G 0 m
 ∂ ln C KKM
= − R ln C KKM + T 
T
 ∂T




 ,

(18)

where ΔGm, ΔHm and ΔSm are differentiated free molar energy, enthalpy and
entropy of micelle formation, respectively; Сккм is the CMC, expressed in mol
fractions.
Graphic dependencies for the determination of enthalpy and entropy of micelle
formation are presented in Fig. 3 and Fig. 4, respectively.

Figure 3. Graphs for the determination of enthalpy of tritons' micelle
formation

Figure 4. Graphs for the determination of entropy of micelle formation for
Tritone X-45 (1), X-100 (2), and X-305 (3)
The change in enthalpy with an increase in the number of oxyethyl groups in the
surfactant molecule (Table 3) apparently comes from hydration increase in molecule's
polar part. It should be noted that the values of standard entropy of micelle formation,
calculated with the help of the equation (18) and the graphical method (Figure 4), are
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closely approximated for the studied SAS. Close values of micelle-forming entropies
attest to the fact that micelle formation has a phase nature.

1.4. Thermodynamics of surfactant's adsorption in "SAS solution – nonporous carbon sorbent" system
The change of thermodynamic functions during the process of surfactant's
adsorption is connected with a change in the structure of the SAS adsorption layer [8,
9, 12-14]. Therefore, parallel studies of adsorption processes under various conditions
and corresponding changes in thermodynamic characteristics allow obtaining new
information on the specifics of adsorption behavior of surfactants.
Under the change of adsorption's temperature conditions, one can expect the
effects conditioned by the change in the structure of SAS's adsorption layer and, thus,
the change in the form of adsorption isotherm, and moreover the nature of the
adsorbent and adsorbate should also have a significant effect.
Adsorption isotherms of tritons on graphitized carbon black at various
temperatures are presented in Fig. 5-7.

Figure 5. Adsorption isotherms TX-45 on graphitized carbon black at
various temperatures, °C: 20 (1); 30 (2) and 45 (3)

MONOGRAPH

20

ISBN 978-3-949059-26-1

Intellektuelles Kapital - die Grundlage für innovative Entwicklung ‘ 2021

Part 1

Figure 6. Adsorption isotherms of TX-100 on graphitized carbon black at
various temperatures, °C: 20 (1); 30 (2) and 45 (3)

Figure 7. Adsorption isotherms of TX-305 on graphitized carbon black at
various temperatures, °C: 20 (1); 30 (2) and 45 (3)
Proceeding from adsorption measurements, carried out at different temperatures,
the thermodynamic adsorption functions were calculated using the known ratios:
∆G 0 a = − RT ln K ,

(19)

 d ln K 
∆H 0 a = − RT 2 

 dT  ,

(20)

∆S 0 a =

0

0

∆H a − ∆Ga
T
,

(21)

where ΔH0a and ΔS0a – the integral enthalpy and entropy of adsorption; ΔG0a is
the differentiated free molar energy of adsorption; К is the constant of adsorption
equilibrium; Т – the absolute temperature, К; and R is the universal gas constant.
Graphic dependencies for determination of adsorption equilibrium's constants
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are presented in Fig. 8.

Figure 8. Graphs of determination of adsorption equilibrium's constants at
tritons' adsorption on graphitized carbon black at different temperatures
The decrease in free molar energy of associates' adsorption (-ΔG0a,
calculated according to [28] by the equation:

(

) (

)

− ∆G 0 a , ass ≈ − ∆G 0 m + − ∆G 0 a ,

аss)

was

(22)

where -ΔG0m and -ΔG0a are the changes in free molar energy of micelle
formation and adsorption, respectively.
The results of calculations are provided in Table 4.
Table 4. Characteristics of non-ionic surfactants' adsorption on graphitized
carbon black
Surfactants

t, oC

ωcal, nm2

ωexp, nm2

ТХ-45

20
30
45
20
30
45
20
30
45

1.63

0.73
0.74
0.88
1.02
1.22
1.27
2.39
2.77
6.96

ТХ-100
ТХ-305

2.14
4.78

-ΔG0a,
kJ/mol
29.5
27.6
27.0
27.3
24.5
23.9
24.3
24.7
21.6

ΔH0a,
kJ/mol
46.0
44.5
36.8

ΔS0a,
kJ/mol
56
59
58
60
68
63
42
39
46

-ΔG0a, аss
kJ/mol
61.0
60.8
62.6
56.4
54.5
58.7
54.2
56.5
55.8

As can be seen from Fig. 5-7, the dependence of adsorption on temperature is
complicated. First of all, it should be mentioned:
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1) different influence of temperature upon adsorption in case of different
concentrations of SAS in aqueous solutions;
2) the influence of oxyethylation degree of the non-ionic surfactants and the
porous structure of the sorbent upon temperature dependence of the adsorption.
So for all tritons (when adsorbed on an acetylene black), with an increase in the
equilibrium concentration of the solution Cp, selective adsorption initially decreases
with temperature elevation, and then increases. And the more polyoxyethyl groups
are contained in the triton molecule, the greater "transition" interval to the opposite
temperature dependence it has. The adsorption isotherms of TX-45 intercross at Cp =
0.15 mmol/ l, of TX-305 at Cp = 0.35 and 0.92 mmol/ l. At adsorption of ТХ-305,
which contains the greatest number of oxyethyl groups among the studied
homologous range, there is clearly observed the decrease of adsorption with
increasing temperature at the low levels of surface occupation.
In general, the obtained patterns are the result of overlapping of two factors,
namely: the exothermicity of adsorption and the change in the chemical potential of
the solution with the change in the solubility of the adsorbed component. In case of
low surface occupation, the adsorbate-adsorbent interaction plays the most significant
role. As calculations show (Table 4), the free energy of this interaction ΔG0a
decreases with the temperature rise for all studied surfactants. Consequently, there
increases the area ωексп, which is shielded by non-ionic SAS's molecule on the surface
of the sorbent in CMC area, and which is calculated grounding on the assumption of
the monolayer formation. However, the ωексп (for each specific system of "triton –
graphitized carbon black") is approximately 2 times smaller than Van der Waals area

ωр, occupied by the surfactant molecule at the parallel orientation towards the surface
of phase separation.
The results have showed that tritons' adsorption on graphitized carbon black is
accompanied by a negative integral enthalpy of adsorption ΔН0a, which is due to
changes in the chemical potential of the solution as a result of changes in SAS's
solubility. As the temperature rises, the hydration of polar groups decreases, which,
to a certain extent, reduces the hydrophilicity of the surfactant's molecules, and, as a
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consequence, their affinity to hydrophobic surface increases. For example, if we
compare the form of adsorption isotherm for X-305 triton at three temperatures, then
we will see that at 20 °С the isotherm saturates in CMC area, and at elevated
temperatures saturation will not be observed in this area. And the higher the
temperature, the more noticeable this effect is.
The sharp increase in the adsorption of TX-45 at 45 °C on carbon black is
probably connected with phase separation, which has began around solution's critical
mixing temperature (Тк). The literature does not contain data on Тк for TX-45,
however, based on the fact that for TX-305 Тк is 100 °С, and for ТХ-100 Тк is 65 °С
[29], we can assume that for X-45 triton Тк is around 50 °С. As is known, nucleation
begins earlier near the hydrophobic surface than in the volume of solution [24].
Mounting of intermolecular attraction contributes to the beginning of surface
settlement for X-45 triton, owing to the small oxyethyl chain's length. Hydrophobic
interactions increase with increasing temperature, therefore the absolute values of
free association energy ΔG0

асс

and free adsorption energy of associates ΔG0a,

асс

(Table 4) will increase as well.
Some conclusions can be made about the formation of an adsorption layer on the
surface of sorbents in the process of adsorption, proceeding from the nature of the
change in the differential enthalpy and entropy of adsorption. According to
experimental data, adsorption isosteres were built. In Fig. 9 by way of example, there
are depicted adsorption isosteres of X-45 triton on graphitized carbon black.
From adsorption isosteres there were found differential enthalpies of adsorption
ΔНa,dif [28]:
 d ln C 
∆H 0 a , dif = −Q = − RT 2 

 dT  ,

(23)

where Q is the isosteric heat of adsorption; and С is the equilibrium
concentration at specific adsorptions’ value a .
Figure 10 shows the dependence of the differential adsorption's enthalpy on the
adsorption of tritons X-45, X-100 and X-305.
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Figure 9. Adsorption isosteres of tritons on graphitized carbon black at
various adsorption values, mmol/ kg: 0.03 (1), 0.05 (2), 0.08 (3), 0.12 (4), 0.15 (5),
0.20 (6), 0.25 7), 0.30 (8).
As can be seen from Fig. 10, differential enthalpies of tritons' adsorption on the
graphitized carbon black decrease with an increase in the adsorption value from 0.03
to 0.15 mmol/ kg.

Figure 10. Dependence of the differential adsorption's enthalpy on the
adsorption of tritons X-45 (1), X-100 (2), X-305 (3)
Previously it was shown [28] that the change in the differential free molar
adsorption energy for micellar SAS on a carbon surface with the increase of
adsorption layer's occupation would not exceed 4.17 kJ/ mmol, and therefore, it
practically does not affect the nature of adsorption enthalpy's change. Thus, the
nature of the change in the differential adsorption enthalpy with the increase in
adsorption value allows us to monitor the nature of the change in system's entropy in
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accordance with the relation (1.3), which connects enthalpy, entropy, and free molar
adsorption energy. Consequently, the dependence of the differential adsorption
entropy, as a function of the adsorption value, will be symbatic to a similar
dependence for the differential adsorption enthalpy (Fig. 10).
During the adsorption of non-associating low-molecular substances, the
adsorption heat on carbon sorbents is very close to the values of the standard decrease
in their free molar adsorption energy, and changes in the integral adsorption entropy
depend very little on temperature and are negligible in absolute terms [28]. This
indicates a rather high molecules' mobility in the adsorption layer when adsorbed
from solutions of non-associating low-molecular organic substances, even in case of
larger values of adsorption equilibrium's constants. During the adsorption of nonionic surfactants on the carbon black, the change in integral entropy is almost three
times smaller than the change in integral enthalpy and free molar adsorption energy;
and about two times lower than the change in entropy during micelle formation in
solution's volume. This suggests a minor mobility of adsorbed molecules in
associates, formed on black's surface, compared with the mobility of molecules that
are part of the micelle in an aqueous solution.
The change in entropy with the increase in the adsorption value is conditioned
by the concurrence of several factors: a decrease in the mobility of adsorbed
surfactant's molecules and an increase in the mobility of water molecules. The latter
is a consequence of water structure destruction around the adsorbed surfactant's
molecules and the displacement of water molecules from the surface layer as a result
of adsorption. Probably, the decrease of entropy characterizes the process of
association in the adsorption layer, which occurs prior to the beginning of micelle
formation in the solution. As the proportion of SAS molecules, associated on
sorbent's surface, is increasing and their mobility is not compensated by the
destruction of water structure in the solution, this results into entropy's decrease.
The adsorption values, at which there is expected the beginning of association of
tritons molecules, which were adsorbed on the surface of the graphitized carbon
black, correspond to the degrees of adsorption layers' occupation θ = 0.52, 0.38 and
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0.10 for ТХ-305, ТХ-100 and ТХ-45 respectively (Fig. 10). Hence there can be made
the conclusion that the smaller degree of oxyethylation of non-ionic SAS molecules
is, the earlier the association in the adsorption layer occurs. The interaction between
adsorbed molecules themselves increases with the increase in SAS's concentration in
the adsorption layer, and these result into association. To study the interaction in the
adsorption layer, Hill’s equation [28, 29] can be applied:
θ
1−θ

+ ln

θ
1−θ

− ln C р = ln K1 + K 2θ

,

(24)

where θ is the degree of adsorption layer's occupation; Cp – the equilibrium
concentration of surfactant in mole fractions; K1 is a constant that takes into account
adsorbate-adsorbent interaction; and K2 is a constant that takes into account
adsorbate-adsorbate interaction.
Table 5, by way of example, provides the calculation of the adsorption isotherm
of X-45 triton on graphitized carbon black in the coordinates of Hill's equation.
Figures 11-13 provide the adsorption isotherms of SAS at various temperatures
in the coordinates of Hill's equation.
Figures 11-13 show that the adsorption isotherms of the tritons can be
successfully described by the equation (24) to θ = 0,45-0,50.
Table 5. Calculation of the adsorption isotherm of X-45 triton on
graphitized carbon black at 20 °С in the coordinates of Hill's equation
Сe·102,
mol/m3
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
6.0
8.0
10.0
12.0
14.0

- ln Сe
15.53
15.12
14.84
14.61
14.43
14.28
14.14
14.03
13.92
13.74
13.45
13.23
13.04
12.89
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a·102,
mol/kg
7.0
9.5
11.0
12.5
13.5
14.5
15.2
16.0
16.8
18.5
21.0
23.2
25.5
28.0

θ,·102
23.0
31.1
36.1
41.0
44.3
47.5
49.8
52.5
55.1
60.7
68.9
76.1
83.6
91.8

θ
1 − θ , 102
29.8
45.2
56.4
69.5
79.5
90.6
99.3
110.4
122.7
154.3
221.4
318.3
509.8
1120.0

27

ln

θ
1 − θ , 102
-121.0
-79.4
-57.2
-36.4
-23.0
-9.9
-0.7
9.9
20.4
43.4
79.5
115.8
162.9
242.0

θ
1−θ

+ ln

θ

1−θ
14.62
14.78
14.83
14.94
15.00
15.09
15.13
15.23
15.35
15.72
16.46
17.57
19.77
26.51

− ln C р
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Figure 11. Adsorption isotherms of X-45 triton in the coordinates of Hill's
equation at different temperatures

Figure 12. Adsorption isotherms of X-100 triton in the coordinates of Hill's
equation at different temperatures.

Figure 13. Adsorption isotherms of X-305 triton in the coordinates of Hill's
equation at different temperatures.
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There exists dependence between the adsorption equilibrium’s constant Ka and
K1 from equation (24) [28]:
K1 = βK a ,

where

β =ϖaϖ
H O
2

(25)

, in other words, it is the ratio of projection area of adsorbate

and water molecules upon adsorbent surface, respectively.
In Table 6 there are given the numerical values of ln K1 and K2 constants. It can
be seen from the Table that ln K1 decreases with temperature elevation for each
surfactant, while K2 constant increases. Both values of ln K1, either determined
graphically from experimental data using equation (24), or calculated by equation
(25), practically identical.
Thus, the association of the adsorbed SAS molecules on the surface of a nonporous carbon sorbent begins well in advance of the CMC in the solution's volume,
as it is suggested by the obtained results (Fig. 11-13, Table 6).
Table 6. Constants of Hill's equation, experimental and calculated
by equation (25)
Surfactants
ТХ-45
ТХ-100
ТХ-305

t, oC
20
30
45
20
30
45
20
30
45

ln Ka
12.0
11.4
10.0
11.5
10.0
8.7
10.1
9.6
7.9

β
14.9
14.9
14.1
20.4
20.4
20.4
48.6
48.6
48.6

ln K1, exp
14.1
13.0
12.0
13.8
12.4
12.0
13.5
13.1
13.1

K2
2.0
3.7
5.7
3.0
3.9
4.0
2.7
2.8
3.5

ln K1, cal
14.7
14.1
12.7
14.5
13.0
11.8
14.0
13.5
11.8

1.5. Thermodynamics of surfactants’ adsorption on activated charcoal AG-3
Adsorption of tritons on activated charcoal AG-3 at 20, 30 and 45 °C was
examined to find out the influence of sorbent's porous structure on the interaction in
"SAS aqueous solution – carbon sorbent" system.
Adsorption isotherms are presented in Fig. 14-16.
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Figure 14. Adsorption isotherms of TX-45 on activated charcoal AG-3 at
different temperatures.

Figure 15. Adsorption isotherms of TX-100 on activated charcoal AG-3 at
different temperatures, °C: 20 (1); 30 (2) and 45 (3)

Figure 16. Adsorption isotherms of TX-305 on activated charcoal AG-3 at
different temperatures, °C: 20 (1); 30 (2) and 45 (3)
Table 7 provides the characteristics of adsorption of non-ionic surfactants on
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charcoal.
Table 7. Characteristics of adsorption of tritons on activated charcoal AG-3.
Surfactants
ТХ-45
ТХ-100
ТХ-305

t, oC
20
30
45
20
30
45
20
30
45

V*·106, m3/mol
424
760
1809

Vа·105, m3/kg
25.0
20.8
21.6
26.2
26.9
27.4
34.7
31.7
28.9

-ΔG0a, kJ/mol
21.4
23.9
22.2
19.9
23.1
22.6
21.2
20.2
21.0

Graphic dependencies for determination of adsorption equilibrium's constants at
different temperatures are presented in Fig. 17-19, respectively.

Figure 17. Graphs of determination of adsorption equilibrium's constants
at adsorption of X-45 triton on activated charcoal AG-3 at 20, 30 and 45 °С

Figure 18. Graphs of determination of adsorption equilibrium's constants
at adsorption of X-100 triton on activated charcoal AG-3 at 20, 30 and 45 °С
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Figure 19. Graphs of determination of adsorption equilibrium's constants
at adsorption of X-305 triton on activated charcoal AG-3 at 20, 30 and 45 °С
The determination of the change in differential and integral enthalpy and
entropy of adsorption in "non-ionic surfactant – charcoal" system is inappropriate,
since the dependence of adsorption on temperature is insignificant in the region of
low equilibrium concentrations of a solution, in which the adsorption equilibrium's
constant is determined (Fig. 10-12), and its change lies almost within the measuring
error.
As could be expected, the temperature dependence of adsorption on charcoal
AG-3 is distinctly different from that on acetylene black, which is due to the porous
structure of this sorbent. In the initial stages of adsorption, the temperature practically
does not affect the selective adsorption of X-45 and X-100 tritons, their differential
free adsorption energies are approximately the equal. The adsorption of X-305 triton
decreases slightly with temperature rise at equilibrium concentrations below the
CMC.
As can be seen from Figures 14-16, at equilibrium concentrations above the
CMC, the temperature dependence of adsorption is complicated. The adsorption of
X-305 triton increases, and there is a critical temperature Тк for X-100 triton, after
which its adsorption decreases. Probably, at Т < Тк the adsorption increases with
temperature elevation as a result of oxyethyl chains' dehydration, while at Т ≈ Тк
steric restrictions lead to a decrease in specific adsorption's value. For X-45 triton,
there is a tendency to increase in adsorption with increasing temperature within
MONOGRAPH

32

ISBN 978-3-949059-26-1

Intellektuelles Kapital - die Grundlage für innovative Entwicklung ‘ 2021

Part 1

intermediate state, when the dependence of adsorption on temperature is complicated.
In order to estimate the space availability of AG-3 charcoal's pores during
adsorption of unassociated surfactant molecules (that is before reaching the CMC), it
is necessary to determine the adsorption volumes occupied by unassociated SAS's
molecules. The limited volumes of surfactant’s adsorbed molecules Vа, provided in
Table 7, were calculated as a product of molecules’ molar volumes V∗ and adsorption
value a. The values of SAS molecules’ molar volumes and methods of their
determination were given above.
From Table 7 it is evident that the degree of use of charcoal pores' volume
increases with increasing length of the oxyethylene chain. At n > 10, the volume of
adsorbed SAS molecules exceeds the actual limited adsorption volume of activated
charcoal, calculated by adsorption of benzene vapors. This value comprises the sum
of micro- and mesopores' volumes. Consequently, for n > 10, the entire volume of
micro- and mesopores is filled with adsorbed matter. Long polyoxyethylene chains,
obviously, should occupy the part of macropore space. The long oxyethylene chain,
connected by flexible ether bond with an alkyl radical, is located outside the
charcoal's pore space, while being also the part of adsorbed molecule's volume. Such
behavior of the oxyethylene chain can be conditional on two reasons: either the fact
that the alkyl radical of the molecule occupies almost entire volume of the pore,
leaving no space for oxyethylene chain's links; or the steric inaccessibility of pores
for the oxyethylene chain, which has a non-solid, but a twisted (meander) shape. It
can also be supported by the fact that at n < 9 the oxyethylene chain of non-ionic SAS
molecules has a twisted structure, which is more rigid than the meander shape that the
chain takes at n > 9 [30]. The volume of adsorbed surfactant molecules does not
exceed the limited adsorption volume of the pores, calculated on adsorption of
benzene vapors, only when the length of the oxyethylene chain is n < 10. After
transformation to meander form (n > 10), the oxyethylene chain is no longer located
in the pore space, as is evident from the adsorption data.
These suggestions are confirmed by the fact that the values of standard change
in free molar adsorption energy of tritons on charcoal -ΔG0a varies only a little,
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despite significant extension of the oxyethylene chain. [28] shows that the increment
of reduction of differential free molar adsorption energy on a non-porous carbon
sorbent of one oxyethylene link is 0.32 kJ/ mmol, in other words, the extension of the
oxyethylene chain should have lead to an increase of -ΔG0a. The presence of porosity
leads to a decrease of -ΔG0a as it is shown by the comparison of free adsorption
energy of non-ionic surfactant on a porous and non-porous sorbent. Obviously, this is
also connected with the inaccessibility of part of charcoal's pore space. This results
into inability to place the entire long molecule of surfactant into the pores of the
sorbent. Thus, the analysis of thermodynamic functions during adsorption of nonionic surfactants on carbon sorbents at different temperatures allows us to determine
the specifics of adsorption behavior of these matters.

1.6. Application of Polanyi's potential theory to the description of non-ionic
surfactants’ adsorption on activated charcoal AG-3
The above peculiarities of adsorption behavior of long-chain surfactants give
reason to believe that it is more appropriate to evaluate the adsorption energy of SAS,
using the modified Polanyi's potential theory [31].
The potential theory assumes that the process of adsorption of the dissolved
matter occurs by its settlement in the adsorption phase with a certain potential.
Consequently, if the adsorption process of dissolved matter's hydrocarbon part is
similar to settlement process, the contribution of free energy (per one methylene
group of aliphatic monofunctional compounds) to the adsorption process conforms to
the settlement process. The functional groups' contribution of free energy to the
adsorption process is lesser than that to the settlement process. This indicates that the
functional part of dissolved matter's molecule is substantially hydrated and is present
in the solution phase. Such results suggest that the pores of activated charcoal are
filled with alkyl groups of surfactant’s molecules, and hydrophilic groups are placed
in a "temporary position" near the alkyl chain. Thuswise, the occupied volume of the
adsorption space W is determined with the ratio:
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W = aValk ,

(26)

where а is the number of moles of adsorbed matter, and Valk is the molar volume
of alkyl part.
It is assumed that the SAS molecule in the adsorption phase is energetically
identical to the molecule in the micellar phase, since the contribution of free energy
to the methylene group in the processes of adsorption and micelle formation is
approximately the same, and the contribution of the hydrophilic group is much
smaller than that of methylene group. Therefore, the adsorption potential is
determined by the formula:
ε = RT ln (CMC Ce ) ,

(27)

where СMС and Сe are the critical micelle formation concentration and
equilibrium concentration, respectively.
Therefore, proceeding from the Polanyi's potential theory, the adsorption of
surfactants on charcoal AG-3 can be described by the equation [31]:
 RT ln (CMC Ce ) 

aValk = f 
Valk
,


(28)

where Valk is the molar volume of alkyl part; СMС і Сe are the critical micelle
formation concentration and equilibrium concentration, respectively; R – the
universal gas constant; and Т – the temperature, К.
For anionic surfactants, the function f reflects the pore structure of the given
activated charcoal and does not depend on adsorbate. If f is determined from one SAS
isotherm, then adsorption isotherms of other surfactants can be calculated from
equation (27) according to known values of CMC and V.
The molar volume of tritons' hydrophobic group, calculated with the help of
Stuart-Briegleb models, amounted to 3,17×10-4 m3/ mmol. Adsorption data for tritons
on charcoal AG-3 were converted into equations (27) and plotted to graphs:
lg W = f (ε Valk ) ,

( 29)

The calculation of performance curves of tritons' adsorption on activated
charcoal AG-3 is given in Tables 8-10.
The equation (28) shows that SAS adsorption isotherms can be reduced to one
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performance curve represented by the function f. All adsorption isotherms of anionic
surfactants on activated carbon, constructed likewise, can be described by one
performance curve [31]. The extrapolated value of this curve at (ε/V) →0 is the limited
volume of adsorption space, which for anionic surfactants is equal to sorbent pore
volume, calculated by adsorption of nitrogen. As can be seen from Fig. 20-22, tritons'
performance curves are displaced with each other at all tested temperatures.
Obviously, this is the result of oxyethyl chain's partial penetration into the pore space
of charcoal.
Table 8. The calculation of performance curve for X-45 triton's adsorption
on activated charcoal AG-3 at 20 ⁰С

Сe,
mol/m3
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11
0.12
0.13
0.14
0.15

ln (CMC/ Сe)
1.87
1.64
1.35
1.13
0.95
0.79
0.66
0.54
0.44
0.34
0.26
0.18
0.10
0.03

ε,
kJ/mol
4.51
3.97
3.28
2.74
2.30
1.92
1.60
1.32
1.06
0.83
0.62
0.43
0.25
0.08

ε/Valk·10-4,
kJ/m3
12.75
11.23
9.26
7.73
6.49
5.43
4.51
3.72
3.00
2.34
1.75
1.20
0.70
0.22

а,
mol/kg
0.06
0.24
0.34
0.38
0.40
0.44
0.46
0.48
0.50
0.52
0.53
0.54
0.55
0.56

W=a Valk·106,
m3/kg
21.24
84.96
120.36
134.52
143.37
155.76
162.84
169.92
177.00
182.31
185.85
191.16
192.93
198.24

-lgW
4.67
4.07
3.92
3.87
3.84
3.81
3.79
3.77
3.75
3.74
3.73
3.72
3.71
3.70

And thus, the oxyethyl chain contributes to the change in the adsorption
potential. It is known that oxyethylene links of non-ionic SAS's molecules, unlike
polar groups of ionic surfactants, can be adsorbed from aqueous solutions on carbon
sorbents by means of dispersion interaction between carbon atoms of oxyethylene
links' methylene groups and carbon atoms of sorbent [32]. Table 11 provides the
values of adsorption potentials and limited adsorption space for the studied
surfactants at different temperatures, calculated by the above-given equations.
Performance curves are shown in Figures 20-22.
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Table 9. Calculation of performance curve of X-100 triton's adsorption on
activated charcoal AG-3 at 20 °С.

Сe,
mol/m3
0.10
0.20
0.25
0.30
0.35
0.40
0.60
0.80
1.00
1.50
2.00

ln (CMC/ Сe)
3.16
2.46
2.24
2.06
1.90
1.77
1.37
1.08
0.85
0.45
0.16

ε,
kJ/mol
7.64
5.96
5.42
4.98
4.61
4.28
3.30
2.61
2.07
1.09
0.39

ε/Valk·10-4,
kJ/m3
21.58
16.84
15.32
14.07
13.02
12.10
9.33
7.37
5.84
3.07
1.10

а,
mol/kg
0.01
0.03
0.06
0.10
0.11
0.18
0.26
0.28
0.30
0.32
0.34

W=a Valk·106,
m3/kg
3.54
10.62
21.24
35.40
38.94
63.72
92.04
99.12
104.42
113.28
120.36

-lgW
5.45
4.97
4.67
4.45
4.41
4.20
4.04
4.00
3.98
3.95
3.92

Table 10. Calculation of performance curve of X-305 triton's adsorption on
activated charcoal AG-3 at 20 °С.

Сe,
mol/m3
0.01
0.02
0.04
0.05
0.06
0.10
0.15
0.20
0.25
0.30

ln (CMC/ Сe)
3.47
2.77
2.08
1.86
1.67
1.16
0.76
0.47
0.25
0.07

ε,
kJ/mol
8.39
6.71
5.03
4.49
4.06
2.81
1.83
1.14
0.60
0.16

ε/Valk·10-4,
kJ/m3
23.69
18.95
14.22
12.69
11.44
7.96
5.19
3.22
1.69
0.44

а,
mol/kg
0.02
0.44
0.84
1.00
1.06
1.50
1.72
1.82
1.86
1.88

W=a Valk·106,
m3/kg
7.08
15.58
29.74
35.40
37.52
53.10
60.89
64.43
65.84
66.55

-lgW
5.15
4.81
4.53
4.45
4.43
4.27
4.22
4.19
4.18
4.18

The obtained data indicates that adsorption potential increases and limited
volume of adsorption space decreases with the increasing degree of tritons'
oxyethylation. In such a way, X-305 triton's limited volume of adsorption space
equals approximately the quarter of charcoal's pore volume, calculated by the
adsorption of benzene vapors (2,9×10-4 m3/kg). This confirms the assumption about
the role of molecule's polar part in the adsorption process. The dehydration of
nonionic surfactant's polar group leads to a slight increase in the adsorption potential
for X-45 and X-100 tritons, as a result of temperature rise in the range of 20-45 °С.
However, for X-305 triton, the value of the adsorption potential is slightly
reduced. Obviously, a very long oxyethylene chain of X-305 triton changes its shape
(as a result of dehydration) in such a way that there is excluded the additional
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interaction of oxyethylene chain's methylene groups with the sorbent's surface.

Figure 20. Performance curves for X-45 (1), X-100 (2) and X-305 (3) tritons'
adsorption on activated charcoal AG-3 at 20 °С.

Figure 21. Performance curves for X-45 (1), X-100 (2) and X-305 (3) tritons'
adsorption on activated charcoal AG-3 at 30 °С.

Figure 22. Performance curves for X-45 (1), X-100 (2) and X-305 (3) tritons'
adsorption on activated charcoal AG-3 at 45 °С.
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As can be seen from Figures 22-24 and the data shown in Table 11, the
temperature does not affect the limited volume of adsorption space of charcoal W in
the case of X-100 and X-305 tritons' adsorption. And the influence of temperature on
W is somewhat more significant during adsorption of X-45 triton. This is probably
due to the greater mobility of X-45 triton's molecules compared to the homologues
studied.
Table 11. The values of the adsorption potential ε and the limited volume of
adsorption space W during tritons’ adsorption on activated charcoal AG-3.
Surfactant's
ТХ-45
ТХ-100
ТХ-305

t, oC
20
30
45
20
30
45
20
30
45

ε, kJ/mol
6.63
6.89
6.78
7.64
7.73
7.57
8.39
8.25
8.18

W·106, m3/kg
19.95
17.78
17.78
12.59
13.18
12.59
6.61
6.46
6.46

Thus, it is rational to use the modified Polanyi's potential theory for the
description of the adsorption of nonionic surfactants (such as oxyethylated
octylphenols) on a porous carbon sorbent. In assessing the adsorption potential by the
potential theory, the contribution from the length of SAS's oxyethyl chain is clearly in
evidence, in contrast to the determination of the differential free molar adsorption
energy using adsorption equilibrium’s constant.
Conclusions
It is established that the effect of temperature on SAS's adsorption on carbon
sorbents depends on the equilibrium concentration of micelle-forming surfactants'
aqueous solution, the oxyethylation degree of non-ionic SAS and the porous structure
of the sorbent. At concentrations lower than CCM, the adsorption of tritons on a
graphitized carbon black decreases with temperature rise and, at concentrations
higher than CCM, the adsorption increases. The more polyoxyethylene groups
contain the surfactant molecule, the greater the "transition" interval to the opposite
temperature dependence is. The received patterns are the result of overlapping of two
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factors: the exothermic nature of adsorption and the change in the chemical potential
of the solution with the change in the solubility of the adsorbed component. Free
molar energy of "adsorbate-adsorbent" interaction slightly decreases with temperature
elevation for all studied surfactants. The results of the calculations state that
adsorption of the tritons on the graphitized carbon black is accompanied by a
negative integral enthalpy, which is due to the domination of adsorption process's
exothermicity at a low degree of sorbent surface's occupation. The change in the
integral entropy is lesser than the change in enthalpy and free adsorption energy, and,
unlike the entropy of micelle formation, has a negative value. The analysis of the
thermodynamic parameters of adsorption and micelle formation gives the possibility
to reveal characteristic aspects of SAS adsorption behavior conditioned by the
association in the adsorption layer. Tritons' molecules, adsorbed on a graphitized
carbon black, are characterized by a lower mobility as compared to the molecules that
are part of the micelle in solution's volume. The oxyethylated chain of tritons'
molecules, adsorbed on activated charcoal AG-3, is not fully included to the volume
of sorbent's pore space. It is suggested to use the modified Polanyi's potential theory
for the description of adsorption of non-ionic surfactants such as oxyethylated
octylphenols with varying degrees of oxyethylation on a porous sorbent. This theory
allows us to estimate the influence of SAS molecule's oxyethylene chain length upon
adsorption. In assessing the adsorption potential by the potential theory, the
contribution from the length of SAS's oxyethyl chain is evident, unlike the
determination of the differential free molar adsorption energy with the help of
adsorption equilibrium’s constant.
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KAPITEL 2 / CHAPTER 2
ADSORPTION OF IONIC AND NON-IONIC SURFACTANTS MIXTURES
FROM AQUEOUS SOLUTIONS AT THE SURFCAE OF CARBON
SORBENTS
Introduction
Surfactants are the most common organic compounds among those needed to be
removed from natural and waste water. In practice, we deal with mixtures rather than
an individual surfactant. Adsorption of surfactants at the solid-fluid interface plays an
important role in many processes, such as ore flotation, oil extraction and application
of surfactants in households and for personal hygiene, in textile industry,
biotechnology and for water purification.
In this regard, it is important to study the effect of surfactant mixtures on
interfacial energy at the interface between different phases, in particular, liquid-solid.
Today there is practically no data on the mutual effect of surfactants on adsorption
from aqueous solutions on hydrophobic sorbents, including carbon ones.
Understanding of adsorption processes occurring in such systems is necessary for
creation of effective technological processes of separation and concentration of
organic substances on solid surfaces.
Adsorption of surfactants on solid surfaces can change their hydrophobicity,
surface charge and other key properties that adjust interfacial processes such as
flocculation / dispersion, flotation, moisturization and adsorption, washing processes,
increasing oil production, and corrosion inhibition. In general, adsorption is regulated
by a number of forces, such as covalent bond, electrostatic attraction, hydrogen bond
or nonpolar interactions between adsorbed particles, lateral associative interactions,
solvation and desolvation. Total adsorption is usually a cumulative result of some or
all of the above interactions. It is important to consider surfactant adsorption
mechanisms with regard to various forces involved and factors that control them.
The necessity and importance of the study of adsorption of compound
surfactants is associated with its relevance for practical systems using compounds of
several surfactants.
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2.1. Adsorption of surfactants by carbon sorbents from individual solutions
No clear and quite overall picture of adsorption process in a wide range of
surfactant concentrations has been proposed until now for a surfactant - carbon
sorbent system, unlike polar sorbents. One of the reasons is that the surface of carbon
sorbents varies considerably depending on the nature and method of pre-treatment,
such as washing and graphitization. Therefore, experimental data of different
researchers for close systems are often ambiguous [33]. Besides, application of a
number of known physicochemical research methods for such systems is hampered
by electronic conductivity and optical opacity of carbon materials.
The most common cause of physical adsorption, which mainly determines the
adsorption on carbon surfaces, is the dispersion interaction that arises as a result of
coordinated motion of electrons in adjacent molecules [34]. As shown by research
[35], hydrophobic interactions play an important role in the adsorption system
containing diphilic molecules of micelle-forming surfactants and hydrophobic
sorbent. The radius of their action exceeds the radius of action of molecular forces by
at least 1-2 orders, which causes association of diphilic molecules and their attraction
to the hydrophobic surface at greater distances than to the hydrophilic surfaces.
A specific peculiarity of behaviour of nonionic surfactant molecules during their
adsorption on carbon sorbents is the ability of oxyethylene units of hydroxyl chains,
in contrast to polar groups of ionic surfactants, to be adsorbed from aqueous solutions
due to dispersion interaction between carbon atoms of methylene groups of
oxyethylene units and carbon atoms of the sorbent. Therefore, competition between
alkyl and polyoxyethylene chains affects the character of orientation on the phase
separation surface in adsorption of diphilic molecules of nonionic surfactants. As the
density of packing of molecules increases in the adsorption layer, the
polyoxyethylene chains are gradually displaced in liquid phase volume. The
magnitude of angle of hydrophilic part deviation to the solution depth is determined
by relationship of decrease in free energy of adsorption of alkyl and polyoxyethylene
chains [34].
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It was previously believed that association in the adsorption layer on a carbon
sorbent at the degree of filling of adsorption layer θ<1 occurred in a two-dimensional
space, i.e. thickness of associates did not exceed thickness of monomolecular layer.
Formation of three-dimensional (volume) associates was expected only in the area of
critical micelle concentration (CMC). Experimental data available at that time did not
contradict this hypothesis and could be described with sufficient degree of probability
[33]. Modern physicochemical research methods showed the predominant role of
associative interactions during surfactant adsorption on hydrophilic sorbents in the
area of equilibrium concentrations below CMC. There is an obvious need for further
study of the issue of hydrophobic, in particular, carbon sorbents.
Adsorption of cationic surfactants on non-porous carbon surfaces was studied in
the papers [36,37]. The authors of [38] carried out both adsorption and calorimetric
measurements for hexyl-, octyl-, dodecyl- and tetradecyltrimethylammonium
bromides and dodecylpyridinium chloride during adsorption on a graphite surface.
The results has showed that adsorption process involves hydrophobic interactions
between a surfactant and a nonpolar surface, hydrophobic aggregation of
hydrocarbon chains on the surface and in the volume of solution and electrostatic
interactions between polar groups of surfactant molecules.
In the research papers [39-41] on adsorption of ionic and nonionic surfactants on
porous carbon sorbents, the course of adsorption isotherm is interpreted in terms of
ordering of adsorbed molecules in the surface layer. It is noted that adsorption
isotherms of ionic surfactants on activated carbon at different temperatures are well
described by the Freundlich equation and adsorption isotherms of nonionic
surfactants by the Langmuir equation. Comparison of adsorption measurements with
a change in differential molar enthalpy of adsorption during filling of adsorption
layer indicates that approximately 50% of molecules are adsorbed chemically and
others are adsorbed by specific adsorption mechanism.
Paper [42] indicates a chemisorptive nature of interaction of sodium
dodecylbenzenesulfonate on activated carbon. This conclusion is based on the
calculated values of enthalpy, growth of adsorption with increasing temperature and
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irreversibility of adsorption.
It is obvious that the porous structure of adsorbents substantially affects
conditions for adsorption phase formation. Depending on how much the formation of
three-dimensional associates is limited by the adsorbent size and pore structure,
adsorption isotherms of surfactants can take different forms ranging from a stepped
one to a curve having one or more peaks [43].
The type of adsorption isotherms of oxyethylated esters of n-decyl alcohol from
aqueous solutions on mesoporous actived carbon SCN-100 [43] suggests that
conditions of adsorption equilibrium in this case are similar to those existing at
adsorption of surfactants on outer surface of non-porous particles of acetylene carbon
black. Adsorption isotherms on a microporous sorbent (active carbon AG-3) have a
peal in the area of equilibrium concentrations equal to 0.2 - 0.3 CMC. At the same
time, in the area of concentrations exceeding the CMC, the volume of
supermicropores for the studied surfactants is completely excluded from the
adsorption space of activated carbon. According to authors of the paper this indicates
that surfactants are adsorbed from micellar solutions not only in the form of
individual molecules, but also in the form of micelles.
Thus, based on the structure of adsorption layer on a separation surface and the
structural characteristics of ions and micelles, availability of a peak can be explained
by inaccessibility of carbon pores to surfactant micelles. Surfactants adsorption
isotherms with shorter hydrocarbon radical do not have a peak and do not differ
fundamentally in form from adsorption isotherms on non-porous carbon adsorbent, an
acetylene black.
According to the Giles’s classification, the following types are typical for
adsorption isotherms of ionic and nonionic surfactants on solid sorbents: S2; S3: S4;
S5; L2; L4; L3; L5; H2; H4 [33]. The form of adsorption isotherm gives a
preliminary idea of the type of interaction between the dissolved surfactant and the
sorbent surface.
N.A. Klimenko [44] proposed taking a change in the adsorption isotherm form
as a major distinguishing feature at reaching the critical concentration of micelle
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formation in solution volume. Thus, adsorption isotherms at adsorption of anionic
surfactants on hydrophobic carbon sorbents have the following forms:
a) with a sharp increase in the area of CMC (S3; S4; H3; H4);
b) without a bend in the area of CMC (L2);
c) with a peak in the area of CMC (S5; L5).
Each form of adsorption isotherm corresponds to a certain structure of
adsorption layer. The paper [44] substantiates the hypothesis that proposes a single
concept of appearance of different structures of adsorption layers of surfactants on
sorbents of different chemical nature, and hence different forms of adsorption
isotherms. According to the hypothesis, the main role in the appearance of various
adsorption structures of surfactant on the surface of a solid adsorbent belongs to
associative interactions. Depending on a number of factors, association can be either
preferably on sorbent surface, or in solution volume, resulting in a complete
suppression of surfactant adsorption. Factors that influence the establishment of
equilibrium surfactant distribution between the two phases (adsorbent surface and
micelles) are the reduction of molar free energy of adsorption and molar energy of
micelle formation and the ratio of surfaces of both phases in a limited system volume.

2.2. Adsorption of mixtures of ionic and non-ionic surfactants
Adsorption of surfactants at the solution-solid interface is the subject of many
theoretical and experimental studies [33-44]. However, most of papers in this area are
devoted to the study of adsorption from single-component solutions. At the same
time, the study of behaviour of mixed systems is of great interest both from a
scientific and applied point of view.
The use of binary mixtures of surfactants makes it possible to more effectively
regulate properties of disperse systems in comparison with individual components of
the mixed solution. This is connected with synergism of adsorption of mixture
components at different interfaces [45]. In particular, wetting and modifying action of
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binary mixture solutions in relation to solids of different nature differs greatly from
the action of surfactant solutions contained in the mixtures. It is shown that behaviour
of mixtures can be predicted on the basis of isotherms of surface tension of the
corresponding solutions while wetting low-energy surfaces. At the same time, nonadditive contribution of mixture components to the contact angle values are
determined. It is due to synergism of adsorption of surfactants, the components of
mixtures at the solution-air and solution-solid interfaces [46].
The value of effect non-additivity depends on mixture concentration and
composition, as well as surface energy of hydrophobic lining. Analysis of wetting
and modifying action of solutions of binary surfactant mixtures on high-energy and,
usually, charged surfaces is more complex [47,48]. However, in this case, nonadditive effects depending on concentration and composition of the mixed solution
are detected. For example, synergistic effect of wetting and modification for a glass
and quartz surface is controlled by the nature of a cation of cationic surfactant, which
is associated with peculiarities of formation and structure of mixed adsorption layers
on a solid surface [49]. These results were obtained for aqueous solutions of binary
mixtures of classical low-molecular micelle-forming surfactants (nonionic and ionic).
The study of surface and bulk properties of solutions of micelle-forming and highmolecular surfactant binary mixtures is of evident interest.
Adsorption process depends on numerous factors including molecular structure
of surfactant, pH, ionic strength, and composition of aqueous phase [35,50,51]. A
number of works concerning the adsorption of various types of surfactants on the
surface of carbon sorbents for improving the aggregation stability of aqueous
dispersions or finding out surfactant adsorption mechanisms are known today [5255]. At the same time there are a very limited number of studies related to the
adsorption of surfactant mixtures on the surface of carbon sorbents [56-58]. The
authors of [56] studied the change of surface charge of activated carbon particles in
aqueous dispersions of mixtures of different-type surfactants. It is shown that
adsorption value depends on the type of surfactant and functional groups on a sorbent
surface. Adsorption of surfactant on a sorbent surface leads to electrostatic or sterile
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repulsion of suspension particles.
Aggregation stability of GCB dispersions in mixed solutions of sodium dodecyl
sulfate and oxyethylated nonylphenols has been evaluated in the paper [57]. The
authors have shown that the amount of adsorbed ionic surfactant decreases
significantly in the presence of a nonionic surfactant. Adsorption of a series of
sodium polystyrene sulfonates and ethoxylated nonionic surfactants (NP-12, NP-40,
NP-100) on GCB surface has been studied in the paper [58]. Adsorption isotherms of
the Langmuir type and negative values of free adsorption energy have been obtained
for all surfactants studied. The authors have hypothesized that the ethylene oxide
chains of adsorbed nonionic surfactants assume a helical conformation on GCB
surface.
Analysis of literary data shows that, despite a great interest in mixed systems
and an intensive study of their properties, there are many unsolved problems in this
area of colloidal chemistry. There is no universal theory allowing us to describe
interactions in micelles and adsorption layers. Causes of deviations from ideal
behaviour have not been clarified for many surfactant systems; many combinations of
surfactants have been studied fragmentarily; there is practically no data for a
systematic study of binary mixtures. In addition, contradictory data are often found
when comparing results of various studies. Patterns of adsorption of binary mixtures
on a solid surface have not been established; there are very few works in this
important, from the practical point of view, area of study. One of the possible reasons
is limitation of adsorption research methods. For example, the classical method for
calculating the change in concentration of a surfactant in a solution after adsorption
by the surface tension isotherm turns out to be unsuitable in connection with a
possible change in mixture composition after adsorption. Another reason is that it is
necessary to study behaviour of a mixed system in volume and at the solution-sorbent
interface for competent interpretation of the observed results. This is quite a complex
task, as according to the previous studies there are often significant deviations from
ideality in the mixed systems.
It should be noted that nonionic and cationic surfactant mixtures are the least
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studied and complex as regards explanation of the effects observed, therefore
determination of their characteristics and quantitative analysis of interactions in such
systems is of great interest in terms of development of general ideas about colloidchemical patterns of behaviour of mixed systems.
The task of the paper is a comprehensive research of binary mixtures of cationic
and nonionic surfactants. It studies the adsorption of individual surfactants and their
mixtures on the surface of hydrophobic carbon sorbents and analyzes the influence of
pH, the adsorbent nature, the type of interactions between individual surfactants and
the surface, as well as interactions of surfactants in solution volume and in the surface
layer in terms of patterns of adsorption of surfactants from individual and mixed
solutions.

2.3. Structure of adsorption layers on the surface of carbon sorbents
At present, many features of adsorption of organic substances, in particular,
surfactants, by solid sorbents are insufficiently studied, especially the structure of
adsorption layers and the influence of various factors thereon. This information is
extremely important, as it is background information for calculating and optimizing
many technological processes.
Unlike sorbents of hydrophilic nature, for which a number of adsorption aspects
are addressed through application of physicochemical methods of analysis [59], for
surfactant-carbon sorbent systems the use of these methods is complicated due to
electrical conductivity and optical opacity of carbon materials. In addition, the
surface of carbon sorbents varies considerably depending on the nature and method
of pre-treatment. Therefore, experimental data for close systems are often ambiguous,
which complicates synthesis of research results and determination of general
adsorption process patterns within a wide range of surfactant concentrations.
Moreover, application of patterns determined for simple organic substances to
adsorption of micelle-forming surfactants is limited by the specific behaviour of
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surfactants in aqueous solutions. The principal feature of systems containing
surfactants is the capacity for reverse phase transitions in aqueous solutions from
molecular-disperse to micellar state. Processes of adsorption from micellar solutions
differ significantly from processes of adsorption from molecular-disperse systems.
This is connected with the important task of studying relationship between adsorption
and associative interactions in systems containing hydrophobic sorbent and diphilic
molecules of micelle-forming surfactants under different conditions of contact of
aqueous solution of surfactant with surface of a solid sorbent.
As it follows from the analysis of data available in literature, special attention
should be paid to the study of factors influencing the association of surfactant in the
adsorption layer at equilibrium concentrations below the critical micelle
concentration (CMC). One of these factors is the effect of temperature on the
adsorption of surfactants, since hydrophobic interactions that cause association of
diphilic surfactant molecules are endothermic and should increase with increasing
temperature [60-62].
Data on the structure of adsorption layers of surfactants on solid surfaces are
background information for calculating and optimizing many technological
processes. Despite the large number of studies [63-67], this is one of the most
debatable issues of the adsorption theory.
Thus, description of aggregation of ionic surfactants on polar surfaces has
involved different structures: hemimicelles in Fuerstenau and Somasunduran,
admicelles in Harwell [63]. The authors of [64] described the adsorption of nonionic
and ionic surfactants on the basis of a segmental distribution on a surface, and
proposed small surface spherical aggregates containing counterions. However, none
of these models provides full description of adsorption of ionic surfactants on polar
surfaces, because they do not take sufficient account of influence of various factors.
The paper [63] presents a detailed consideration of structure of adsorption layers
of ionic surfactants on a hydrophilic surface. A large number of experimental results
are interpreted by the model of small individual surface aggregates. The adsorption
model takes into account the influence of various factors: electrostatic and
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hydrophobic interactions, concentration, structure of surfactant, type of coions, pH,
adsorbent structure, surface charge density and surface polarity.
It is envisaged that adsorption has a two-stage mechanism and adsorption of
ionic surfactants from aqueous solutions on opposite-charged surfaces is based on
two types of interactions: electrostatic and hydrophobic. They are the basis of the first
and second stage of adsorption mechanism, respectively. Contribution of electrostatic
interactions depends mainly on surfactant ion charge, surface charge density,
electrolyte concentration and pH. Hydrophobic interactions depend mainly on
structure of surfactants and counterions, electrolyte concentration and CMC.
At low equilibrium concentrations surfactant ions are bound by electrostatic
forces to adsorption spots on the surface. Nonpolar groups are oriented to the aqueous
phase within the hemisphere, whose radius is equal to the effective length of a
hydrocarbon chain. In the region of average concentrations, hydrophobic interactions
occur between nonpolar parts of surfactant ions, and part of counterions are adsorbed.
At equilibrium concentrations higher than CMC adsorption saturation is observed. If
the average distance between two adjacent adsorption spots on a solid surface is
greater than the size of an aggregate, then they are isolated on the surface.
Aggregation number of these surfactants is in the range of 3-20, which is noticeably
less than in micelles. Counterions are located near or between the main groups,
reducing their mutual repulsion and simultaneously shielding a hydrophobic surface
of a nucleus.
Various adsorption physicochemical methods have been recently used to study
adsorption on hydrophilic sorbents [59]; however, they have limitations for carbon
sorbents due to electrical conductivity and optical opacity of the latter.
Application of physicochemical research methods has allowed proving the
associative structure of adsorption layers of nonionic and anionic surfactants when
adsorbed from aqueous solutions on hydrophilic sorbents [59]. Methods of
fluorescence extinction have shown that association of surfactants on a surface of
oxide sorbents begins long before reaching CMC in solution volume [65]. When the
adsorption layer filling degree is θ <0.5, the adsorption layer is formed by separate
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unrelated associates, the shape of which is close to the shape of bulk micelles.
Adsorption phase in the region θ > 0.8 is a continuous medium with an internally
connected network of micellar aggregates. When θ = 0-0.17, the size of aggregates
increases at constant surface density. In the area of θ = 0.17-0.5 the size of aggregates
does not change and their density increases. In the interval θ = 0.5-0.8, dimensions of
associates begin to increase again at constant distribution density.
Unlike hydrophilic sorbents, conclusions on the structure of adsorption layers on
carbon surfaces are based in most cases on adsorption and calorimetric measurements
[38, 66].
In the paper [67], the method of scattering slow neutrons was first used to study
the adsorption layer of a nonionic surfactant on the surface of a non-porous carbon
sorbent. Analysis of the data showed that adsorption layer contains surfactant
molecules, fixed on the surface of adsorbent by hydrophobic part, free water and
mobile hydrophilic parts of molecules with bound water, when a surfactant is
adsorbed from aqueous solutions at a concentration below CMC. When a surfactant is
adsorbed from solutions at a concentration above CMC, the adsorbent surface may
contain surfactant associates, the state of which depends on the method of separation
of equilibrium solution from a sorbent. This fact is explained by hydrodynamic factor
sensitivity of associative formations caused by hydrophobic interactions.
The analysis of data available in literature shows that the results of studies of
adsorption on nonpolar sorbents from micellar solutions are explained by formation
of both associates and layers [59,67]. It is known that at orientation of molecules in
associate, minimum Gibbs energy is attained at the smallest difference in polarity of
associate-water outer boundary. Therefore, an outer shell of a micelle is formed by
hydrophilic groups of surfactant molecules and completion of the shell is limited by
the number of molecules included in one associate. At adsorption of surfactant on a
hydrophobic carbon sorbent, a shape of semi-ellipsoid surface associates adjoining
the surface by equatorial sections is possible due to interaction between carbon
radicals and sorbent surface.
In addition to orientation of adsorbed molecules, all changes in the layer
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occurring with increase in density of its filling and manifestations of associative
interactions between surfactant molecules both in the solution volume and on the
phase separation surface should be taken into account when considering the
adsorption layer structure. The energy of interaction of alkyl radicals on the phase
separation surface depends on the following factors: length and structure of a
hydrophobic radical, influence of a substitute, presence of other substances
containing alkyl groups in solution, concentration of electrolyte in solution and
adsorbent surface filling degree.
Thickness of adsorption layer is an important characteristic for interpretation of
data on the state of surfactant water solution - solid sorbent system. Traditionally,
thickness of adsorption layers of surfactants is estimated by indirect data, for
example, by adsorption amount, rheological measurements, and adsorption and
electrophoresis data. However, there is a need to apply modern methods for assessing
the thickness of adsorption layers of surfactants that would have sufficient separation
power.
Establishing the structure of adsorption layers and the patterns of their formation
on surfaces of different adsorbents will allow regulating adsorption processes, as well
as using both surfactants and sorbents in different technological processes more
efficiently.

2.4. Materials and methods
Ionic and nonionic types of surfactants have been used for research. Nonionic
surfactants: oxyethylated octylphenols with degree of oxyethylation n = 5, 9-10 and
30 Tritons X-45, X-100 and X-305 of the general formula С8Н17С6Н4(ОСН2СН2)n.
The surfactants were used without additional purification.
Ionic surfactants:
-hexadecylpyridinium bromide (С16Н33NС5Н5Вг). To obtain high-purity
products, industrial samples of surfactants were purified by recrystallization from
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methyl ethyl ketone. The degree of purification was controlled in terms of absence of
minima in the area of CMC on isotherms of surface tension;
-anionic surfactant: sodium hexadecyl sulfate (n-C16H25SO4Na). The surfactant
was used without additional purification.
Critical micelle concentration (CMC) in solutions of surfactants was determined
using tensiometric and conductometric methods. The basis of these methods is the
construction of concentration dependence of surface tension and electrical
conductivity. CMC of a surfactant is defined as concentration corresponding to the
salient point in the dependence σ= f(lnС) or k=f(С).
Solution pH was measured by L-Micro pH-meter. A glass electrode with an
internal silver chlorine electrode was used in the research. Electrode was calibrated
using a series of standards for pH-metry (pH 1.68 - 12.45). Method and measurement
accuracy is ± 0.2.
Studies on adsorption kinetics were carried out in order to fix the time required
for adsorption equilibration in the system of aqueous solution of organic substance sorbent.
In order to obtain adsorption solutions containing different initial concentrations
of organic substances were shaken with constant weighing of sorbents on a special
device executing 6000 variations per hour. The solution volume was 0.025 dm3. After
reaching adsorption equilibrium, the solutions were separated from the adsorbent.
The values of equilibrium concentrations were determined by spectrophotometric
method and values of ionic surfactants by two-phase titration method. Measurement
error did not exceed 1%.
Specific adsorption amount was calculated by the relation:

a=

Co − Ce
V
m
,

(1)

where a is the adsorption amount, mol/kg; V is the volume of solution from
which the adsorption amount was determined, dm3; m is the weight of sorbent, kg; Co
and Ce are the initial and equilibrium concentrations of organic substance solution,
mol/dm3.
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2.5. Ionic and non-ionic surfactants adsorption from individual and mixed
solutions on the surface of graphitized carbon black
2.5.1. The ionic surfactants adsorption from individual aqueous solutions
As discussed in the literature review, there is still no unified concept of the
adsorption process in the system with an aqueous surfactant solution - a carbon
adsorbent, which explains the influence of the system components on the structure of
the adsorption layers. Controversy of thoughts about the structure of the adsorption
layers of surfactants attracts attention. Information on the structure of the adsorption
layers of surfactants on hydrophilic sorbents [59, 63-65], as well as the new data on
the surfactants adsorption on carbon sorbents, give grounds to develop a hypothesis
about the surfactants bulk association on the surface of carbon sorbents during
adsorption, from aqueous solutions whose equilibrium concentration does not exceed
CMC, in the light of both the experimental data obtained and published in the
literature.
Previously, the basis for hypothesis adopting of the monomolecular thickness of
the adsorption layer of surfactants on the carbon adsorbent surface to the CMC in the
first approximation was numerous data on the adsorption of organic substances of
various structures from aqueous solutions on carbon adsorbents, which showed that
already at a distance of two or three molecular layers from the surface adsorbent, the
dispersion interaction intensity weakens to such an extent that thermal motion
eliminates differences in the ratio of components near the surface and far from it in
the liquid volume. However, when the substance molecules, which absorbed are
associated in a solution, a more complex structure of the adsorption layer can be
expected.
Assumptions about the structure of the adsorption layer surfactants based only
adsorption measurements can be made based on the calculation of the area per
molecule in the area of the adsorption plateau or at the inflection point of the
adsorption isotherm. The calculation was carried out according to the formula:

ωexp =
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where Sа is sorbent surface area; a CMC is the amount of adsorption in the field of
CMC; NA is Avogadro constant.
As the Table 1 shows, the data on the area that screens alkyl sulfates and alkyl
sulfonates molecules on the surface of non-porous carbon sorbents (ωexp) in the area
of CMC is given.
Table 1. Adsorption characteristics of anionic surfactants on graphitized
carbon black
Surfactants

ωexp, nm2

ωcal, nm2

-∆G0а, kJ/mol

t, nm

Sodium octyl sulfate

1,04

0,91

17,7

0,33

Sodium decyl sulfate

1,19

1,06

21,6

0,33

Sodium dodecyl sulfate

0,66

1,21

25,6

0,67

Sodium decyl sulfonate

0,83

1,03

18,8

0,44

Sodium tetradecyl
sulfonate

0,90

1,33

29,5

0,50

As the Table 1 shows, they fluctuate from magnitude, which roughly
corresponds to the parallel orientation of the molecule main axis which is relative to
the surface (ωcal) to the vertical (0.25 nm2), that is, less than would be expected with a
monomolecular coating of horizontally oriented molecules. These facts are explained
in different ways, while numerous tests on the adsorption of long-chain organic
molecules of non-targeted organic substances from aqueous solutions on carbon
sorbents showed that a monomolecular structure of the adsorption layer with a
horizontal orientation of the molecular axis to the phase contacting area
corresponding to the stored energy minimum.
The most likely cause of “landing site” change is semi-colloid surfactants and
even the same substance (for example, sodium dodecyl sulfate) on the same chemical
nature sorbents, obviously, their association in the adsorption layer depends on many
factors: the CMC size of the surfactants, the degree of the sorbent hydrophobicity, the
electrolytes presence in solution, etc. These factors influence the adsorbed substance
– adsorbent interaction energy and the higher this value, the greater will be the degree
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of surfactants concentration in the adsorption phase and the smaller the area per
molecule in the dense layer. The surfactants concentration in the surface layer of the
adsorbent is due to the manifestation of the hydrophobic and adsorption interactions
between the diphilic molecules of the micelle-forming surfactants. Molecules
approach each other to a certain critical distance, at which their aggregation occurs
(hydrophobic coagulation) and adagulation on the surface earlier than in the solution
volume.
Let us consider the case of anionic surfactants adsorption on the same sorbent
(graphitized carbon black), how the change in the standard free molar adsorption
energy affects, which leads to different degrees of surfactants concentration in the
surface layer, replacing the “landing site” surfactant molecules in the adsorption layer
formed in CMC area.
The magnitude of the molar free energy standard decrease of the ∆G0а surfactant
adsorption of non-porous carbon sorbents was calculated by the formula:
∆G 0 a = − RT ln K a ,

(3)

where Kа is adsorption equilibrium constant, Т is absolute temperature °К; R is
absolute gas constant.
Table 1 shows the ∆G0а estimated values. The results show that the higher the
energy of the adsorbate - adsorbent interaction, the less the area ratio screened by the
surfactant molecule in the adsorption layer, to the Van der Waals molecule area
(1.14, 1.12, 0.55, 0.81 and 0.68 for octyl-, decyl-, dodecylsulfate, sodium decyl- and
tetradecylsulfonate, respectively), the higher degree of surfactants association, due to
the molecules concentration in the surface layer.
Additional information about the surfactants association in the adsorption phase
can be obtained based on average thickness information of the surfactants adsorption
layer. The average thickness of the surfactants adsorption layer can be determined in
the same way as the adsorption layer thickness is estimated by de Boer in the tmethod [68]. Under the provisions developed by de Boer, the amount of adsorbed
substance volume on a homogeneous non-porous sorbent is equal to the molecular
volume of this substance molecule (Vm,i) on the amount of specific adsorption ( a i) per
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unit sorbent mass, and the average adsorption layer thickness (ti) is calculated by
dividing the adsorbed volume size on the specific sorbent surface (Sа). In the
construction of t-curves showing the dependence of the average thickness of the
molecules layer, benzene derivatives, adsorbed from the aqueous solution on nonporous carbon black ti = a i Vm,i /Sa from the solution relative concentration Ci/Cs
(where Ci is the mole concentration of the equilibrium solution, Сs is the solubility at
the same temperature) it turned out that at Ci/Cs→ 1 ti approaches the limiting value ti
∞

≈ 0.37 nm, that is, to the thickness of the molecule benzene ring.
At the adsorption of n-methyl aniline and n- chloroaniline, the ti values were

equal to 0.382 and 0.360 nm respectively. In the adsorption of n-nitrophenol ti∞ ≈
0.390 - 0.397 nm, in the case of nitrobenzene adsorption at Ci/Cs ≈ 0.2 ti∞ = 0.297 0.309 nm [68], for aliphatic alcohols ti∞ ≈ 0.45 - 0.57 nm.
Figure 1 shows as an example graphic dependences t from Ce/CCMC (where Ce is
equilibrium concentration of surfactants solution, CCMC is critical concentration of
micelle formation) for alkyl sulfates and alkyl sulfonates.
If the surfactants adsorption is limited only by a monolayer, then, with the
relative equilibrium concentration Ce/CCMC = 1, its average thickness should be equal
to the average thickness of the surfactants molecule, which is oriented parallel to the
phase separation surface, taking into account the possible polar group deviation into
the solution. As Table 1 shows, the obtained average thickness values of the
adsorption layers of anionic surfactants confirm the assumption about the
monomolecular structure of the adsorption layer for octyl-, decyl sulfate and sodium
decyl sulfonate and associative for sodium dodecyl sulfate and tetradecyl sulfonate.
This is also confirmed by the data from the comparison of the areas screened by the
molecule in the CMC ωexp and the calculated ωcal area, which falls on the molecule,
provided the monomolecular surface filling and horizontal orientation of the main
axis of the molecule relative to the phase separation surface.
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Figure 1. - t -adsorption curves of anionic surfactants on graphite carbon
black: sodium dodecyl sulfate (1), tetradecyl sulphonate (2) and decyl sulfonate (3)
In view of this, during the adsorption study of the same sorbent (graphite carbon
black) it appears that when the free adsorption energy is increased in a number of
different sorbates, the structure of the adsorption layer from monomolecular (octyl
sulfate, decyl sulfate, decyl sulfonate) to the associative (dodecyl sulfate, tetradecyl
sulfonate) is observed.
We analyze the results of adsorption of sodium dodecyl sulfate by such carbon
sorbents: spheron 6, rinsed spheron 6 and a graphon [68]. As it is known, graphitizing
removes from the surface light ionized and oxygenated adsorption centers and leads
to a homogeneous and hydrophobic surface. Therefore, the adsorption properties of a
graphite carbon black are different from those of the original carbon black. The
surface of Spheron is not completely homogeneous and contains anionic groups, as
evidenced by the experiments on the adsorption of cetyltrimethylammonium bromide
and aerosol-OT on graphite carbon black and its initial form. The anionic surfactants
exhibit a less affinity for the graphite surfaces because of repulsion of the same ionic
groups, while the cationic surfactants behave in the opposite way. When rinsing, part
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of the charged adsorption centers is removed from the surface of the spheron 6, which
leads to an increase in the energy of adsorption and smoothing of the maximum at the
adsorption isotherm.
With full graphing, the charged centers are removed almost completely and the
electrostatic repulsion of the same charged groups is excluded. The homogeneous
surface of the graphon contributes to the growth of the anionic surfactants
concentration in the surface layer due to the increase in the adsorption forces and
hydrophobic interactions. This contributes to a higher degree of molecules
association on the graphon surface in comparison with the surfaces of non-graphite
and rinsed Spheron. The area that is screened by a single sodium dodecyl sulfate
molecule on the graphon surface in the area of CMC is 0.42 nm2, heat-treated at 2770
°С of spheron 6 - 0.40 nm2, of the raw spheron 6 - 0.69 nm2 and rinsed spheron 6 –
0.70 nm2. These values are much smaller than the horizontally located molecule area
of sodium dodecyl sulfate (1.45 nm2) and more of the area occupied by a vertically
positioned molecule (0.25 nm2). As follows from the isotherm of adsorption, the free
adsorption energy falls in a number of graphon - a thermally untreated spheron - a
rinsed spheron - a raw spheron, which confirms the above assumption of a higher
association degree on the graphon surface in comparison with other sorbents.
2.5.2. Adsorption of non-ionic surfactants from individual aqueous solutions
Even more difficult is to identify the adsorption layers structure of the non-ionic
surfactants in comparison with the ionic ones due to the complex behavior of the long
oxyethyl chain during adsorption. Some data show that the areas that are screened by
non-ionic surfactant molecules on the graphite surface (ωexp), are significantly larger
than the areas occupied by the solution-air surface and less than the molecule
horizontally oriented area by both its parts (alkyl and oxyethyl) relative to the surface
(ωcal). In such a case, the ωexp value is exponentially increasing with the number of
oxyethyl group increase.
One of the reasons for this phenomenon may be that different energy
characteristics of the alkyl and oxyethyl chains adsorption lead to the oxyethyl chains
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displacement from the sorbent surface by alkyl radicals due to the mobility of the
etheric bond between them [34,38]. If neglected other interactions in the adsorption
layer, then it is possible to determine the conditional deviation angle of the oxyethyl
chain from the phase separation surface with the monomolecular surface coating. In
this case, the t2 average thickness of the adsorption layer in the CMC1 area should
correspond to the t1 molecule average thickness, calculated from molecules of StuartBriegleb models, taking into account the deviation angle of the oxyethyl chain
respectively [34].
From specific adsorption values of a ∞ when Ср = CMC1 were calculated the
areas screened by one surfactant molecule in the adsorption layer. The ωexp value
discrepancy and the area, which involved with alkyl radical (ωal) in the adsorption
sphere at the CMC area, is the area occupied by the polyoxyethylene chain on the
phase separation surface (ωoe). This area is equal to the projection area of the Van der
Waals sizes of the polyoxyethylene group of the adsorbed molecule that is deviant
from the phase separation surface at α angle. These data indicate that:

cos α =

ωexp − ω al
ωoe

(4)

However, the cause for the discrepancy between the “landing” site of the
nonionic surfactant molecule of the determined from the experimental data and the
estimated magnitude corresponding to the horizontally oriented molecule, may also
be associated in the surface layer, depends on the concentration degree in the surface
layer, that is, from ∆G0а .
In this manner, the average statistical thickness of the adsorption layer
comparison, determined from experimental data and from Stuart-Briegleb molecules
models, can provide information about the non-ionic surfactants molecules
interaction in the adsorption layer, determines its structure.
To carry out such an analysis, the adsorption of oxyethylated octylphenolide:
tritons Х-45, Х-100 and Х-305 on the graphitized carbon black was studied.
Аdsorption isotherms are shown at Figure 2 - 4. Table 2 shows the data for standard
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calculating of the free energy decrease of triton adsorption on graphitized carbon
black.

Figure 2. Adsorption isotherms of TX-45 at CB at different temperatures,
°С: 20 (1); 30 (2) and 45 (3)

Figure 3. Adsorption isotherms of TX-100 at CB at different temperatures,
°С: 20 (1); 30 (2) and 45 (3)
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Figure 4. Adsorption isotherms of TX-305 at CB at different temperatures,
°С: 20 (1); 30 (2) and 45 (3)
Table 2. Data for calculating the standard free energy thinning of the
tritons adsorption on graphitized carbon black.
С⋅102,

а⋅102,

mol/m3

mol/kg

y⋅102

x⋅107

(у/x) 10-5

lg(у/x)

а/аCMC

ТХ0.5

4.5

3.78

0.90

4.20

5.62

0.160

0.8
1.0

6.5
7.1

7.14
9.63

1.44
1.80

4.96
5.34

5.70
5.73

0.224
0.259

1.5

9.5

19.20

2.70

7.09

5.85

0.345

0.90

1.09

5.04

0.053

1.80
2.70
3.60
ТХ-305

1.35
1.77
3.26

5.13
5.25
5.51

0.105
0.158
0.228

ТХ-100
0.5

1.5

0.99

1.0
1.5
2.0

3.0
4.5
6.5

2.43
4.78
11.76

0.5

0.5

0.32

0.90

0.35

4.55

0.063

1.0
1.5

1.0
1.5

0.74
1.36

1.80
2.70

0.41
0.50

4.62
4.70

0.125
0.188

2.0

2.0

2.30

3.60

0.64

4.81

0.289
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The fractional accuracy in determining the adsorption equilibrium constant was
9%, with the determination of -∆G0а by the equation (18) (when lgKa = 4) - 5 %.
When determining the average molecule thickness by the molecules models, the
calculation was carried out taking into account the proportional contribution to the
molecule thickness of its various parts (alkyl radical, deviated oxyethyl chain,
benzene ring). The average thickness of the oxyethyl chain was determined by the
ratio:

1
t ′ = ( l sin α + d )
2
,

(5)

where l is the length of the oxyethyl chain deviated in depth; d is Van der Waals
thickness of the oxyethyl chain.
Table 3. Characteristics of tritons adsorption on graphitized carbon black
Surfactants

-∆G0асс,
kJ / mol
31.7

α

t1, nm

t 2, nm

1.63

-∆G0а,
kJ / mol
30.6

88

0.52

1.64

0.61

2.14

27.6

30.7

88

0.51

1.63

2.18

4.78

25.5

29.9

66

4.56

0.83

ωexp, nm2

ωcal, nm2

TХ – 45

0.60

ТХ – 100
ТХ – 305

As indicated by data obtained (Table 3), change of the standard Gibbs free
energy of adsorption -∆G0а the highest is for ТХ-45, which is resulting in the
adsorption and experimental “landing” sites of surfactant molecules in the CMC area
(Table 3). The ωexp value much less than area occupied by horizontally oriented
surfactant molecules and more than area of vertically located molecules (0.32 nm2).
The discrepancy of the ωexp and ωcal values can be explained by the deviation of the
oxyethyl chain either into the solution depth, or by the manifestation of associative
interactions in the adsorption layer. If the first hypothesis supposition takes place,
then the average thickness of the adsorption layer, calculated from the model, taking
into account the oxyethyl chain deviation, should be equal to the average thickness of
the adsorption layer determined from the experimental data, depending on t fromθ.
As shown by represented in Table 3 data, for the TX-45 triton, the average
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statistical thickness of the adsorption layer t2 in both systems is much greater than the
adsorption layer t1 average thickness. These surfactant molecules, as one would
expect, are most closely associated. Probably, associative interactions are also
manifested in the case of the X-100 triton adsorption on a carbon black, because t2 >>
t1. The deviation of the oxyethyl chain obviously effects on the adsorption layer
thickness, since t2 ≈ t1. They change in antibatically: t1 increases with increasing
degree of oxygenation in surfactants, and t2 decreases. The t2 value decrease within
the range of surfactants indicates a decrease in the associative interactions in the
adsorption layer with an increase in the degree of surfactant oxyethylation. In this
case, associations are likely prevent the presence of hydrated oxyethyl groups, the
increase of which in the X-305 triton molecule provide the structure of the adsorption
layer approaching a monomolecular one.
In connection with these hypothesis suppositions, it seems advisable to give
the oxyethylated alcohols adsorption results to the general formula Cn2n+1O(C2H4O)m
on acetylene carbon black [34]. As the Table 4 shows for C5H11O(C2H4O)30H, when
one cannot expect the deviation of the oxyethyl chain from the interface phase,
because (--∆G0а )al ≈ (--∆G0а )oe [34], the average adsorption layer thickness is
approximately equal to the average surfactant molecule thickness, oriented parallel to
the phase separation surface (0.43 nm). This indicates the absence of a threedimensional association in the adsorption layer and the monomolecular structure of
the adsorption layer. Obviously, associative interactions do not manifest, because t2 ≈
0.46 nm, and for C8H17O(C2H4O)23H, which contains a small alkyl and long oxyethyl
group. In the case of other surfactants, an increase in the alkyl radicals on two carbon
atoms leads to an increase in the average thickness of the adsorption layer, and at an
unchanged length of the alkyl radical, the increase in the oxyethyl groups content
does not change it practically (Table 4). Consequently, the association of surfactant
molecules mainly determines the change in the “landing” site of a molecule in a
saturated adsorption layer with an increase in the length of the oxyethyl chain, but the
deviations of the hydroxy chains can make a certain contribution to this.
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Table 4. Characteristics of the oxyethylated alcohols adsorption on
acetylene carbon black
Surfactants

ωexp, nm2

ωcal, nm2

С5Н11О(С2Н4О)30Н

4.37

С10Н21О(С2Н4О)13,5Н

t1, nm
(Considering.α)
0.64

t 2, nm

α

4.57

-∆G0а,
kJ / mol
24.85

1.20

2.80

26.27

71

0.89

0.90

С10Н21О(С2Н4О)17Н

1.84

3.26

28.98

58

1.20

0.68

С12Н25О(С2Н4О)6Н

1.00

1.84

29.73

79

0.63

0.76

С12Н25О(С2Н4О)15Н

1.54

3.16

32.32

66

0.97

0.78

С12Н25О(С2Н4О)17Н

1.66

3.42

33.44

66

1.10

0.79

С12Н25О(С2Н4О)23Н

2.08

4.21

35.45

64

1.53

0.79

С8Н17О(С2Н4О)23Н

3.02

3.49

27.98

24

0.93

0.46

8

0.43

In view of this, as indicated by obtain results, when surfactant adsorption from
aqueous solutions to a non-porous carbon adsorbent at equilibrium concentrations not
exceeding CMC, the adsorption layer may be monomolecular or formed from
associates of a greater thickness than the monolayer, depending on the adsorbateadsorbent interaction energy, hydrophobicity degrees of the surfactant molecule and
the adsorbent chemical nature.
2.5.3. Binary mixtures adsorption of cationic and non-ionic surfactants
In many cases, the use of surfactant mixtures is more profitable than the use of
individual surfactants [47, 48]. While adsorption from individual surfactant solutions
at the boundary between solids and liquids is intensively studied, there is only a
limited amount of work related to surfactant mixtures adsorption, and these works
were performed mainly on hydrophilic surfaces [49, 59].
In this paper, the adsorption of hexadecylpyridinium bromide (HDPB) and
octylphenol ethoxylates of the TX series (TX-45, TX-100 and TX-305) from their
mixed solutions on the graphitized CB was studied for determining the mixed
adsorption main features of cationic and non-ionic surfactants on the nonpolar solid
surface.
The CB is an intense black powder, which is obtained with incomplete
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combustion or thermal decomposition of carbon-containing organic materials. It is
widely used as a pigment, a polymer filler material, as an electrode material in
batteries and fuel-consuming cells, and as a sorbent in sewage purification. The CB
consists of nanometer size primary particles, which form aggregates of various
shapes and structures. The CB particles, generally, are strongly hydrophobic and are
prone to aggregation when dispersed in water. One of the main approaches to
improving the aggregation stability of the CB particles in aqueous solutions is
surfactants adsorption on the CB surface [37].
In this paper, HDPB and non-ionic oxyethylated octylphenols, which are
commonly used in paints, emulsions and wetting agents were used to study the
adsorption behavior of mixtures of these surfactants on the CB surface. This study
aims to promote a better understanding of the surfactants interaction on the surface of
a hydrophobic sorbent to optimize such interactions.
By isotherms adsorption and taking into account the total area of the CB surface,
the area (ω), force per adsorbed surfactant molecule was calculated with maximum
adsorption

ω=

S
Amax N A

(6)

where S is CB surface area, NА is Avogadro constant and Amax - maximum
adsorption value.
The non-ionic surfactants concentration in the samples was determined by
spectrophotometric measurements at 274 nm with the spectrophotometer SPh-46,
while the content of the HDPB in the solutions was evaluated using the two-phase
titration method [69]. It is shown that the presence of each component in mixed
solutions of HDPB - TX does not affect the determination of another surfactant.
The mole fraction of TX on the CB surface and in solutions was determined by
the following formulas:
CB
α TX
=
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(8)

CB
solution
are TX mole fractions on the CB surface and in
where α TX and α TX

equilibrium solution, respectively; AТX and AHDPB are the adsorption values of TX
and HDPB on the CB surface; CTX and CHDPB are the ТХ and HDPB concentrations in
the equilibrium solution, respectively.
The charge of the CB surface particles was determined using the Zeta-Meter
System 3.0+, measuring the particles electrophoretic mobility in the diluted
suspension, and turning it into a zeta potential value by the Smolukhovsky equation:

ς=

µη
ε

(9)

where ς is zeta potential (мВ), η is dynamic viscosity, and ε is dielectric
constant. The measurements were carried out at pH values of 6.0-6.5 aqueous
solution.
Isotherm of HDPB adsorption on the CB surface corresponds to the Langmuir
type, as shown at Fig. 5 (curve 1). Isotherm of Langmuir’s adsorption is described by
the formula:

A=

Amax KC
(1 + KC )

(10)

where A is the adsorption value per area unit, K is equilibrium ration and Amax –
maximum adsorption value.
The amount of adsorbed HDPB grows rapidly with increasing surfactant
concentrations and reaches the plateau area at equilibrium HDPB concentration of
about 0.4 mmol/l. The HDPB significant adsorption is due to hydrophobic
interactions between the alkyl chains of surfactant molecules and CB surface. It can
also be assumed that the positively charged HDPB ions and π-electrons of a graphite
grate on the CB surface interact with each other.
As Fig. 5 shows, the maximum adsorption value for the HDPB is approximately
0.46 mmol/g, which corresponds to a limit area of 0.60 nm2 for one HDPB molecule
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adsorbed on the CB surface.

Figure 5. Isotherms of HDPB adsorption (1) and zeta potential of CB
particles in the HDPB solution (2), рН 6.5.
It has been shown that the zeta potential of CB particles in aqueous solution
without cationic surfactant is very low (-0.2 mV) (Fig. 5, curve 2). The HDPB
molecules adsorption significantly changes the zeta potential of CB particles even at
low surfactant concentrations. The zeta potential is steadily increasing with the
HDPB concentration in solutions, reaching the value of the plateau about +48 mV at
a surfactant concentration of about 0.4 mmol (Fig. 5, curve 2). The change in the zeta
potential value in the presence of cationic surfactant clearly indicates a significant
surfactant adsorption on the CB surface. There is also a good correlation between
adsorbed cationic surfactant amount and the values of the CB particles zeta potential
(Fig. 5, curves 1, 2). It follows that hydrophobic groups oriented toward the CB
particles surface, while the cationic surfactants are turned to the aqueous phase
adsorb the HDPB molecules.
Figure 6 shows adsorption isotherms TX-45, ТX-100 and ТX-305 on the CB
surface. All three adsorption isotherms correspond to the Langmuir type with a
clearly defined horizontal plateau near the CMC corresponding values. High
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adsorption quantities of ethoxylated octylphenols are due to hydrophobic interactions
between surfactant molecules and CB surface. Hydrophobic interactions between the
alkyl macromolecular chain and the graphite surface are well stated experimentally
and are considered as the main force responsible for surfactants adsorption on the CB
surface [59]. It can also be assumed that the π-electrons of the surfactant molecules
phenyl rings and the π-electrons of the CB grating interact with each other.

Figure 6. Adsorption isotherms of Triton X and zeta potentials of CB
particles in TX-45 solution. pH 6.5.
Whereas TX-45 is a non-ionic surfactant, its adsorption on the CB surface
practically does not affect the zeta potential of the CB particles (Fig. 6). Similar
values of the zeta potentials were also obtained for the CB particles after TX-100 and
TX -305 adsorption.
As the Table 5 shows the maximum adsorption values and the limiting area
pertaining to the adsorbed molecule for oxyethylated octylphenols. As table shows,
the amount of adsorbed non-ionic surfactant significantly decreases with an increase
in the number of EO units in the surfactant molecule. With the EO units number
increasing, the tritons molecules become more hydrophilic, and therefore adsorption
on the surface of the CB decreases. This also increases the area that falls on the nonMONOGRAPH
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ionic surfactant molecule on the CB surface. As a result, the amount of adsorbed nonionic surfactant decreases. It was previously reported that the exclusion area formed
by the polyoxyethylene chain directed to the solution, which is the main parameter
that restricts surfactants adsorption. The conformation of the oxyethylated chain of
adsorbed surfactant depends on its length and may be spiral, especially for long EO
chains.
Table 5. The non-ionic surfactants adsorption on the CB
Surfactants

Amax, mol/kg

ω, nm2

CMC, mol/m3

TX-45

0.42

0.60

0.16

TX-100

0.28

0.9

0.24

TX-305

0.11

2.29

0.30

Figure 7 shows the TX-45 adsorption values on the CB surface, depending on
the TX-45 concentration in mixed solutions at HDPB constant concentration.
As is obvious, at concentrations that are lower than corresponding to adsorption
saturation, the TX-45 adsorption increases with the HDPB increase in the mixture
content. In this concentration range, a synergistic adsorption effect occurs when the
adsorption value of the non-ionic surfactant from the mixtures is higher than the
amount of adsorption from the TX-45 mono-solution. Thus, cationic surfactant, when
present in the mixture, enhances the non-ionic surfactant adsorption, apparently, due
to the formation of mixed surfactant aggregates. The main reason for the mixed
aggregates formation is obviously dispersion interactions between surfactants alkyl
radicals that are adsorbed on a nonpolar CB surface. The ion-dipole interactions
between the hydrophilic molecules parts of cationic and non-ionic surfactant
molecules can also contribute to the mixed aggregates formation. In this case, the
TX-45 molecules, as well as the mixed TX-45-HDPB aggregates adsorb on the CB
surface. As a result, the total number of TX-45 molecules adsorbed from mixed
surfactant solutions is higher compared to adsorption from the TX-45 mono-solution.
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Figure 7. Adsorption isotherms of TX-45 at CB from the single solution (1)
and from mixed solutions of TX-45 with HDPB (2,3) HDPB concentrations are:
0.2 (2) and 0.5 mmol/L (3)
Similar characteristics were also established at HDPB adsorption from
surfactants mixtures. As Fig. 8. shows, the presence of TX-45 molecules promotes
HDPB adsorption, especially at surfactant concentrations in a solution, which does
not yet achieve adsorption saturation of the sorbent surface. In these cases, the
cationic surfactant adsorption from binary mixtures is higher in comparison to
adsorption of HDPB from mono-solution surfactant. As mentioned above, this is
obviously due to the aggregates formation of mixed surfactants, in this case both
individual surfactants molecules and mixed TX-45 aggregates- HDPB are adsorbed
on the CB surface. In addition, an increase in HDPB adsorption may be due to
decrease in electrostatic repulsion between cationic surfactant ions in the adsorption
layer due to the molecules inclusion of the non-ionic surfactant between them. Thus,
the synergistic adsorption effect was found in mixtures of TX-45- HDPB when the
TX-45 or HDPB adsorption rates from their mixed solutions are higher than the
corresponding adsorption quantities from solutions of individual surfactants,
especially in the initial rapidly increasing part of the isotherm adsorption.
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Figure 8. Adsorption isotherms of HDPB at CB from the single solution
(1) and from mixed solutions of HDPB with TX-45 (2,3) TX-45 concentrations
are: 0.2 (2) and 0.5 mmol/L (3)
According to the Rosen model [70], the interaction between two different
surfactant molecules can be estimated using the intermolecular interaction parameter
βσ, which can be calculated as follows:
βσ =

E11 + E22 − 2 E12
RT

(11)

where E11, E22, E12 are interaction energy between individual surfactant1
molecules, separate surfactant2 molecules, surfactant1 and surfactant2 molecules,
respectively. Negative βσ values indicate the adhesion between surfactant molecules,
while positive βσ values testify to repulsive interactions between surfactant1 and
surfactant2 molecules.
When a mixed saturated adsorption layer is formed on the boundary of a
hydrophobic surface-solution, the βσ interaction parameter can be calculated using the
following formulas [70]:
( x1 ) 2 ln(
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ln α1C1, 2 / C10 x1
)
(1 − x1 ) 2

(13)

where Xσ1 is TX molar fraction in a mixed layer on the solid-liquid - fluid
boundary, C10, C20 and C1,2 are concentrations corresponding to the formation of a
saturated adsorption layer for TX, HDPB, and surfactants mixture, respectively.
Xσ1 meaning is calculated by the equation (12), and then substitutes into formula
(13) to calculate the βσ intermolecular interaction parameter between the molecules
TX and HDPB in the mixed adsorption layer. The data in Table 6 show that the
mixed adsorption layer on CB the surface is enriched with molecules of the non-ionic
surfactant. The maximum absolute value of the deviation from the ideal mixture was
found for a surfactants mixture with a mole fraction where TX is equal to 0.6. The
predominance of the non-ionic surfactant content in the mixed adsorption layer may
be due to the higher surface activity of TX-45 compared to the HDPB.
Table 6. Parameters of βσ intermolecular interaction and TX-45 Xσ mole
fraction in the mixed adsorption layer
αТХ-45

βσ

Xσ

0
0.2
0.4
0.6
0.8
1

-6.5
-6.8
-8.3
-5.4
-

0
0.6
0.7
0.7
0.75
1

As Fig. 9 shows, the content of various non-ionic surfactants in the mixed
adsorption layer on the CB surface depends on their molar ratio in mixed surfactant
solutions. If the surfactant content on the CB surface was the same as in the solution,
the experimental data would fall on the dotted line in this figure, but apparently, the
non-ionic surfactants are present in excess on the CB surface, with the molar fraction
of oxyethylated octylphenols in the adsorption layer decreasing TX45> TХ100>
TХ305 series. This dependence indicates that more hydrophobic non-ionic surfactant
is predominantly adsorbed on the CB surface from mixed solutions with cationic
MONOGRAPH

73

ISBN 978-3-949059-26-1

Intellektuelles Kapital - die Grundlage für innovative Entwicklung ‘ 2021

Part 1

surfactant. Such data are well correlated with the zeta potential values of the CB
particles in mixed solutions of oxyethylened octylphenols - HDPB.

Figure 9. Mole fraction dependence of the oxyethylated octylphenols on
the CB surface from their mole fraction in a mixed solution with HDPB
As Fig. 10 shows, positive zeta potential of CB particles in a HDPB solution
(+46 mV) is reduced in the presence of non-ionic surfactants. This can be explained
by the substitution of positively charged cationic HDPB molecules that are adsorbed
on the CB surface into virtually neutral molecules of non-ionic oxyethylened
octylphenols, which reduces the zeta potential of CB particles. When comparing the
effect of various oxyethylenic octylphenols on the zeta potential magnitude at the
same molar fate of non-ionic surfactant in a mixed solution, the greatest decrease in
the CB zeta potential was detected in the TX-45 presence. This can be explained by
the higher TX-45 adsorption on the CB surface compared to TX-100 and TX-305.
Thus, the results of studies show that the surfactant composition on the CB
surface is significantly different from their composition in the solution and that the
adsorption layer composition is significantly different from their volume ratio in the
solution. A synergistic effect was found for surfactant mixtures when the adsorption
of both non-ionic and cationic surfactants on the CB surface with their binary
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mixtures was higher than surfactants adsorption from individual solutions [71,72]. It
is shown that the parameters of βσ intermolecular interaction, which are calculated
using the Rubin-Rosen approach, have negative values indicating the presence of
significant intermolecular interactions of the components in the mixed adsorption
layer [73,74]. It is shown that non-ionic surfactant molecules are dominant in the
mixed adsorption layer. It is established that the molar fraction of non-ionic
surfactants on the CB surface decreases in ТХ-45> ТХ-100> ТХ-305 series. These
data indicate that more hydrophobic non-ionic surfactant is adsorbed predominantly
on the CB surface from mixed solutions with cationic HDPB.

Figure 10. Zeta-potentials of the CB particles in the mixed solutions of
Triton X with HDPB at different Triton X mole fraction (α) in the mixed
solutions
2.5.4. Binary mixtures adsorption of sodium hexadecyl sulfate and TX-100
The study of the mutual surfactants interaction with their adsorption from binary
solutions at the interface between different phases, including solids, is of interest for
the description and explanation of various colloid-chemical processes associated with
the surfactants presence, and when modeling the structure and properties of systems
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containing surfactants mixtures. In recent years, surfactant mixtures adsorption on the
solution - air boundary intensively studied, but the surfactant adsorption from
solutions of their mixtures on solid surfaces has not been systematically studied. The
analysis of the data available in the literature shows that there is no clear idea and
unanimous opinion among researchers about the mixtures composition influence of
non-ionogenic (non-ionic surfactants) and anionic surfactants on adsorption
parameters.
We carried out a study of adsorption of non-ionogenic TX-100 surfactant and
SHDS anionic surfactant at different ratios in a binary solution on the CB surface
[75].

Figure 11. Adsorption isotherms of TX-100 and SHDS on CB from
solutions of separate surfactants and from mixed solutions of TX-100 - SHDS at
different molar ТХ-100 (α) fractions in mixed solution.
The isotherms adsorption of ТХ-100 and SHDS on the CB surface have a
Langmuir shape (Fig. 11). As the figure shows, a synergistic effect manifests itself in
increasing the values of the total adsorption of the studied surfactants from binary
solutions in comparison with the adsorption values of each component from
individual solutions on graphitized carbon black at the same equilibrium
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concentrations throughout the studied interval of surfactants molar ratios. The
surfactant adsorption is due to the nonspecific dispersion interaction between the
nonpolar part of the surfactant molecules (hydrocarbon radicals) and the nonpolar
graphitized carbon black surface.
With a small ТХ-100 (α = 0.2) content, adsorption from binary solutions on the
CB surface is small; at equimolecular surfactant ratios (α = 0.5) in the solution
adsorption increases due to the formation of mixed aggregates ТХ-100 – SHDS. The
increase in the total adsorption at high content of TX-100 (α = 0.8) occurs mainly due
to its adsorption; the adsorption of SHDS increases with all studied components
ratios.
Table 7 shows the total adsorption values of surfactants, calculated from the
additive property assumption from the adsorption data ТХ-100 and SHDS from
individual solutions on CB according to the formula:
Acalc = αATX −100 + (1 − α ) ⋅ ASHDS

(14)

For all molar components ratios in a binary solution, the values of total
adsorption in systems TX-100- SHDS, obtained experimentally, are greater than the
calculated values (Aexp> Acalc).
Table 7. Total surfactants adsorption on the CB surface from binary
solutions ТХ-100 – SHDS
αТХ-100

А·106 (exp), mol/g

А·106 (calc), mol/g,

0
0.2
0.4
0.6
0.8
1.0

1.8
3.3
3.9
5.1
4.5
1.7

2.4
3.1
4.0
3.6
-

The maximum deviation from the ideal is found in a surfactant binary solution
with equimolecular component content. In this case, surfactants are adsorbed on the
CB both in the form of molecules and ions, and in the form of mixed aggregates. The
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concentration necessary to achieve the maximum surfactant adsorption on the CB
surface obtained experimentally can be compared with the corresponding
concentration obtained for the ideal system state by the following ratio [78]:
1 C12 = α1 C1 + (1 − α1 ) C2

(15)

where С1, С2 and С12 are the concentrations required to achieve maximum
adsorption on the CB surface, determined by the adsorption isotherms of surfactants
from individual and binary solutions, respectively; α1 - ТХ-100 molar fraction in
solution volume.
Figure 12 shows that concentration dependence (С12), required to achieve
maximum adsorption on the CB surface (С12) from α, determined by the adsorption
isotherms of surfactant from binary solutions, has a negative deviation from the ideal
system state, the maximum of which is observed for ТХ-100 at αTХ-100 = 0.8.
Reducing the total concentration values required to achieve maximum adsorption on
a solid surface in comparison with estimated data indicates a synergistic effect of the
studied surfactants upon their adsorption from binary solutions on the CB surface.

Figure 12. The concentration dependence required to achieve maximum
adsorption on the CB surface in individual and binary solutions versus the TX100 molar fraction: 1 is estimated data; 2 is experimental data.
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With the help of the Rubin-Rosen Model [70], the composition and
characteristics in mixed systems of surfactant were quantified. According to this
model, the mixed adsorption layer is considered as a regular solution of one
surfactant in the other, and the interaction of surfactants molecules is characterized by
βσ dimensionless parameter. Our use of Rosen representations is determined by the
choice of CB as adsorbent, which has a low-energy homogeneous nonpolar surface.
The calculation was carried out using the formulas (12) and (13). Table 8 shows the
results.
The composition calculation of the adsorption layer χσ and βσ interaction
parameters shows that the mixed adsorption layer on the solution - CB boundary is
enriched with non-ionic surfactants molecules already with a small content in the
binary solution (αTX-100 = 0.2) (Table 8). With the mole fraction, ТХ-100 increase in
the binary solution from 0.2 to 0.8 its share in the adsorption layer increases by
approximately 1.6 times.
Table 8. The mixed adsorption layers composition and the interaction
parameters between the surfactant molecules on the CB surface are calculated
according to the Rosen model (A = 2.7·10-6 mol/g).
αТХ-100
0
0.2
0.4
0.6
0.8
1.0

χσ
0.59
0.67
0.72
0.78
-

-βσ
3.2
5.5
12.0
13.3
-

Negative values of the (βσ) interaction parameters indicate the existence of
excess attraction between the TХ-100 and SHDS molecules in the mixed adsorption
layer.
Additional information on surfactant adsorption from binary solutions on a solid
sorbent can be obtained by comparison with adsorption at the interface of the
surfactant - air binary solution phases. Using the surface tension isotherms of
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individual TX-100 and SHDS and their mixtures, obtained by us earlier, were
determined the values of maximum adsorption H∞ and the area value that falls on the
surfactant molecule in the adsorption layer.
The values of the surfactant boundary adsorption (A∞), found in the plateau area
on adsorption isotherms, and the value of the area per molecule in the mixed
adsorption layer on the CB surface, were calculated by the formula:
S spec = S min ⋅ A∞ ⋅ N A

,

(16)

where Sspec is CB specific surface area; Smin is the minimum area that falls on the
molecule in the adsorption layer; A∞ is the adsorption value of concentration close to
saturation.
Table 9. Comparison of the basic adsorption parameters of TX-100 and
SHDS from binary solutions at the boundary between solution - air and solution
- solid separation phase
αТХ-100

H∞ ·106,
mol/m2

Smin ·102, nm2

A∞·106,
mol/m2

Smin·102, nm2

0

1.7

21.4

8.0

17.2

0.2

2.5

79.3

12.0

10.5

0.4

2.9

75.5

15.0

7.3

0.6

3.7

71.4

17.5

6.4

0.8

4.5

56.5

20.0

6.0

1.0

4.9

39.0

10.5

16.3

As the Table 9 shows the data, where is shown the TX-100 and SHDS
adsorption from binary solutions at the boundary between the phases of the binary
surfactant solution - CB significantly exceeds adsorption at the interface between the
phases of the surfactant solution. This is due to the aggregates formation from TХ100 and SHDS molecules to form a mixed adsorption layer on the CB surface, as
well as with the dispersion interaction of surfactant molecules with the nonpolar CB
surface.
When adsorption of surfactants on the CB surface, the value of the area
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occupied by the molecules TХ-100 and SHDS, is less from their binary solutions than
in adsorption from individual solutions, and less than the corresponding areas of the
solution-air (Table 9) interphase boundary. This indicates the adsorption layer
consolidation on the solid surface and confirms the fact of surfactants adsorption on
the CB surface in the form of aggregates.
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Conclusions
It was established that formation of the surfactants adsorption layer on nonporous carbon sorbent is influenced by the ratio of free molar energy adsorption to
free energy of micelle formation, as well as by the ratio of the total surface of the
micellar phase to the available effective adsorbent surface.
The adsorption of ionic and non-ionic surfactants from individual and mixed
solutions at the interface between aqueous solution of the surfactant and non-porous
carbon sorbent was investigated. In the framework of the phase separation model (the
Rubin-Rosen approach), the composition of mixed adsorption layers and
intermolecular interaction parameters in adsorption layers βσ as well as the changes in
free adsorption energy of the surfactant mixtures were calculated. It was shown that
βσ have negative values, indicating the presence of significant intermolecular
interactions of the components in the mixed adsorption layer. The ionic component of
the mixture has a specific effect on the parameters of intermolecular interaction and
the formation of the adsorption layer. The effects of negative deviation from the ideal
system are more notable in the binary systems with anionic surfactants.
A synergistic effect was found for surfactant mixtures when the adsorption of
both non-ionic and ionic surfactants at CB surface from their binary mixtures was
higher than adsorption of surfactants from individual solutions. Synergetic effects are
more pronounced at high molar fraction (α = 0.6-0.8) of the non-ionic surfactant in
the mixture. It was shown that changes in the standard free energy of adsorption and
intermolecular interaction parameters in adsorption layers are higher in the
surfactants mixtures, which contain the anionic surfactant. The adsorption activity of
the surfactants at the solution-CB interface is higher than at the air-solution interface
due to dispersion interactions of surfactant molecules or ions with hydrophobic
surface of the sorbent.
It was found that the composition of the mixed surfactant adsorption layer is
significantly different from the surfactant ratio in the bulk solution. Molecules of the
non-ionic surfactants are dominated in the mixed adsorption layer and their molar
fraction decreases in the row: ТХ-45> ТХ-100> ТХ-305. These data indicate that the
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more hydrophobic non-ionic surfactant is predominantly adsorbed at CB surface from
mixed solutions with cationic or anionic surfactants. The conclusions are confirmed
by the obtained data on zeta potential values of the sorbent particles with adsorbed
surfactants.

MONOGRAPH

83

ISBN 978-3-949059-26-1

Intellektuelles Kapital - die Grundlage für innovative Entwicklung ‘ 2021

Part 1

VERWEISE / References
1. Rusanov, A.I. (1992). Mitseloobrazovanie v rastvorah poverhnostno- activnih
veshchestv [Micelle formation in surfactants solutions]. St. Petersburg: Khimiya [in
Russian].
2. Gupta, S. & Bhagwat, S. (2005). Adsorption of surfactants on Carbon BlackWater Interface. Journal of Dispersion Science and Technology, 26, 111–120.
3. Pasucha, B. (1989). Die Untersuchung der Adsorption Tenside. Cantidate's
thesis. Bohum: Bochum University.
4. Gellan, A., Rochester, C.H. (1986). Thermodynamic of adsorption of ndodecylpentaethylene glycol from aqueous solution on to carbon and silica at 313 K.
Journal of Chemical Society Faraday Transaction, 82, 953-961.
5. Findenegg, G.H., Pasucha, B., Strunk, H. (1989). Adsorption of non-ionic
surfactants from aqueuus solution on graphite: adsorption isoterms and calorimetric
enthalpies of displacement for C8E4 and related compounds. Colloid and Surfaces,
37, 223-233.
6. Chobany, М.М., Kerdivarenko, М.А., Ropot, V.M. (1990). Adsorbtsiya
kationnih PAV iz vodnih rastvorov na uglyah AG-3, BAU pri razlichnih
temperaturah [Adsorption of cationic surfcatnts from aqueous solutions at activated
carbons AG-3, BAU at different temperatures]. Известия АН МССР. Серия
биологических и химических наук - News of Academy of Sciences of MSSR, Seria of
biological and chemical sciences, 3, 49-53 [in Russian]
7. Chobany, М.М. & Ropot, V.M. (1989) Vliyanie temperaturi na adsorbtsiyu
anionnih PAV iz vodnih rastvorov na atsetilenovoi sazhe [ Effect of temperature on
adsorption of anionic surfactants from aqueous solutions at acetylene carbon black].
Известия АН МССР. Серия биологических и химических наук - News of Academy
of Sciences of MSSR, Seria of biological and chemical sciences,4, 49-51.
8. Bhandari, P.S. & Gogate, P.R. (2018). Kinetic and thermodynamic study of
adsorptive removal of sodium dodecyl benzene sulfonate using adsorbent based on
thermo-chemical activation of coconut shell. Journal of Molecular Liquids, 252, 495MONOGRAPH

84

ISBN 978-3-949059-26-1

Intellektuelles Kapital - die Grundlage für innovative Entwicklung ‘ 2021

Part 1

505.
9. Yuan, X., Xing, W., Zhuo, S.P., Si, W., Gao, X., Han, Z. et al. (2008).
Adsorption of bulky molecules of nonylphenol ethoxylate on ordered mesoporous
carbons. Journal of Colloid and Interface Science, 322, 558–565.
10. Cotoruelo, L.M., Marquesa, M.D., Rodriguez-Mirasol, J., Rodriguez, J.J., T.
Cordero, T. (2009). Lignin-based activated carbons for adsorption of sodium
dodecylbenzene sulfonate: Equilibrium and kinetic studies. Journal of Colloid and
Interface Science, 332, 39–45.
11. Gonzalez-Garcıa, C.M., Gonzalez-Martın, M.L., Gomez-Serrano, V., Bruque,
J.M., Labajos-Broncano, L. (2001). Analysis of the adsorption isotherms of a nonionic surfactant from aqueous solution onto activated carbons. Carbon, 39, 849–855.
12. Wernert, V. & Denoyel, R. (2016). Adsorption of styrene sulfonate from
aqueous solutions onto carbon fibers and mesoporous carbon. Microporous and
Mesoporous Materials, 222, 247-255.
13. Marsalek, R., Pospisil, J. & Taraba, B. (2011). The influence of temperature
on the adsorption of CTAB on coals. Colloids and Surfaces A: Physicochemical
Engineering. Aspects, 383: 80-85.
14. Kochkodan,.O.D.; Klimenko, N.A.; Karmazina, T.V. (1996). Thermodynamic
characteristics of adsorption of non-ionic surfactants onto acetylene carbon black and
AG-3 activated carbon. Colloid Journal, 58,330-335.
15. Gallardo-Moreno, A.M., Gonzаlez-Garcia, C.M., Gonzalez-Martin, M.,
Bruque, J.M. (2004). Arrangement of SDS adsorbed layer on carbonaceous particles
by zeta potential determinations. Colloids and Surfaces A, 249, 57–62.
16. Crawford, R.J., Mainwaring, D.E. (2001). The influence of surfactant
adsorption on the surface characterisation of Australian coals, Fuel, 80, 313–320.
17. Mishra, S.K. & Kanungo, S.B. (2003). Adsorption of sodium dodecyl
benzenesulfonate onto coal. Journal of Colloid and Interface Science, 267,42–48.
18. Steinby, K., Silveston, R., Kronberg, B. (1993). The effect of temperature on
the adsorption of a nonionic surfactant on a PMMA latex. Journal of Colloid and
Interface Science, 155, 70-78.
MONOGRAPH

85

ISBN 978-3-949059-26-1

Intellektuelles Kapital - die Grundlage für innovative Entwicklung ‘ 2021

Part 1

19. Kronberg, B. & Silveston, R. (1990). On the nature and role of water
structuring in the adsorption of nonionic surfactants on hydrophobic surfaces.
Progress in Colloid and Polymer Science, 83, 75-83.
20. Rosen, M.J. & Kunjappu, J.M. (2012). Surfactants and interfacial
phenomena. New Jersey: Jon Willey and Songs, Inc.
21. Basar, C.A., Karagudnuz, A., Keskinler, B., Cakici, A. (2003). Effect of
presence of ions on surface characteristics of surfactant modified powdered activated
carbon (PAC). Applied Surface Science, 218, 169–174.
22. Klimenko, N.A., Karmazina, T.V., Kochkodan, O.D. (2001). Alteration of
degree of water structuring and its influence on processes of micellization and
adsorption of surfactants. Ukrainskij Khimicheskij Zhurnal, 67, 82-87.
23. Goncharuk, V.V., Karmazina, T.V., Slisenko, V.I., Vasilkevich, A.A.,
Kochkodan, O.D., Valkovska, N.I. et al. (2005). Effect of adsorption treatment on
molecular-dynamic state of water. Journal of Water Chemistry and Technology, 16,
8-13.
24. Klimenko, N.A., Kochkodan, O.D., Karmazina, T.V. (1994). Associative
interactions of anionic and nonionic surfactants adsorbed from aqueous solutions on
hydrocarbon adsorbents. Journal of Water Chemistry and Technology, 16, 25-30.
25. Kochkodan, O., Antraptseva, N.,Kochkodan, V. (2018). Mixed adsorption of
cetyltrimethylammonium bromide and triton X-100 surfactants on carbon black.
Materials Science Forum, 936, 8-13.
26. Kochkodan, O.D. & Karmazina, T.V. State of water and thermodynamic
characteristics of aqueous solutions of surfactants. SWorld Journal, 1116, 10-13
27. Kochkodan, O.D & Romanuk. V.A. Adsorption of organic substances on
nonporous carbon sorbents. SWorld Journal, 1116, 7-10.
28. Koganovskii, А.М., Klimenko, N.А., Levchenko, T.M., Roda, I.G. (1990).
Adsorbtsiya organicjeskih veshchestv iz vodi [Adsorption of organic compounds from
water]. Leningrad: Khimiya.
29.

Kochkodan,

O.D.

(1996).

Vliyanie

assotsiatsii

na

vzaimodeistvie

poverhnostno-aktivnih veschestv s sorbentom [Effect of association on interaction of
MONOGRAPH

86

ISBN 978-3-949059-26-1

Intellektuelles Kapital - die Grundlage für innovative Entwicklung ‘ 2021

Part 1

surfactants with sorbent]. Candidate's thesis. Kiev: Institute of colloid and water
chemistry of NANU [in Russian].
30. Delsanti, M., Moussaid, A., Munch, J.P. (1993). Effect of electric charge on
the growth process of micelles. Journal of Colloid and Interface Science, 157, 5-10.
31. Kochkodan, O.D., Klimenko, N.A., Karmazina T.V. (1999). Physical
chemistry of water treatment processes-Application of Poliani's potential theory to
describe the adsorption of nonionic surfactants, such as oxyethylated octyl phenols.
Journal of Water Chemistry and Technology, 21, 1-4.
32. Marsalek, R. (2009). The influence of surfactants on the zeta potential of
coals, Energy Sources, Part A, 31, 66–75.
33. Parfit G & Rochester K. (1986). Adsorbtsiya iz rastvorov na poverhnosti
tverdyh tel [Adsorption from solution at the surface of solids]. Moscow: Mir. (in
Russian)
34. Koganovskiy A.M., Klimenko N.A., Levchenko T.M., Roda I.G. (1990).
Adsorbtsiya organicheskih veschestv iz vodi [Adsorption of organic compounds from
water]. Leningrad: Khimiya. (in Russian)
35. Gupta S. & Bhagwat S. (2005). Adsorption of surfactants on Carbon BlackWater Interface. Journal of Dispersion Science and Technology, 26: 111–120.
36. Eisermann C., Damm C., Winzer B. et al. (2014). Stabilization of carbon
black particles with cetyltrimethylammoniumbromide in aqueous media. Powder
Technology, 253: 338-346.
37. Ridaoui H., Jada A., Vidal L. et al. (2006). Effect of cationic surfactant and
block copolymer on carbon black particle surface charge and size. Colloids and
Surfaces, 278: 149-159.
38. Kiraly Z., Findenegg G.H., Klumpp E., et al. (2001). Adsorption calorimetric
study of the organization of sodiumn-decyl sulfate at the graphite/solution interface.
Langmuir, 17: 2420–2425.
39. Duman O. & Ayranci E. (2010). Adsorptive removal of cationic surfactants
from aqueous solutions ontohigh-area activated carbon cloth monitored by in situ UV
spectroscopy. Journal of Hazardous Materials, 174: 359-367.
MONOGRAPH

87

ISBN 978-3-949059-26-1

Intellektuelles Kapital - die Grundlage für innovative Entwicklung ‘ 2021

Part 1

40. Gonzalez-Garcia C.M., Gonzalez-Martin M.L., Denoyel R. et.al. (2004). Ionic
surfcatant adsorption onto activated carbons. Journal of Colloid and Interface
Science, 278: 257-264
41. Krilova M., Grinshpan D. & Hedin G. (2013) .Adsorption of CnTABr
surfactants on activated carbons. Colloids and Surfaces A: Physicochemical
Engineering. Aspects, 436: 62-70.
42. Leyva-Ramos R. (1989). Effect of temperature and pH on the adsorption of an
anionic detergent on activated carbon. Journal of Chemical Technology and
Biotechnology, 43 (3): 231-240.
43. Dashdiev R.A., Koganovskiy A.M., Klimenko N.A. (1983). Zavisimost
adsorbtsii individyalniih oksietilirovanih efirov n-detsilovogo spirta ot poristoi
structuri aktivnih uglei [Dependency of adsorption of individual okxyetylethers of ndecyl alcogol on porous structure of activated carbon], Colloid Journal, vol. 43, no.
1, pp.158-161.
44. Klimenko N.A. (1991). Rol' assosiativnih vzaimodeistvii v formirovanii
razlichnih structur adsorbtsionnih sloev v sistemah vodnii rastvor PAV-tverdiid
sorbent [Role of associative interactions in formation of different structures of
adsorption layers in the systems aqueous solution of surfactant-solid sorbent]. Uspehi
kolloidnoi khimii [ Advantages of colloid chemistry]. Leningrad: Khimiya, pp. 156172. (in Russian)
45. Bogdanova Yu.H., Dolzhikova V.D., Summ B.D. (2000). Vliyanie smesei
poverhnostno-aktivnih veschestv na smachivanie [Effect of surfcatants mixtures on
wetting]. Vestnik Moskovskogo universiteta. Seriya 2. Khimiya, vol. 41, no 3, pp.
199-201.
46. Streltsova E.A., Grosul A.A. (2013). Adsorbtsiya tvinov (-60, -80) i
dodecylsulfata natriya iz binarnih vodnih rastvorov na poverhnosti parafina [
Adsorption of tween (-60, -80) and sodium dodecylsulphate from binary aqueous
solutions at parafine]. Vistnik Odeskogo universiteta. Khimiya, vol. 18, no 2, pp. 2534.

MONOGRAPH

88

ISBN 978-3-949059-26-1

Intellektuelles Kapital - die Grundlage für innovative Entwicklung ‘ 2021

Part 1

47. Sis H., & Chander S. (2003). Adsorption and contact angle of single and
binary mixtures of surfactants on apatite. Minerals Engineering, 16: 839–848.
48. Muherei M.A. Junin R. & Bin Merdhah A.B. (2009). Adsorption of sodium
dodecyl sulfate, Triton X100 and their mixtures to shale and sandstone: A
comparative study. Journal of Petroleum Science and Engineering, 67: 149-154.
49. Zdziennicka A. & Janczuk B. (2011). Effect of anionic surfactant and shortchain alcohol mixtures on adsorption at quartz/water and water/air interfaces and the
wettability of quartz. Journal of Colloid and Interface Science, 354: 396-404.
50. Lin S.H., Teng M.Y. & Juang R.S. (2009). Adsorption of surfactants from
water onto raw and HCl-activated clays in fixed beds. Desalination, 249: 116-122.
51. Lu W., Bazin B., Ma D. et al. (2011). Static and dynamic adsorption of
anionic and amphoteric surfactants with and without the presence of alkali. Journal of
Petroleum Science and Engineering 77: 209–218.
52. Hsieh A., Punckt C., Korkut S. et al. (2013). Adsorption of sodium dodecyl
sulfate on functionalized graphene measured by conductometric titration. Journal of
Physical Chemistry B., 117: 7950-7958
53. Lyu, X., You X., He M. et al. (2018). Adsorption and molecular dynamics
simulations of nonionic surfactant on the low rank coal surface. Fuel, 211: 529-534.
54. Soria-Sanchez M., Maroto-Valiente A., Guerrero-Ruiz A. et al. (2010).
Adsorption of non-ionic surfactants on hydrophobic and hydrophilic carbon surfaces.
Journal of Colloid and Interface Science, 343: 194-199.
55. Wu S.H. & Pendleton P. (2001) Adsorption of anionic surfactant by activated
carbon: Effect of surface chemistry, ionic strength, and hydrophobicity. Journal of
Colloid and Interface Science, 243: 306-315.
56. Xiao J.X., Zhang Y., Wang C. et al. (2005) Adsorption of cationic–anionic
surfactant mixtures on activated carbon. Carbon, 43: 1032-1038.
57. Ahn C.K., Woo S.H., Park J.M. (2010). Selective adsorption of phenanthrene
in nonionic–anionic surfactant mixtures using activated carbon. Chemical
Engineering Journal, 158: 115-119.

MONOGRAPH

89

ISBN 978-3-949059-26-1

Intellektuelles Kapital - die Grundlage für innovative Entwicklung ‘ 2021

Part 1

58. Bogdanova Yu.H., Dolzhikova V.D., Summ B.D. (2004). Vliyanie
khimicheskoi prirodi komponentov na smachivayuschee deistvie rastvorov smesei
poverhnostno-aktivnih veschestv [Effect of chemical nature of the components of
surfactants mixtures on wetting]. Vestnik Moskovskogo universiteta. Seriya 2.
Khimiya, vol. 43, no 3, pp. 186-194.
59. Zhang R. & Somasundaran P. (2006). Advances in adsorption of surfactants
and their mixtures at solid/solution interfaces. Advances in Colloid and Interface
Science, 126: 213-229.
60. Cookey G.A. & Nwokobia F.U. (2014). Conductivity Studies of Binary
Mixtures of Ionic and Non-ionic Surfactants at different Temperatures and
Concentrations. Journal of Applied Science: Environmental Management, 18 (3):
530-534.
61. Marsalek R., Pospisil J. & Taraba B. (2011). The influence of temperature on
the adsorption of CTAB on coals. Colloids and Surfaces A: Physicochemical
Engineering. Aspects, 383: 80-85.
62. Batıgöç Ç., Akbaş H. & Boz M. (2011). Thermodynamics of non-ionic
surfactant Triton X-100-cationic surfactants mixtures at the cloud point. Journal of
Chemical Thermodynamics, 43: 1800-1803.
63. Rupprecht H. & Gu T. (1991). Structure of adsorption layers of ionic
surfactants at the solid-liquid interface. Colloid and Polymer Science, 269: 506-522.
64. Bohmer M.R. & Koopal L.K. (1990). Association and adsorption of nonionic
flexible chain surfactants. Langmuir, 6 (9): 1478-1484.
65. Chandar P., Somasundaran J. & Turro N.J. (1987). Fluorescence probe studies
on the structure of the adsorbed layer of dodecylsulfate at the alumina-water
interface. Journal of Colloid and Interface Science, 117(1): 31-45.
66. Gonzalez-Garcia C.M., Gonzalez-Martin M.L., D.R. Burque. (2005).
Adsorption enthalpies of sodium dodecyl sulphate onto carbon blacks in the low
concentration range. Carbon, 43: 567–572.
67. Karmazina T.V., Klimenko N.A., Slisenko V.I. et al. (1991). Issledovanie
grafitirovanoi sazhi posle contacta s vodnim rastvorom PAV metodom rasseyaaniya
MONOGRAPH

90

ISBN 978-3-949059-26-1

Intellektuelles Kapital - die Grundlage für innovative Entwicklung ‘ 2021

Part 1

medlennih neitronov [Investigation of the graphitized carbon black after contact with
surfactant solution by low angle neutron scattering method]. Khimiya i technologiya
vodi, 13 (8): 678-681.
68. Ward R.N., Davies P.B., Bain C.D. (1993). Orientation of surfactants
molecules adsorbed on hydrophobic surface. Journal of Physical Chemistry, 97(28):
7141-7143.
69. Tsubouchi M., Mitsushio H. & Yarnasaki N. (1991). Determination of
cationic surfactants by two-phase titration. Analytical Chemistry, 53: 1957-1959.
70. Rosen M.J. & Kunjappu J.M. (2012). Surfactants and interfacial phenomena.
New Jersey: Hoboken.
71. O. Kochkodan, V. Maksin (2020). Mixed adsorption of hexadecylpyridinium
bromide and Triton X surfactants at graphitized carbon black. Journal of the Serbian
Chemical Society, 85 (6): 781-794.
72. O. Kochkodan, V. Maksin, R. Boiko (2019). Features of adsorption of binary
mixtures of cationic and non-ionic surfcatants at the surfcace of non-porous carbon
sorbent. Chemistry. Physics & Technology of Surface, 10 (4): 389-397.
73. O.Kochkodan, V.Maksin, N.Antraptseva, T.Semenenko (2020). Molecular
Interactions in Binary Surfactant Solutions: Effect of pH. Periodica Polytechnica
Chemical Engineering, 64 (4): 437–445.
74. O.Kochkodan, N.Slobodianiuk, L.Kovshun, O.Кhyzhan (2020). Molecular
Interactions in Binary Surfactant Solutions: Effect of Ionic Counterpart. Journal
of the Mexican Chemical Society, 64(3): 191-200.
75. O. Kochkodan, V. Maksin, T. Semenenko (2021). Adsorption of Sodium
Hexadecyl Sulfate and Triton X from Binary Aqueous Solutions at Thermally
Graphitized Carbon Black. Periodica Polytechnica Chemical Engineering, 65(1): 7279.

MONOGRAPH

91

ISBN 978-3-949059-26-1

Intellektuelles Kapital - die Grundlage für innovative Entwicklung ‘ 2021

Part 1

SCIENTIFIC EDITION
MONOGRAPH
INTELLEKTUELLES KAPITAL - DIE GRUNDLAGE FÜR INNOVATIVE
ENTWICKLUNG

ADSORPTION VON TENSIDEN AUS WÄSSRIGEN LÖSUNGEN DURCH
KOHLENSTOFFSORBENTIEN
INTELLECTUAL CAPITAL IS THE FOUNDATION OF INNOVATIVE DEVELOPMENT
ADSORPTION OF SURFACTANTS FROM AQUEOUS SOLUTIONS BY CARBON SORBENTS
MONOGRAPHIC SERIES «EUROPEAN SCIENCE»
BOOK 6. PART 1

Author:

Kochkodan Olha Dmytrivna

The scientific achievements of the authors of the monograph were also reviewed and recommended for
publication at the international scientific symposium
« Intellektuelles Kapital - die Grundlage für innovative Entwicklung '2021 / Intellectual capital is the
foundation of innovative development '2021»
(August 30-31, 2021)
The monograph is included in
International scientometric databases

500 copies
August, 2021
Published:

ScientificWorld -NetAkhatAV
Lußstr 13,
Karlsruhe, Germany

in conjunction with Institute «SE&E»

Monograph published in the author's edition

e-mail: orgcom@sworld.education
www.sworld.education

MONOGRAPH

92

ISBN 978-3-949059-26-1

