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Abstract
Adsorption of anionic sodium hexadecyl sulfate (SHS) and nonionic Triton X surfactants with different ethoxylation degree: TX-45,
TX-100 and TX-300 from their individual and mixed aqueous solutions at the surface of thermally graphitized carbon black (CB) was
studied. It was found that at low solution concentrations addition of the nonionic surfactant increases the amount of SHS adsorbed
from SHS/Triton X mixtures compared to SHS amount adsorbed from its individual solution. These findings might be explained
by decreasing in electrostatic repulsion between SHS ions due to inclusion of the molecules of the nonionic surfactant in the mixed
adsorption layer. At higher solution concentrations, adsorption of SHS decrease as a result of displacement of SHS ions from the
mixed adsorption layer by Triton X molecules. It was established that the composition of the mixed adsorption layer at CB surface
notably differ from the composition of the surfactant mixture in the bulk solution. The mixed adsorption layer is enriched with the
molecules of the nonionic surfactants and this conclusion is confirmed by the results of measuring zeta potential of CB particles
with the adsorbed surfactants.
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1 Introduction
Surfactants adsorption at a solution/solid interface is
very important phenomenon in many colloid-chemical
processes, including flotation of ores, oil recovery, foam
forming, detergency, stabilization of the colloids, emulsification, chemical synthesis and water treatment. In many
cases the surfactants mixtures are more beneficial than
the single surfactants [1–4]. The use of surfactant mixtures
allows to more effectively affect the properties of dispersed
systems than the individual components. These features
are due to the essential variation in the component properties in the mixture, including enhancement or attenuation
of surfactants adsorption at an interface. Thus, wetting and
adsorption from binary surfactant mixtures at solid surfaces of diverse nature are significantly different compared to the solutions of the individual surfactants [2, 3, 5].
However, there are very limited number of studies related
to adsorption of the surfactant mixtures and these studies

have been performed mainly on hydrophilic surfaces [6–8].
As a result, it is still challenging to predict the magnitude and mechanism of adsorption of surfactant mixtures
at solid surfaces, especially given that adsorption of surfactant mixtures is a complex process affected by many
factors such as chemical nature of the surfactant and adsorbent, temperature, feed pH, concentration, etc. [1, 9].
To date, there have been several studies related to the
adsorption of different types of the surfactants at hydrophobic solids such as carbon black (CB) in order to
improve the aggregation stability of solid powders or
to clarify the surfactants adsorption mechanisms [10–12];
however, only few studies related to the adsorption of
mixed surfactant systems at CB and activated carbon surfaces have been reported [13, 14–17]. Ridaoui et al. [13]
investigated the change of charge of CB particles in mixed
aqueous dispersions of polystyrene-polyethylene oxide
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copolymers with cetyltrimethyl ammonium chloride.
It was shown that the surfactant adsorption depended
on type of the surfactant as well as on functional groups
at the sorbent surface. The adsorption of the surfactant or polysterene copolymer at CB surface lead to the
electrostatic or steric repulsion of CB particles. Ma and
Xia [14] evaluated the effect of the surfactant adsorption on aggregation stability of CB dispersions in binary
mixtures of anionic sodium dodecyl sulfate and nonionic
etoxylated nonylphenol surfactants. It was shown that the
adsorption of sodium dodecyl sulfate essentially dropped
when the nonionic surfactant is present in the solution.
Bossolelti et al. [15] reported adsorption of sodium polystyrene sulfonates and nonionicethoxylated surfactants
(NP-12, NP-40, NP-100) at CB surface. The Langmuir
type adsorption isotherms and negative values for adsorption free energies were obtained for all surfactants used.
Liu et al. [16] studied the adsorption of aromatic hydrocarbons in Triton X100 solution at activated carbon. It was shown
that the obtained data well fitted to the Langmuir adsorption
isotherms and pseudo-second-order kinetics model.
Xiao et al. [17] reported adsorption from binary systems of octyltriethylammonium bromide with sodium
dodecylbenzenesulfonate as well as dodecylpyridinium
chloride with sodium octanesulfonate at activated carbon.
The authors stated that hydrophobic interactions between
the surfactants and the sorbent are mainly responsible
for the adsorption of these compounds at activated carbon. It was shown synergetic adsorption of the surfactants
due to coulombical interactions between the oppositely
charged ions of anionic and cationic surfactants [17].
In this work, the adsorption of sodium hexadecyl sulfate (SHS) and p-(1,1,3,3-tetramethylbutyl)-phenoxypolyoxyethylene glycols of Triton X type such as Triton X-45
(TX-45), Triton X-100 (TX-100) and Triton X-305 (TX-305)
at CB from the binary surfactants solutions was investigated
to reveal main features of the adsorption of the nonionic/
anionic surfactant mixtures at the hydrophobic solid surface.
2 Materials and methods
The thermally graphitized CB used in the adsorption studies was purchased from Sigma-Aldrich (USA). The total
surface area of CB as was evaluated by BET method
with nitrogen adsorption was 105 m 2 × g−1. Prior to use
in experiments CB was washed with deionized water and
dried in the oven at 110 °C.
The anionic SHS surfactant of the molecular formula C16H33SO4Na and nonionic p-(1,1,3,3-tetramethylbutyl)-phenoxypolyoxyethylene
glycols

surfactants of the Triton X series of the molecular formula
С8Н17С6Н4О(СН 2СН 2O)n H with an average number (n) of
ethylene oxide units of 4.5 for TX-45, 9.5 for TX-100, and
30 for TX-305 were obtained from Sigma-Aldrich (USA)
and employed as received. The chemical structures of the
used surfactants are shown in Fig. 1. The solutions of the
surfactants were prepared with distilled water.
For adsorption experiments, 100 mg of CB was added
to 50 mL of the surfactant solutions. The dispersions were
subject to sonication using a Q500 sonicator probe (Thomas
Scientific, USA) for 20 min to disaaglomerate and disperse
CB and were left shaken for 24 h at 20 °C and then centrifuged with Eppendorf centrifuge 5810 R at 4000 rpm
for 10 min. pH values of surfactant solutions were 6.0–6.5.
The adsorbed amount of the surfactant at CB surface
( A, mol × g−1 ) was calculated from the material balance
of the surfactant in the system prior and after adsorption.
Based on the obtained adsorption data and BET surface
area of CB particles, the area per adsorbed molecule of
the surfactant ( ω, m 2 ) at maximum adsorption was calculated using Eq. (1) [18]:

ω=

S
Amax × N A

(1)

where S is the CB surface area ( m 2 × g−1 ), NA is
the Avogadro number ( mol−1 ), and Amax is the adsorption
saturation value ( mol × g−1 ).
The concentrations of the nonionic surfactants in the
probes were analyzed by spectrophotometric method
by evaluating the optical density of the solution at 274 nm
using a Shimadzu UV310 spectrophotometer, while the
contents of SHS in the solutions were evaluated by twophase extraction method with malachite green [19].
In preparing the samples 3 ml of the SHS solution was
used and malachite green was added at a 1:1 molar ratio.
The pH of the mixture was adjusted to be 5.0 by acetic acid. Ten ml chloroform was added and to the mixture and stirred under shaking for 10 min. Then another
10 ml of chloroform was added and the mixture was
a)

b)

Fig. 1 a) Molecular structures of Triton X and b) SHS surfactants
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equilibrated for 20 min. The absorbance of the chloroform phase, in which SHS/malachite green complex was
extracted, was measured at λ = 616 nm [19]. In our preliminary experiments it was found that each surfactant
in SHS/Triton X mixtures did not affect the quantification of other component. The measurements errors of
the spectrophotometric and two-phase titration methods
of evaluation of the surfactants concentrations do not
exceed 1 % and 3 %, respectively.
The surfactants solutions were studied within the concentrations of 1.0 × 10−5 – 2.0 × 10−3 M. The surfactant mixtures of different composition were prepared by appropriate
mixing of the individual surfactant solutions. Triton X mole
fractions in the mixtures ( αTX ) were 0.2, 0.4, 0.6 and 0.8.
Mole fractions of Triton X surfactants both in the
aqueous solution and at CB surface were evaluated using
Eqs. (2) and (3):

α TX =

CTX
CSHS + CTX

(2)

χ TX =

ATX
ASHS + ATX

(3)

where αTX and χ TX are Triton X mole fractions in the mixed
solutions and at CB surface, respectively, CTX and CSHS are
the concentrations of Triton X and SHS surfactants in the
mixed solutions, ATX and ASHS are the adsorption values
for Triton X and SHS surfactants at CB surface.
The values of critical micelle concentration (CMC)
in the surfactant solutions were evaluated by plotting the
solution surface tension (σ) versus the surfactant concentration (C). The CMC value is found from the break point
on the σ(lnC) plot. Measurement of the surface tension (σ)
was carried out by Wilhelmy method with a platinum plate
using the tensiometer BT-500 (Analytprylad, Ukraine).
The experimental error of the surface tension measurement was ±0.5 mJ × m−2.
The surface charge of CB particles before and after
surfactants adsorption was evaluated with a Zeta-Meter
System 3.0+ (Zeta Meter Inc., USA) by measuring the
electrophoretic mobility of dispersed particles and converting it in zeta potential values using the Smoluchowski
equation (Eq. (4)) [20]:

ζ =

µ ×η
ε

Deionized water was used for preparation of CB suspensions. 25 ml of CB suspension at concentration of
100 mg × L−1 were used for the experiments at room temperature of 20 °C. The measurement error was 3 %.
Scanning electron microscopy (SEM) QuantaFEG 650
(Thermofisher, USA) operated at 5 KV and high resolution
transmission electron microscopy (TEM) Talos (FEI, USA)
operated at 200 kV were used for imaging of CB particles.
3 Results and discussion
3.1 SEM and TEM characterization of CB particles
Fig. 2 displays SEM and TEM images of CB particles.
The images show that the average diameter of primary CB
particles is less than 50 nm and the sizes are not uniform.
3.2 Adsorption of SHS from its single aqueous solutions
The adsorption isotherm of SHS at CB surface is shown
in Fig. 3. The SHS amount adsorbed at CB surface sharply
increases in the range of equilibrium surfactant concentrations up to 3 × 10 −4 mol × L−1 and attaining a quasi-plateau
region at the equilibrium concentration of approximately
6 × 10 −4 mol × L−1 (Fig. 3, curve 1).

Fig. 2 a) SEM and b) TEM images of CB particles

(4)

where ζ is zeta potential (mV), µ is electrophoretic mobility ( m 2 × s−1 × V−1 ), ε is dielectric constant and η is viscosity (Pa × s).

F i g. 3 Adsorption isotherms of SHS at CB and zeta potentials (ζ) of
CB particles in aqueous SHS solutions, pH = 6.5.

|75

Kochkodan et al.
Period. Polytech. Chem. Eng., 65(1), pp. 72–79, 2021

The main driving force of SHS adsorption on CB is
the hydrophobic driving force [1, 21]. Fig. 3 shows that
the maximum adsorbed amount of the anionic surfactant
is approximately 0.35 mmol × g−1, which corresponds,
as per Eq. (1), to the limiting area of 0.50 nm 2 per SHS
molecule adsorbed at CB surface.
It was shown that the zeta potential value of CB particles is very low by absolute value (−0.2 mV) in the
aqueous solution without the anionic surfactant (Fig. 3).
Similarly, Julien et al. [22] reported that the magnitude
of zeta potential of the activated carbon treated at 700 °C
was close to zero in neutral aqueous solutions. Also it
was shown that zeta potential readings for activated carbon particles dispersed in water at pH values of 2–8 were
in the range between +0.18 mV to −0.27 mV [17]. Such low
values of zeta potential readings indicate a practical lack
of chargeable active sites at the sorbent surface [23].
Adsorption of SHS molecules essentially changes zeta
potential of CB particles even at low surfactant concentrations. The absolute values of zeta potential values were
observed to increase steadily with the SHS concentration
in the solutions, reaching a plateau value of about −40 mV
(Fig. 3). The change in the values of zeta potential of CB
particles in the presence of SHS molecules clearly indicates that significant adsorption of the surfactant at CB
surface take place. It might be assumed that SHS molecules adsorb with their hydrophobic residues oriented
towards the CB surfaces while the anionic groups of the
surfactant protrude into the aqueous phase.
The experimental SHS adsorption data were fitted
with the Langmuir (Eq. (5)) and Freundlich (Eq. (6))
adsorption isotherm models, which linearized forms can
be expressed as follows [24, 25]:
Ce
C
1
=
+ e
Ae Amax × b Amax

(5)

1
ln Ae = ln K F + ln Ce
n

(6)

where Ae and Ce are the ammount of the surfactant
adsorbed per gram of CB and concentration of the surfactant in the solution at adsorption equilibrium, respectively. Am is the theoretical maximum surfactant adsorption at monolayer coverage, b is the Langmuir adsorption
constant related to the affinity between the adsorbent
and adsorbate. K F is the Freundlich constant representing
the adsorption capacity and 1/n is a constant related to surface heterogeinity and ranges between 0 and 1; the more
hererogeneous the surfcae, the closer 1/n value is to 0.

The Langmuir model is an ideal adsorption model which
assumes that the adsorption takes place at identical homogeneous sites on the adsorbent surface and adsorption is
restricted to monolayer formation [24]. The Freundlich
isotherm, on the other hand, captures a non-ideal adsorption process on a heterogeneous surface and not restricted
to monolayer adsorption [25].
The regression analysis of Ce / Ae versus Ce data
for Langmuir model and lnAe versus lnCe data for Freundlich
model provides parameters of these models (Fig. 4).
To find the best fit model, the statistical parameters such
as coefficient of correlation ( R2 ) and sum of square errors
(SSE) were used [26] (Eq. (7)):
n

SSE = ∑ ( Ai ( exp ) − Ai ( cal ) )

(7)

2

i =1

where, Ai(exp) and Ai(cal) are the adsorption values obtained
from the experiment and the model, respectively.
The calculated and statistical parameters for the adsorption models are listed in Table 1. As can be seen in Table 1
the highest coefficient of correlation (R2 = 0.9996) as well
as the smaller value of SSE (0.0004) are derived by fitting

F i g. 4 Adsorption of SHS at CB: a) Langmuir isotherm model and
b) Freundlich isotherms model plots, pH = 6.5.
Table 1 Langmuir and Freundlich isotherm parameters for SHS
adsorption at CB
Langmuir model

Freundlich model
0.369

K F , mmol × g−1

0.392

b, L × mmol−1

25.983

1/n

0.1879

R2

0.9996

R2

0.8691

SSE

0.0004

SSE

0.00234

Amax , mmol × g

−1
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the equilibrium data with a Langmuir isotherm model.
The Freundlich isotherm model showed the lower correlation coefficient (R2 = 0.8691) and the higher values of
SSE (0.00234) compared to Langmuir isotherm (Table 1).
These findings prove that the adsorption data for SHS
on CB are better described by using the Langmuir model.
The calculated value of SHS monolayer capacity is near
the experimental adsorption capacity (0.35 mmol × g−1),
indicating an agreement with the Langmuir model.
3.3 Adsorption of Triton X surfactants from their single
aqueous solutions
Fig. 5 depicts the isotherms of adsorption of TX-45,
TX-100 and TX-305 surfactants at CB surface. All three
adsorption isotherms have a well-defined horizontal plateau indicating the maximal adsorption value in the region
of equilibrium concentrations studied.
Driving forces of adsorption of the octylphenol ethoxylates surfactants at hydrophobic surface of CB are the same
as for anionic surfactants [1, 27].
The maximal adsorption values and the area per
adsorbed molecule of Triton X surfactants at CB surface
are presented in Table 2.
As seen in Fig. 5 and Table 2, adsorption of nonionic
surfactants essentially decreases with increasing in a number of ethylene oxide units in the surfactant molecules.
Also, the limiting area per the adsorbed nonionic surfactant
molecule increases with increasing in ethoxylation degree
(Table 2). It was previously reported that the polyethylene
oxide residue of Triton X protruded into the bulk solution is
the main parameter, which restricts the adsorption of Triton
X surfactant [14]. It might be assumed that the adsorption

F i g. 5 Adsorption isotherms for Triton X surfactants at CB and zeta
potentials of CB particles in aqueous Triton X solutions, pH 6.5
Table 2 Adsorption parameters of Triton X surfactants at CB surface
Surfactant

Amax , mmol × g−1

ω, nm 2

CMC, mmol × L−1

TX-45

0.43±0.03

0.41±0.02

0.16±0.02

TX-100

0.28±0.02

0.62±0.02

0.24±0.02

TX-305

0.11±0.01

1.59±0.04

0.30±0.02

values for TX-100 and TX-305 surfactants are reduced
due to the bulky polyoxyethylene chains, which screens
the largest areas at the sorbent surface. The conformation
of polyoxyethylene chain of the adsorbed nonionic surfaсtants depend on its length and the long chains could possibly assume a coil conformation in the solution [27, 28].
The experimental adsorption data for Triton X surfactants on CB were fitted with the Langmuir and Freundlich
isotherm models and the calculated parameters are displayed in Table 3.
It is evident from Table 3 that the Langmuir model fitted the experimental data better due to higher correlation
coefficient ( R2 ) and lower SSE values compared to the
Freundlich model.
3.4 Mixed adsorption of SHS and Triton X surfactants
at CB surface
Fig. 6 show the adsorption isotherms of SHS and Triton X
surfactants from their single and mixed solutions. As seen
in this Fig. 6, at low surfactant concentrations the presense
of Triton X surfactant promotes adsorption of SHS and the
amounts of SHS adsorbed at CB from the SHS/Triton X mixtures are higher compared to SDS adsorption from its single
solution. These findings might be explained by increasing of
SHS adsorption in the presence of Triton X surfactants due
to decreasing in electrostatic repulsion between the adsorbed
SHS ions after incorporation of the nonionic surfactant molecules into the mixed SHS/Triton X adsorption layer.
Zhou and Rosen [29] and Rosen and Wu [30] previously reported that in a single component solution there
is coloumbical self-repulsion between the molecules of
the ionic surfactant and steric self-repulsion between the
molecules of the nonionic surfactant. Such interactions are
reduced by the dilution effect upon mixing the ionic and
nonionic surfactants.
The obtained results correlate with previously published data [31] where increased adsorption of anionic
C4H9OPhSO3Na surfactant from its mixture with the nonionic C12H25-N-pyrrolidone than from pure C4H9OPhSO3Na
solution was reported at hydrophobic polyethylene surface.
It might be also asumed that intensification of intermolecular interactions in SHS/Triton X mixtures could be due
to chelation Na+ ions of the anionic surfactant with oxygen atoms in polyexyethylene chains of Triton surfactants,
which possess the lone electron pair [32, 33].
As seen in Fig 6 with further increase in surfactant concentration the amounts of SHS adsorbed at CB from SHS/
Triton X mixtures are smaller compared to SHS adsorption
from its pure solution. On the other hand, the adsorption
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Table 3 Langmuir and Freundlich isotherm parameters for Triton X adsorption at CB
Langmuir model

Freundlich model
TX-45

TX-100

TX-305

TX-45

0.506

0.330

0.107

K F , mmol × g

b, L × mmol−1

7.942

8.327

21.233

1/n

R2

0.9838

0.9797

0.9966

R2

SSE

0.013

0.014

0.0007

SSE

Amax , mmol × g

−1

Fig. 6 Adsorption isotherms of SHS and Triton X surfactants at CB
from their single and mixed solutions; αTX = 0.6.

values of the nonionic surfactants from SHS/Triton X
mixtures practically do not change at low solution concentrations, but adsorption of Triton X surfactants increase
at higher solution concentrations. Obviously in the region
of higher surfactant concentrations, the nonionic surfactant displaces the anionic surfactant in the mixed adsorption layer on CB surface.
As seen in Fig. 6, higher adsorption values of SHS and
Triton X surfactants were observed in SHS/TX-45 mixture
compared to SHS mixtures with TX-100 and TX-305 surfactants. Since Triton X surfactants differ only in length
of the oxyethylene chain, it is obvious that its size and
macromolecular configuration affect the adsorption value.
It might be assumed that the lowest adsorption values

−1

TX-100

TX-305

0.578

0.384

0.117

0.4735

0.4764

0.2448

0.8543

0.8414

0.8637

0.0285

0.0380

0.001

in SHS/TX-305 mixture are associated with the bulky
polyoxyethylene chain of TX-305 macromolecule, which
screens the largest area at the sorbent surface among other
Triton X surfactants (Table 2). As was mentioned above
long polyoxyethylene chains of Triton X macromolecules
can take the coil conformation [34] and therefore limit
the packing density of the molecules in the adsorption
layer and reduce the adsorption value.
Molar fractions of SHS and Triton X surfactants
in the mixed adsorption layer were calculated taking
into account the adsorption values of the individual surfactants from their mixtures. Fig. 7 shows that the composition of the mixed adsorption layer at CB surface is
notably different from the surfactants composition in the
mixed solution. If the molar fractions of the surfactants
at CB surface were the same as in the solution, the experimental data would fall in the dashed line in this Fig. 7.
The obtained data indicate that the mixed adsorption layer
at CB surface is enhanced with the molecules of the nonionic surfactant and the surface molar fraction of Triton X
surfactant in the mixed adsorption layer ( χ TX ) is reduced
in the following order: TX-45 > TX-100 > TX-305.
These results prove the mole fraction of Triton X in the
adsorption layer decreases with increasing in oxyethylation degree of Triton X molecules.
Fig. 8 displays that composition of the mixed adsorption layers correlates with the changes in zeta potential
values of CB particles in SHS/Triton X mixed solutions.

Fig. 7 Mole fractions of Triton X surfactants in mixed SHS/Triton X
adsorption layer at CB surface ( χ TX ) versus Triton X mole fractions
in the mixed solution with SHS ( αTX )
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Fig. 8 Changes in zeta-potential values of CB particles in SHS mixtures
with TX-45 (1), ТХ-100 (2) and ТХ-305 (3) versus SHS mole fraction
( α SHS ) in the mixture

The absolute zeta potential value of CB in the mixed
surfactant solutions decreases in the presence of nonionic surfactants compared to the single SHS solution.
This effect can be explained by the formation of a mixed
SHS/Triton X adsorption layer at the sorbent surface that
reduces the absolute value of zeta potential of CB particles.
As seen in Fig. 8, adsorption of TX-45 resulted in the
largest change in zeta potential values of CB particles
in the surfactant mixtures. This finding might be due
higher amount of TX-45 adsorbed at CB surface compared
to TX-100 and TX-305 surfactants.
4 Conclusions
Adsorption of anionic SHS and nonionic surfactants
of Triton X series with different ethoxylation degree:
TX-45, TX-100 and TX-300 from their single and mixed
aqueous solutions at thermally graphitized CB surface

has been studied. It is shown that at low solution concentrations addition of the nonionic surfactant increases
SHS adsorption from SHS/Triton X mixtures compared
to SHS adsorption from its single solution. These findings
are obviously due to decreasing in electrostatic repulsion
between SHS ions in the mixed SHS/Triton X adsorption
layer as a result of inclusion of the molecules of the nonionic surfactant. With the increase of solution concentration the amounts of SHS adsorbed at CB from SHS/
Triton X mixtures are smaller compared to SDS adsorption from its pure solution.
The adsorption values of the nonionic surfactants from
SHS/Triton X mixtures practically do not change at low
solution concentrations, while adsorption of Triton X
surfactants increase at higher solution concentrations.
Obviously at higher concentration of the surfactant mixtures the anionic surfactant in the mixed adsorption layer
on CB surface is displaced by the nonionic surfactant.
It was found that the composition of the mixed SHS/
Triton X adsorption layer at CB surface is notably different from the surfactants composition in the bulk solution. The mixed adsorption layer is enriched with Triton X
molecules and the molar fraction of the nonionic surfactant decreases with increasing in oxyethylation degree of
Triton X molecules in a row: TX-45 > TX-100 > TX-305.
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