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ABSTRACT

In this study, monomeric and micellar adsorption of cetyltrimethylammonium bromide (CTAB) and
tetradecyltrimethylammonium bromide (TTAB) quaternary ammonium salts were investigated.
Parameters that influence the monomeric adsorption process such as pH, adsorbent dosage, con-
tact time, monomeric surfactant concentration and temperature were systematically studied. It was
seen that these parameters have been affected the adsorption capacity of clay for CTAB and TTAB.
The fit of the adsorption data to the Langmuir, Freundlich, Dubinin-Radushkevich and Temkin
isotherm models was also examined. The results reveal that the Langmuir isotherm model was
more suitable the equilibrium of adsorption on the clay surface. The monolayer adsorption capac-
ities for both adsorbate were found to be 312.50 and 285.71 mg/g, respectively. Thermodynamic
parameters showed that the adsorption process was spontaneous and exothermic. Adsorption
enthalpy and entropy changes for both adsorbates were calculated as —10.6 and -6.6 k]J/mol and
18.0 and 14.9 J/mol K, respectively. The kinetic results can be represented by pseudo-second-or-
der model implying the stronger interactions between clay surface and surfactant ions. The vari-
ation of the micellar adsorption capacity with temperature and initial surfactant concentration
revealed the changing in micellar forms. The different behaviors of CTAB and TTAB, which may
occur depending on the temperature, show that the chain transfer energy, which varies with the tail
length, has a dominant effect on the micellar adsorption.

Keywords: Adsorption; Surfactant; Cetyltrimethylammonium bromide, Tetradecyltrimethylammonium
bromide; Enthalpy of adsorption, Adsorption isotherm, Adsorption kinetics

1. Introduction

Surfactant molecules having a hydrophilic head and a
hydrophobic tail group are formed micelles, which consist
of an ionic surface and a hydrophobic core, after reach-
ing a certain concentration value in the aqueous solution.
Micelles are generally defined as core-shell surfactant
systems dispersed in the bulk phase [1]. The head parts
of the surfactant molecules are located on the micelle

* Corresponding author.

surface and form an electrical double layer around the
micelle surface [2-4]. The size and shape of the micelles
are significantly influenced by the type of surface active
material as well as solution conditions, including ionic
strength, pH, surfactant concentration and temperature
[5]. Surfactants, which have detergent, wetting, emulsify-
ing, solvent, dispersant and foaming properties, are also
used in many fields, including cosmetics [6]. Micelles,
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which are self-assembled aggregates, are widely used
in many different fields such as preparation of photo-
functional dyes and sensors, targeted drug delivery,
pharmacology, medicine and cosmetics [7,8].

The decrease in the surface tension with the adsorp-
tion and micellization of surfactant molecules in solutions
is great of importance for the numerous applications such
as the stability control, transport for crude oil, flotation
and rheology for dispersed systems in different techno-
logical processes [7,9-11]. Surfactants play a key role in
adsorption at the interface and aggregation in bulk solu-
tion. Therefore, an understanding of the physicochem-
ical properties of surfactants at the surface is crucial in
determining the best practice to use. Cationic surfactants
form a strong adsorption layer on negatively charged
surfaces [9]. In general, surfactant adsorption onto solid/
water interfaces occurs via covalent bonding, electrostatic
attraction, hydrogen bonding, solvation, desolvation,
lateral associative interaction, or non-polar interactions
between the adsorbed particles. Total adsorption usually
takes place over some or all of the above forces [12,13].

Montmorillonite, a natural clay mineral class, is widely
used in many areas and especially in environmental reme-
diation activities due to its superior properties such as
excellent swelling ability, high cation exchange capacity
(CEC), large specific surface area, high charge density, abun-
dance and cheapness [14,15].

In addition, by adsorption of cationic surfactants on the
montmorillonite surface, hydrophobic organo-clays with
zero or positive net surface charge and increased basal
distance between layers can be obtained [12,16,17].

Therefore, understanding surfactant adsorption
mechanisms in terms of the various forces involved and
the factors that control them is of great importance [12].
The technological application of surfactant systems in
industrial fields requires detailed knowledge of various
physicochemical properties such as size, geometry, pack-
ing density, conductivity and the type of interactions
between surfactant-adsorbent [5,13]. For this reason, the
present study is devoted to the investigation of mono-
meric and micellar adsorption on the montmorillonite
surface from aqueous solutions of two cationic surfac-
tants, such as cetyltrimethylammonium bromide (CTAB)
and tetradecyltrimethylammonium bromide (TTAB),
with different chain lengths and conformations. The
effect of some parameters such as initial surfactant con-
centration, initial solution pH, adsorption temperature,
adsorbent dosage and adsorption time on the process
were investigated and compared with each other. The
adsorption data were supported by the measurements of
zeta potential of solid particles in suspensions and elec-
trical conductivity. The obtained data were also applied
to adsorption kinetic and equilibrium isotherm mod-
els, and thermodynamic quantities such as adsorption
Gibbs free energy change and adsorption enthalpy and
entropy changes were calculated. Finally, the micelliza-
tion behavior of CTAB and TTAB was investigated as a
function of surfactant concentration and temperature. In
addition, these results were evaluated in terms of changes
in the surface topography by taking High-resolution
scanning electron microscope (HR-SEM) images.

2. Material and methods
2.1. Material

Montmorillonite, which is a commercial sample of ben-
tonite from Cankir1 deposit in Turkey, was supplied from
Karakaya Mineral Co., Ankara, Turkey to use as adsorbent.
The cation exchange capacity (CEC) of the clay sample was
found to be 149 meq/100 g by the methylene blue method
[18]. The specific surface area of bentonite clay, Brunauer—
Emmett-Teller (N,), was measured as 69.4 m*/g. Chemical
composition (wt.%) of the clay determined by X-ray fluo-
rescence spectrometer are: SiO, (59.320), ALO, (17.190),
Fe,O, (5.949), MgO (3.632), CaO (2.211), Na,0 (1.667),
K,O (0.097), TiO, (0.743), SO, (0.506) and others (7.807).
Cetyltrimethylammonium bromide (CTAB), tetradecyl-
trimethylammonium bromide (TTAB) and other materials
were bought from Sigma-Aldrich Co., (USA). The specifica-
tions of CTAB and TTAB are given in Table 1. All chemicals
were of analytical grade and were used without any fur-
ther purification. Distilled water was used throughout the
experiments.

2.2. Adsorption experiments

Batch adsorption experiments were performed
in 100 mL glass-stoppered round-bottom flasks in a
temperature-controlled thermostatic shaker (Julabo SW22,
Germany) which can be controlled its temperature, time
and stirring speed. In each run, 100 mL of the CTAB and
TTAB solutions with known concentration and certain
dosage of clay were used and adsorption experiments was
carried out for certain times at the temperatures of 293, 313
and 323 K and at constant stirring speed of 150 min™. The
effect of clay dosage (0.8-2.5 g/L), concentration of CTAB
(50-300 mg/L for monomeric adsorption, 330-410 mg/L
for micellar adsorption), concentration of TTAB (200-
1,000 mg/L for monomeric adsorption, 1,110-1,200 mg/L
for micellar adsorption), pH (1.0-11.0), adsorption time
(5-60 min) on surfactant removal were investigated.
The initial solution pH was adjusted with NaOH or HCl
(0.1 M) and measured using a Mettler Toledo pH meter
(China), which was standardized with buffers before
every measurement. At the end of each adsorption run, the
treated solution was centrifuged for 5 min at 6,000 min™*
(Hettich EBA 20, Germany). Then, the surfactant con-
centration in the supernatant was determined using the
Varian Cary 100 UV-Vis spectrophotometer (Australia) at
a maximum wavelength of 375 nm. Measurements were
made in the presence of 0.02 mL of 0.1% picric acid and
0.40 mL of 1, 2-dichloroethane per 1.0 mL of supernatant.
Surfactant-free blanks were used for each set of exper-
iments. The amount of surfactant adsorbed per gram of
adsorbent was calculated using the following equation:

C,-C)V
q=7(° ) (1)

m

where g is the amount surfactant adsorbed per gram of
adsorbent (mg/g), C, and C, are the initial and the equilib-
rium surfactant concentrations (mg/L) respectively. V is the
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Table 1
The main characteristics of surfactants used in this study

Chemical name Molecular structure Molar mass CMC CAS No
(g/mol) (mol/L)

CH,

Cetyltrimethylammonium bromide, CH —_ Nt— -
3(H2C)1 5 N CH3B1‘ 364.45 9.01 x10* 57-09-0

(CTAB) CH,(CH,),,N(Br)(CH,),

CH,

. . . . _

Tetradecyltrimethylammonium bromide, C H, ( CH2)12 C H, N CH3 Br 336.39 33x10° 1119-97-7

(TTAB) CH,(CH,) ,N(Br)(CH,),

2) 13

CH,

volume of solution (L), and m is the dry weight of added
adsorbent (g).

2.3. Zeta potential and conductivity measurements

Zeta potentials of solid particles in organoclay/water sus-
pensions from the experiments at various pH values were
measured using Zeta-Meter 3.0+ (Zeta-Meter, Inc., Staunton,
VA, USA) for a constant adsorption time, 30 min. In the
experiments initial surfactant concentrations were 300 mg/L
and clay concentration 1.0 g/L and 1.5 g for CTAB and
TTAB, respectively. The zeta potential values were corrected
for temperature differences using the following equation:

g,(mV)=C, )

where £, C,, £ represent the corrected zeta potential value,
correction factor related to temperature and the measured
zeta potential value, respectively. In addition, before each
measurement, the zeta meter was calibrated using a Min-
U-Sil standard solution. Also, conductivity measurements
were made after adsorption used the WTW LF 521 Karl
Kolb conductometer (WTW Inc., Weilheim, Germany) under
the same conditions as the zeta potential measurements.

2.4. Characterization of the samples

The crystal structure of the Cankir1 clay was character-
ized by X-ray diffraction analysis (Panalytical Empyrean
diffractometer with Cu-Ka radiation (40 kV, 15 maA,
1.54051 A)) at room temperature, and the scan range was
set from 5° to 70°. The images of high-resolution scanning
electron microscope (HR-SEM) were recorded by a Zeiss
Sigma 300 SEM instrument equipped with EDAX ana-
lyzer (Zeiss, Germany).

2.5. Equilibrium isotherms

Equilibrium adsorption isotherms, which are extremely
important in the design of adsorption systems and explain

the interaction mechanism between adsorbent and adsor-
bate at equilibrium, have also been investigated [16,18].
The equilibrium adsorption data obtained for 30 min were
applied to the isotherm equations by using SPSS 24.0 pack-
age program. In this analysis the linear forms of isotherm
equations (Table 2) were used to determine the fitting of
the adsorption of two quaternary ammonium salts (CTAB
and TTAB) on montmorillonite to isotherm models such as
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich.

2.6. Thermodynamic investigations

The calculation of thermodynamic parameters is very
important to determine the feasibility and spontaneity of
the adsorption process as well as the effect of temperature.
For this, adsorption enthalpy and entropy changes were cal-
culated using Eq. (3). It was assumed that the enthalpy and
the entropy changes in the operating temperature range
are independent of temperature [15,19].

an — AI{ads + ASacls (3)
« RT R
AGS,, =—RTInK_ 4)

where T and R represent the absolute temperature and gas
constant, respectively.

In this equations, the Langmuir isotherm constant, Keq
was used instead of the equilibrium constant by various
changes to become dimensionless [20,21].

2.7. Adsorption kinetics

A simple kinetic analysis of adsorption is the Lagergren’s
pseudo-first-order equation:

ln(qe —ql)zlnqg —kt ®)

where g, is the amount of dye adsorbed at time ¢ (mg/g),
q, is the adsorbed amount of dye at equilibrium, and k, is
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Table 2
Equations of the isotherms used for both surfactants, CTAB and TTAB at three temperatures, and the isotherm parameters calculated
for them
Isotherm equation Temp. (K) Constant parameters CTAB TTAB
q, 312.5 285.71
203 K 3.200 1.167
R, 0.510 0.575
R? 0.992 0.996
) q, 303.0 277.78
Langmuir 313 K 3.300 1385
CG__ 1 + C, R, 0.503 0.575
9. 4, K 4, R? 0.988 0.997
q, 303.0 277.8
K 2.538 1.286
323
R, 0.568 0.638
R? 0.994 0.998
n 0.322 0.169
293 K, 194.202 167.721
R? 0.988 0.950
Freundlich n 0.215 0.143
313 Kf 194.008 174.443
Ing, =InK, +ninC, R? 0.980 0943
n 0.312 0.143
323 K, 177.647 174.863
R? 0.984 0.964
b, 1.243 0.938
293 a, 112.164 168.289
R? 0.967 0.977
Temkin b, 1.247 0.779
RT RT 313 a, 28.421 463.337
q= (len a, + [b]lnC R? 0.867 0.975
T T b, 1.204 0.724
323 a, 97.709 617.577
R? 0.972 0.984
K -2.00.10-8 -7.00.10-8
293 fox 217.761 247.299
E (kJ/mol) 5.00 2.67
R? 0.872 0.880
. . K -5.00.10-9 —4.00.10-8
Dubinin-Radukevisch 0o 198.721 245,574
5 313 E (kJ/mol) 10.00 3.54
Ing=Ke*+ Ingp, R 0.772 0.880
K —2.00.10-8 -3.00.10-8
Tor 213.343 242.209
323 E (k]/mol) 5.00 4.08
R? 0.859 0.849

q, adsorption capacity of surfactant (mg/g); 4,, monolayer adsorption capacity; C, equilibrium concentration; #, K and K are constant param-

eters for the isotherm equations.
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the rate constant of pseudo-first-order adsorption. The rate
constant, k, was determined from slope of the linear plots of
In(q, - g,) against t.

The linear form of pseudo-second-order kinetic as follows

t 1 t
b1t 6
9, k4 aq. ©

where k, is the rate constant of pseudo-second-order adsorp-
tion. The adsorbed amount of dye at equilibrium () and
the rate constant (k,) can be calculated from the intercept
and slope of the plot of (t/g,) vs. t.

The intraparticle diffusion model:

g =kt +C @)

where g, is the amount of dye adsorbed at time t (mg/g),
k. is the intraparticle diffusion rate constant (mg/s'? g), and
C is the intercept. According to Eq. (7) a plot of g, vs. t'?
should be a straight line with a slope k, and intercept C
when the adsorption mechanism follows the intraparticle
diffusion process.

In order to quantitatively compare the applicability
of the models, a normalized standard deviation Ag is cal-
culated [22,23],

2
zl:qf,cxp B qt,cal }
qt,exp . 100

(n - 1) ®)

Aq (%)=

where 7 is the number of data points, g, is the experimen-
tal adsorption capacity and g, , is the calculated adsorption

capacity.

3. Results and discussion
3.1. X-ray diffraction analysis

The X-ray diffraction spectrum of crude montmoril-
lonite (MMT) is given in Fig. 1. The peaks at 7.60°, 19.82°,
36.12°, 54.53° and 62.09° are characteristic peaks of mont-
morillonite clay and the peaks at 22.03° and 34.96° can be
attributed to the quartz phase [24-26].

3.2. Effect of contact time and initial surfactant
concentration on the monomeric adsorption

The results obtained for the variation of the monomeric
adsorption of both surfactants (CTAB and TTAB) with
the contact time, at a constant stirring rate of 150 min™, at
natural pH (=7.8), at 293 K and at various initial concen-
trations, are shown graphically in Figs. 2 and 3, respec-
tively. As can be seen from these figures, CTAB and TTAB
adsorption can reach adsorption equilibrium in about
5 min. The extremely short equilibrium adsorption time
may indicate that physical interactions are dominant in
adsorption. The adsorption efficiencies of CTAB and TTAB
increase with the increase in the initial surfactant concen-
tration. The increase in the adsorption efficiency can be

explained by the increase in the surfactant concentration
difference between the bulk and the clay surface and thus
easier diffusion [27].

Equilibrium adsorption isotherms, which are critical
for the design and mechanism of the adsorption process,
have also been obtained [28,29]. For this, at various initial
concentrations of CTAB (50, 100,150, 200, 250 and 300 mg/L)
and TTAB (200, 300, 350, 400, 450, 500, 600, 800 and
1,000 mg/L) for 30 min and at a constant mixing speed of
150 min™, at three different temperatures, experiments were
carried out. The results are shown in Figs. 4 and 5. As can
be seen from these figures, the isotherms obtained for both
surfactants are compatible with the Type II isotherm at all
temperatures. This indicates the existence of strong interac-
tions between adsorbent and adsorbate, the heteroporous
structure of the adsorbent, and cooperative adsorption at
higher equilibrium concentrations [13]. With the increase
of the equilibrium CTAB concentration, the adsorption
efficiency and effectiveness also increase sharply (Fig. 4).

The similarity of isotherms at three different tempera-
tures at low equilibrium concentrations may imply that
the interactions occur predominantly by electrostatic inter-
actions between CTA" ions and the surface SiO- groups of
MMT, and in part by an ion exchange mechanism. As the
concentration increases, cooperative adsorption based
on the lateral interactions between the tails of the sur-
face-bound CTAB molecules becomes effective, so the
adsorption efficiency can increase significantly [12,13,30].
Fig. 4 shows that the CTAB adsorption capacity decreases
with increasing temperature; the decrease is particularly
evident at high equilibrium concentrations. The decrease
observed in adsorption capacity with increasing tempera-
ture can be generally associated with the exothermic nature
of the adsorption process [13]. The increase in temperature
leads to an increase in the mobility of ions in the diffuse
part of the electrical double layer around the negatively
charged MMT particles. Thus, the electrical double layer
expands and the thermal mobility of each clay particle
increases. This may lead to a reduction in the tendency of
CTAB molecules to reach the solid surface from the bulk
phase [13,31]. The decrease in adsorption efficiency with
increasing temperature at higher equilibrium concentra-
tions may be attributed to the tendency of CTAB molecules
to form aggregates in the bulk phase, by interaction of their
tails, rather than binding to the surface. On the other hand,
it can be argued that hydrophobic interactions occur only
between the tails of adsorbed CTA* ions, with an increase
in equilibrium concentration at higher temperatures [13].

It can be seen from Fig. 5 that at low equilibrium con-
centrations, the high adsorption efficiency and effective-
ness observed by rapid binding of TTA" ions to the surface
by electrostatic interactions do not change significantly
over a wide range of equilibrium concentrations, forming
a plateau. The plateau formation can be attributed to the
fact that the concentration gradient between the bulk phase
and the solid phase does not have a stimulating effect for
adsorption, and it is likely that the change in the adsorption
mechanism of TTAB to the MMT surface begins in the pla-
teau region. In other words, as the concentration increases,
hydrophobic interactions between the tails of TTA* ions
horizontally located in the interlayer regions of the MMT
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Fig. 1. X-ray diffraction pattern for the clay sample.
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Fig. 2. Effect of initial surfactant concentration and contact
time on the adsorption of CTAB onto montmorillonite (stirring
speed =150 min™'; [MMT], = 1.0 g/L; temperature = 293 K; natural
PH(=7.8)).

dominate, which can result in smaller interfacial energy
and greater ionic strength. Consequently, the migration
tendency of the TTA" ions from the bulk phase to the solid/
liquid interface increase [13,31]. Therefore, the adsorption
efficiency increases at higher TTAB equilibrium concen-
trations. The increase in temperature caused a negligible
decrease in the adsorption efficiency of TTAB at low and
medium equilibrium concentrations, while the decrease in
efficiency was slightly greater at high equilibrium concen-
trations, implying the exothermic nature of adsorption.

3.3. Isotherm models and adsorption thermodynamic

In order to determine the fitting of the adsorption of two
different quaternary ammonium salts of CTAB and TTAB
on montmorillonite to isotherm models such as Langmuir,
Freundlich, Temkin and Dubinin-Radushkevich, the equi-
librium adsorption data obtained for 30 min were applied
to the isotherm equations. The calculated parameters for
these models were presented together with isotherm equa-
tions and regression coefficients in Table 2. The Langmuir
adsorption model is based on the assumptions that the

40 45 50 55 60 65 70
700
600 |
500
—
[T
g 400 |
é
300 |
200 | - - -
100 | —4—200 mg/L =300 mg/L =330 mg/L
—=—400 mg/L ——45 mg/L —— 500 mg/L
—a—600 mg/L —— R0 my/L —e— 000 mg/L.
0
0 10 20 30 40 50 60
Time (min)

Fig. 3. Effect of initial surfactant concentration and contact
time on the adsorption of TTAB onto montmorillonite (stirring
speed =150 min™'; [MMT] = 1.5 g/L; temperature = 293 K; natural
pH(=7.8)).

adsorption of each adsorbate molecule has the same
energy, that there is no interaction between adsorbate mol-
ecules adsorbed on the adsorbent surface, and that adsorp-
tion is localized [16,32]. The high correlation coefficient
values given in Table 2 show that the obtained data are in
good agreement with the Langmuir isotherm at all tem-
peratures for both surfactants.

Another analysis of the Langmuir isotherm model
can be made on the basis of a dimensionless equilibrium
parameter, R, which called as separation factor and it is
represented through Eq.(9) [32,33].

R = !
1+KC,

©)

where C; (mg/L) is the highest initial surfactant concentration.

The values of R, at 293, 313 and 323 K for CTAB and
TTAB were between 0 and 1 which means the adsorption of
both surfactants onto montmorillonite surface is favorable
(Table 2).



176

The Freundlich isotherm equation suggests that adsorp-
tion takes place at adsorption sites with different adsorp-
tion energies by interaction between adsorbed molecules
[16,33]. From Table 2 it can be seen that the experimen-
tal data fit well with the Freundlich equation for both
surfactants at the entire temperature studied.

Therefore, the Freundlich constants n <1 and 1/n > 1
for the two surfactants were calculated at all tempera-
tures and the coefficient values indicates that cooperative
adsorption is effective at high surfactant concentrations
[34]. The compatibility of the experimental data with

350

300
250 /

= 200
%: —+—-293K
% 150 313K
100 —// 323K
50 |
0
0 1 2 3 4 5 6 7 8

C(mg/L)
Fig. 4. Adsorption isotherms for CTAB at different tempera-

tures (stirring speed = 150 min™; [MMT], = 1 g/L; time: 30 min;
natural pH(=7.8)).
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Fig. 5. Adsorption isotherms for TTAB at different tempera-

tures (stirring speed = 150 min™'; [MMT] = 1.5 g/L; time: 30 min;
natural pH(=7.8)).

Table 3
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both Langmuir and Freundlich isotherms shows that both
monolayer adsorption and multilayer adsorption are pos-
sible due to the presence of heterogeneous active sites
on the adsorbent surface [35].

Temkin isotherm model takes into account the effects
of interactions between adsorbed molecules on the adsorp-
tive sites on the adsorption isotherms and suggest that due
to these interactions the adsorption heat of all molecules
in the layer decreases linearly with coverage [36,37]. The
regression coefficient values given in Table 2 show that the
Temkin isotherm model is in good fit with the experimental
data, and even this fit increases with increasing temperature.
Also, the isotherm constants were calculated and given in
Table 2.This reveals that the CTAB and TTAB adsorption is
characterized by a uniform distribution of binding energies
up to some maximum binding energy and the increasing
of temperature probably leads to increase of uniformity [16].

The fit of the equilibrium adsorption data to the
Dubinin-Radushkevich isotherm model, which provides
valuable information about the average energy of the mol-
ecules adsorbed per adsorbent and can be used to predict
the adsorption mechanism (physical or chemical), has also
been examined [27,33,38]. However, it was observed that
the CTAB and TTAB adsorption were not highly fitting
with this model and the fit decreased with increasing tem-
perature (Table 2).

It is important to determine the thermodynamic param-
eters of an adsorption process, to find the adsorption
energy, to understand whether the process is spontaneous
or not, and for process design [38]. For this, for both CTAB
and TTAB adsorption on the clay surface, by considering
the amount of surfactant adsorbed in fixed amounts at 293,
313 and 323 K temperatures, thermodynamic quantities
such as isosteric adsorption enthalpy, (AH?,) adsorption
entropy, (AS?,) and the Gibbs free energy change (AG®)
were calculated. Enthalpy and entropy changes were cal-
culated using Eq. (3). It was assumed that the enthalpy
and the entropy changes in the operating temperature
range are independent of temperature [13,16]. The results
obtained are listed in Table 3.

As can be seen from Table 3, negative values of
enthalpy indicate that the adsorption of CTAB and TTAB
is exothermic in nature, as expected. Very small enthalpy
values clearly demonstrate that surfactant adsorption
occurs through physical interactions, where electrostatic
interaction is dominant. As is known, physical adsorp-
tion is characterized by smaller enthalpy changes (<40 kJ/
mol) while chemical adsorption involves larger isosteric

Calculated monolayer capacities and thermodynamic quantities for both surfactants, CTAB and TTAB, at three temperatures

Surfactant T (K) Ce (mg/L) q (mg/g) AG?,. (KJ/mol) AH_,_ (kJ/mol) AS_,. (J/K mol)
293 043 149.58 -10.8
CTAB (C,: 150 mg/L) 313 0.50 149.50 -11.2 -10.6 18.0
323 0.52 149.48 -114
293 4.84 230.11 -6.8
TTAB (C,: 350 mg/L) 313 4.30 230.46 -7.1 -6.6 149
323 4.08 230.61 -7.3
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adsorption heat values (>60 kJ/mol). The higher adsorption
enthalpy change for CTAB can be attributed to the stron-
ger electrostatic interactions than that of TTAB. Because
the CTAB’s tail volume is greater than that of TTAB and
is more stringer packed. It can be said that this may be
due to the closer interaction of the surfactants with the
pore walls or the stronger interactions with the clay sur-
face groups [39]. The calculated entropy value was quite
lower and positive, which points to a higher affinity of
clay for surfactant ions and an increased randomness at
the solid-solution interface during adsorption because
surfactant adsorption predominantly occurs between clay
layers and partly on the surface of clay [40]. Furthermore,
the exchangeable hydrated cations between the clay layers
during adsorption are displaced by surfactant ions lead-
ing to an increase in entropy. Hence, it can be said that
the increased entropy to be the driving force in surfactant
adsorption [16,31,40].

The spontaneity of the adsorption process can be esti-
mated by the sign and magnitude of the change in Gibbs
energy AG° (kJ/mol) [32,38]. The calculated value from
Eq. (4) is given in Table 3.

The negative values of AG_,_ at all temperatures confirms
the tendency for spontaneous adsorption of CTAB and
TTAB on the montmorillonite surface. Interestingly, the neg-
ative value of AG_, increased with increasing temperature.

3.4. Adsorption kinetics

Results on adsorption kinetics are important for the
design of effective adsorption systems. For this reason, the
obtained adsorption data were applied to three kinetic mod-
els in Egs. (7)-(9): pseudo-first-order, pseudo-second-order
and intraparticle diffusion kinetic models [27].

The parameters obtained using each of the models are
shown in Table 4. From Table 4, it is evident that pseudo-
second-order kinetic equation provides an excellent fit,
with a linear regression coefficient R? > 0.99 and the theo-
retical g, , values agree well to the experimental ¢, val-
ues at all concentrations and temperatures studied for two
surfactants. So, it can be concluded that the monomeric
CTAB and TTAB adsorption proceeds via a pseudo-
second-order mechanism implying the stronger interac-
tions between clay and surfactant ions. Similar results were
also reported by Chowdhury et al. [27], who examined the
biosorption of Basic Green 4 from aqueous solution with
Ananas comosus (pineapple) leaf powder.

3.5. Effect of clay dosage

Experimental results on adsorbent dosage showed
that the amounts adsorbed for both of surfactants is depen-
dent on the amount of clay as shown in Figs. 6 and 7. 150
and 300 mg/L concentrations of CTAB and TTAB surfac-
tants, respectively has been used for adsorption study at
293 K, at 150 min™, for 30 min and at natural pH. These
figures show that the surfactant adsorption capacities
decreased until a certain adsorbent dose and then remained
constant. This constant value of adsorbent dosage was
1 g/L for CTAB and 1.5 g/L for TTAB. For this reason, these
values were kept constant in the remaining experiments.

As the amount of adsorbent increases, the increase in the
percent removal of surfactants can be attributed to the
increase in the number of active sites on the adsorbent
surface. However, at higher adsorbent dosages, both dif-
ficulty in accessing the active sites of the adsorbent and an
increase in diffusion path length may occur due to inter-
actions between hydrated clay particles that prevent the
diffusion of surfactant ions onto the clay surface [13,32].
This situation reveals degree of particle to particle inter-
actions affects strongly surfactant to surface interactions.

3.6. Effect of pH

The variation of the adsorption of both surfactants with
pH is shown graphically in Figs. 8-11. From Fig. 8 it can be
seen that the adsorption of CTAB on clay increases in the
pH 2.0-6.5 range and after a sharp increase in pH 6.5 the
increase continues at a lower rate up to pH 11. On the other
hand, it can be seen from this figure that the clay particles
exhibit positive zeta potential values from pH 2.0 to 6.5 and
negative value at pH 11.0. This change in the zeta potential
values may imply that the adsorption occurs predominantly
through ion exchange mechanism and partly ion pairing.
The measurements of conductivity of CTAB solution at this
pH range (2.0-6.5) also supports this argue (Fig. 9). The
irregular change observed in conductivity in this range can
also be related to the compensating of the contribution of
the adsorbed CTA" ions to the electrical conductivity by the
ions formed by the hydrolysis of some components from
the adsorbent. Although the positive zeta potential value of
the particles was partially decreased at pH 6.5, the amount
of adsorbed may have increased due to the combination of
cooperative adsorption and partially semi-micelle forma-
tion with the penetration of new ions between the CTA"
ions adsorbed on the surface of the clay plates and intense
lateral interactions. After pH 6.5, the zeta potential of the
clay particles increases negatively as a result of deprotona-
tion of the functional groups on the clay surface, but mono-
meric adsorption of CTA* ions on these sites may continue,
possibly through electrostatic interactions. This is in line
with the low adsorption efficiency in this region. A signifi-
cant increase in conductivity after pH 6.5 can be attributed
both to the presence of hydroxyl ions and to the dissolu-
tion and/or hydrolysis of some adsorbent components.

As can be seen from the experimental results of TTAB,
in which the zeta potential and conductivity values and
adsorption capacity changes depending on the solution pH,
the zeta potential values do not show a significant change
in the pH range of 2.0-3.5, but increase significantly with
increasing pH (Figs. 10 and 11). Although the zeta potential
values do not change in the pH 2.0-3.5 range, the increase
in the adsorption capacity shows that the adsorption in
this region is mainly realized by the ion exchange mech-
anism and after this pH value, the ion pairing adsorption
mechanism becomes effective. After pH 7.0, the adsorption
capacity is almost unchanged. On the other hand, the high-
est conductivity value at pH 2.0 decreases with increasing
pH, it reaches the lowest value at pH 7.0. This demon-
strates the effectiveness of the ion exchange mechanism in
adsorption process at this pH range. In addition, although
the adsorption capacity did not change, the increase in
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Kinetic parameters for monomeric surfactant adsorption onto montmorillonite

Surfactant Temp. Initial Pseudo-first-order Pseudo-second-order Intraparticle diffusion

(K) concer_lltratlon R2 k, Qoo . Ag (%) R k. C R2
(mg L) g/mgmin  mg/g mg/g mg/min'? g

293 50 0.1839 0.0112 49.6900 49.7512  0.6206 1.0000 0.6847 21.04 0.4926
293 100 0.6539  0.0031 99.5920  100.0000 1.0214 0.9999 1.3664 4200 0.4923
293 150 0.0613  0.0088 149.1370 1492537 0.2331  1.0000 2.0595 63.00  0.4949
293 200 0.4241  0.1250 199.1140  200.0000 0.1035 1.0000 2.7414 8412  0.4933
293 250 0.1457  0.0007 246.7690 250.0000 1.0757 1.0000 3.4298 103.66  0.5009
293 300 0.2151  0.0006 294.6510 294.1176 1.0255 1.0000 4.1000 124.02  0.5005
313 50 0.2151  0.0041 48.8080  50.0000 1.3665 1.0000 0.6893 20.82  0.5009
313 100 0.1994  0.0007 99.1140  100.0000 3.1115 0.9996 1.3741 41.06  0.5057

CTAB 313 150 0.136  0.0009 148.3920 149.2537 1.8971 0.9998 2.0480 62.10  0.4988
313 200 0.2151  0.0077 197.3120 196.0784 0.3783 1.0000 2.7275 83.56  0.4941
313 250 0.2151  0.0006 244.2610 250.0000 1.4528 1.0000 3.4266 102.78  0.5046
313 300 0.3119  0.0005 2924550 294.1176 1.6147 0.9999 4.0702 121.88  0.5054
323 50 0.1968  0.0228 49.6450  49.7512  1.0564 1.0000 0.6915 20.72  0.5053
323 100 0.2028  0.0041 99.0750  100.0000 0.9716 1.0000 1.3839 4152  0.5046
323 150 0.0107  0.001 147.0240 149.2537 1.5884 1.0000 2.0709 61.64  0.5085
323 200 0.2422  0.0034 195.8460 196.0784 1.0920 1.0000 2.7490 82.13  0.5066
323 250 0.2328  0.0003 240.8750 250.0000 2.9454 0.9999 3.4452 99.98  0.5211
323 300 0.1018  0.0003 286.014 294.1176 2.3964 0.9999 4.0698 119.61 0.5161
293 200 0.7200  0.0069 133.115  133.3333 0.0718 1.0000 1.8301 56.37  0.4915
293 300 0.2151  0.0155 198.865  200.0000 0.0412 1.0000 2.7367 8420  0.4920
293 350 0.0795 0.0359 230.416  232.5581 0.6628 1.0000 3.1869 97.13  0.4967
293 400 0.0989  0.0253 254115  263.1579 2.4576 0.9999 3.5887 106.04 0.5122
293 450 0.2356  0.0094 282.01 285.7143 0.4134 1.0000 3.9012 118.94  0.4966
293 500 0.2151  0.0093 312.764  312.5000 0.8600 1.0000 4.3374 131.81 0.4982
293 600 0.0776  0.0215 378.487  384.6154 0.6490 1.0000 5.2480 159.57  0.4979
293 800 0.1451  0.0086 511.419  526.3158 0.7414 1.0000 7.0970 21541 0.4988
293 1000 0.1882  0.0053 644.110  666.6667 0.7153 1.0000 8.9304 271.08 0.4988
313 200 0.0116  0.0511 133.128  133.3333 0.0504 1.0000 1.8326 56.33  0.4925
313 300 0.0857  0.0057 198.513  200.0000 0.1896 1.0000 2.7376 83.99  0.4934
313 350 0.0822  0.2054 230.296  232.5581 0.0490 1.0000 3.1721 9740  0.4929
313 400 0.3118 0.0013 252.606  250.0000 0.5965 1.0000 3.4886 106.74  0.4947

TTAB 313 450 0.0627  0.0007 279.344  285.7143 1.0484 1.0000 3.8996 117.52  0.5023
313 500 0.4144 0.0028 311971  312.5000 0.2503 1.0000 4.2896 132.26  0.4909
313 600 0.2151  0.169 377429  384.6154 0.1329 1.0000 5.2089 159.65 0.4939
313 800 0.1797  0.0021 511.184  500.0000 0.2571 1.0000 7.0576 215.87 0.4949
313 1000 0.2223  0.0012 643.486  625.0000 0.2955 1.0000 8.8841 271.53  0.4953
323 200 0.059  0.0110 133.000  133.3333 0.1747 1.0000 1.8351 5620  0.4943
323 300 0.0224  0.0076 198.700  200.0000 0.1286 1.0000 2.7376 84.01  0.4933
323 350 0.2498  0.0006 225517 232.5581 21027 1.0000 3.2147 93.99 05174
323 400 0.2151  0.0004 252295  256.4103 1.8785 1.0000 3.5513 105.78  0.5082
323 450 0.1713  0.0003 278.010  285.7143 24022 1.0000 3.9237 11595 0.5121
323 500 0.0985 0.0017 311.169  312.5000 0.3657 1.0000 4.3006 131.35 0.4957
323 600 0.2558  0.0027 376.802  384.6154 0.2285 1.0000 5.1985 159.15  0.4945
323 800 0.1783  0.0015 510.591  500.0000 0.2858 1.0000 7.0496 215.56  0.4951
323 1000 0.2558  0.0008 642.812  625.0000 0.4297 1.0000 8.8707 270.96  0.4956
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Fig. 6. Effect of clay amount on the adsorption capacity and
% removal of CTAB at the adsorption time of 30 min (stirring
speed = 150 min™; [CTAB]: 150 mg/L; temperature: 293 K;
natural pH).
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Fig. 7. Effect of clay amount on the adsorption capacity and %
removal of and TTAB at the adsorption time of 30 min (stirring
speed = 150 min™'; [TTAB]: 300 mg/L; temperature: 293 K; natu-
ral pH).

conductivity values can be attributed to the presence of
increased ionic species due to deprotonation.

3.7. Micellization studies

Micellar adsorption experiments with both CTAB
and TTAB were performed at a constant stirring speed of
150 rpm, temperatures of 293, 313 and 323 K, natural pH,
solid/liquid ratios of 0.8 g/L for CTAB and 1.50 g/L for
TTAB. Initial concentrations for CTAB and TTAB, which
are above the critical micelle concentrations of both surfac-
tants, were chosen as 330-410 mg/L and 1,110-1,200 mg/L,
respectively. The results obtained are plotted in Figs. 12 and
13, respectively, for CTAB and TTAB. From these figures,
it was found that the equilibrium time for both surfactants
to reach adsorption equilibrium was approximately 10 min,
indicating that rapid adsorption occurred. The observed
increase in adsorption capacity at saturation with increas-
ing concentration can be attributed to the transition of
micellization from spherical to ellipsoidal aggregation
due to more intense van der Waals interactions between
the long hydrophobic chains as a result of increased ionic
strength and thus more tightly packed aggregates.

However, the graph obtained for TTAB shows that
with increasing initial concentration, their adsorption
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Fig. 8. Variation of zeta potential and adsorption capac-
ity as a function of initial solution pH (temperature: 293 K;

[CTAB],: 300 mg/L; [MMT]; 1.0 g/L; time: 30 min; stirring

speed:150 min™).
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Fig. 9. Variation of conductivity and adsorption capacity as a
function of initial solution pH (temperature: 293 K; [CTAB]:
300 mg/L; [MMT]: 1 g/L; time: 30 min; stirring speed: 150 min™).
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Fig. 10. Variation of zeta potential and adsorption capacity as
a function of initial solution pH (temperature: 293 K; [TTAB]:
300 mg/L; [MMT];: 1.5 g/L; time: 30 min; stirring speed:
150 min™).

capacity at saturation does not increase as much as that of
CTAB, indicating the decisive role of the conformation and
length of the hydrophobic tail. The results obtained from
the experiments carried out for 30 min at natural pH and
150 min™ mixing speed to obtain the micellar adsorption
isotherms of CTAB and TTAB for three temperatures, 293,
313 and 323 K, are graphed in Figs. 14 and 15.
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Fig. 11. Variation of conductivity and adsorption capacity as
a function of initial solution pH (temperature: 293 K; [TTAB];:
300 mg/L; [MMT]: 1.5 g/L; time: 30 min; stirring speed:
150 min™).
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Fig. 12. Variation of the amount adsorbed (g) with adsorption
time at various initial CTAB concentrations for 293 K (stir-
ring speed: 150 min™'; [MMT]: 0.8 g/L; temperature: 293 K;
natural pH).

From Fig. 14, it is seen that the adsorbed amounts for
CTAB decrease with increasing temperature up to medium
equilibrium concentrations, reflecting an exothermic pro-
cess nature, and then, on the contrary, exhibit an endo-
thermic character with adsorbed values increasing with
increasing temperature. At a certain point, which can be
defined as an inflection or a nodal point, the isotherms
coincide. For this point, it can be argued that the interac-
tion between the chains in adsorption depending on tem-
perature is not affected by thermal mobility, and CTAB
aggregation and thus micellar adsorption are not kinetic
controlled. After this point, it can be said that due to the
increase in thermal mobility with increasing tempera-
ture, the hydrophobic interactions increase as the chains
get closer to each other, and thus the adsorbed amounts
increase due to the formation of elliptical micellar struc-
tures with lower solubility and smaller surface area. It can
also be considered that the increase in thermal mobility
with increasing temperature at equilibrium concentra-
tions before the inflection point weakens the hydrophobic
interactions between the chains, and thus the tendency of
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Fig. 13. Variation of the amount adsorbed () with adsorption

time at various initial TTAB concentrations for 293 K (stir-

ring speed: 150 min™; [MMT]; 1.5 g/L; temperature: 293 K;
natural pH).
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Fig. 14. Adsorption isotherms of the adsorption of CTAB on the
clay at different temperatures ((MMT];: 0.8 g/L; time: 30 min;
stirring speed: 150 min™'; natural pH).

surfactant ions to escape from the interface surface to the
bulk phase due to the repulsion between the head groups.
At 293 K, that is, below the Kraft temperature of CTAB,
and at low equilibrium concentrations, it is assumed that
the spherical form is dominant in micelle aggregation.
The appeared partial reduction in adsorption efficiency at
low CTAB concentrations above the Kraft temperature of
323 K can be attributed to the increased spherical aggre-
gation stability due to the high temperature. The observed
partial increase in adsorption efficiency at high CTAB
concentrations can be associated the increase in ellipsoid
aggregation tendency owing to the high concentration.

As can be seen from the micellar adsorption isotherm
curves of TTAB in Fig. 15, the adsorbed amounts generally
tend to decrease with increasing temperature, but irregular
changes in isotherm shapes occur at all temperatures. As itis
known, decreasing chain length reduces the aggregation ten-
dency of hydrophobic tails, and increasing temperature can
both increase thermal mobility and control the hydrophobic
interaction energy, which can lead to chain separation and



O. Acisli et al. / Desalination and Water Treatment 259 (2022) 170-185 181

790

780

770

760

750

qimg/g)

740

730

720

710
26.5 27 275 28 285 20 205 30 30.5

Ce(mg/1)

Fig. 15. Adsorption isotherms of the adsorption of TTAB on the
clay at different temperatures ((MMT]: 1.5 g/L; time: 30 min;
stirring speed: 150 min™; natural pH).

increased solubility, as well as an increase in the degree of
counter-ion dissociation. Exothermic adsorption enthalpy
shows the major role of London dispersion forces in micelle
formation [41]. Due to the fact that adsorption takes place
with micelles, competing aggregation-deaggregation ten-
dencies depending on temperature and tail length can be
considered as the cause of irregularity in isotherm shapes.

In order to evaluate the changes in the surface mor-
phology of clay particles after micelle adsorption of both
surfactants, the SEM images of the samples obtained from
the adsorption experiments made at a solid/liquid ratio of
1.0 g/L and at different initial surfactant concentrations (300,
330 and 410 mg/L for CTAB and 1,090, 1,130 and 1,150 mg/L
for TTAB) were taken. The images for CTAB and TTAB are
shown in Figs. 16 and 17, respectively.

It can be seen from Fig. 16 that the raw MMT exhibits
heterogeneous surface morphology with prominent frac-
tures and phase separations. Again, this figure may shows
that after CTAB adsorption at various concentrations above
the critical micelle concentration (CMC), the clay particles
interact more closely with each other, thus resulting in a

Table 5

more homogeneous compact surface morphology with
increasing concentration. It can be seen from Fig. 17 that
after adsorption of TTAB at various concentrations above
the critical micelle concentration (CMC), a surface morphol-
ogy emerges indicating that the interactions of the clay par-
ticles with each other are weaker than in the CTAB adsorbed
samples, and they aggregate in a way that reflects the raw
clay structure.

In order to compare the results of CTAB and TTAB
adsorption with those obtained from some previous studies,
the findings are presented in Table 5 considering the adsor-
bent, adsorbate, adsorption type and adsorbed amount, as
well as the monomeric and micellar adsorption performances
of CTAB and TTAB.

From this table it can be seen that monomeric and micel-
lar adsorption of CTAB and TTAB on clay can occur at suffi-
ciently high ratio in a relatively short time.

4. Conclusion

The monomeric and micellar adsorption of cationic sur-
factants with two different chain lengths such as CTAB and
TTAB on the clay surface were investigated comparatively.
For this, various parameters such as adsorption time, ini-
tial surfactant concentration, temperature, clay dosage
and initial solution pH were chosen. The results were sup-
ported by conductivity measurements and the zeta poten-
tial of the particles. It has been concluded that a short time
such as 5 min is sufficient to reach equilibrium adsorption,
and therefore adsorption occurs predominantly through
physical interactions. From the obtained adsorption iso-
therms, it can be argued that ion exchange mechanism is
effective at low surfactant concentrations, and ion pairing
and hydrophobic bonding mechanisms are effective at
higher concentrations. Thermodynamic data revealed that
the adsorption was physical and exothermic in character
and was spontaneous. Adsorption enthalpy and entropy
changes for both adsorbates were calculated as -10.6 and
-6.6 kJ]/mol and 18.0 and 14.9 J/mol K, respectively. In addi-
tion, the adsorption data were applied to various adsorp-
tion isotherm models and the order of fit was obtained as

Comparison of monomeric and micellar adsorption performances of CTAB and TTAB with the results of some previous studies

Adsorbent Adsorbate Adsorption type Adsorbed amount References
Silica/silicon surface CTAB Micelle 3.6 mmol/m? [42]
Monomer 125.78 mg/g
Cl CTAB 13
& Micelle ~180 mg/g [13]
Coals CTAB Monomer 1.26-1.54 mmol/g [43]
Montmorillonite CTAB Monomer 14.84 mg/g-Mt [44]
C16TABr 0.85 +0.01 mmol/g
THO0 activated carb M 39
activated carbon C14TABr onomer 0.80 £ 0.01 mmol/g (9]
Lignite DTAB Monomer =0.15 mmol/g [45]
Bitumi 1 0.65 ]
ituminous coa CTAB Monomer mmol/g [46]
Clay 3.24 mmol/g
| CTAB 312.5 mg/g s stud
Clay TTAB Monomer 285.71 mg/g This study
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Fig. 16. SEM images of (a) raw Mt, (b) CTAB/Mt (300 mg/L), (c,d) CTAB/Mt (330 mg/L), and (e,f) CTAB/Mt (410 mg/L).
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Fig. 17. SEM images of (a,b) TTAB/Mt (1,090 mg/L), (c,d) TTAB/Mt (1,130 mg/L), and (e,f) TTAB/Mt (1,150 mg/L).
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Langmuir > Freundlich > Temkin > Dubinin—-Radushkevich
for CTAB and as Langmuir > Temkin > Freundlich > Dubi
nin—-Radushkevich for TTAB. The monolayer adsorption
capacities for both adsorbates were found to be 312.50
and 285.71 mg/g, respectively. Kinetic studies have shown
that the rate of adsorption can be more representative
of the pseudo-second-order model for both surfactants,
which implies the presence of strong physical interac-
tions between clay particles and surfactant ions. micellar
adsorption studies performed at concentrations above the
critical micelle concentration (CMC) for both surfactants
revealed that the change in the formed micelle forms with
the increase in temperature and initial surfactant con-
centration for both surfactants was also reflected in their
adsorption behavior. The different behaviors of CTAB and
TTAB were associated with the difference in their hydro-
phobic tail lengths, and from the obtained SEM images,
it was concluded that especially the micellar adsorp-
tion of CTAB indicates more intense interaction and thus
tighter stacking.
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