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Abstract
The injection of surfactants into depleted reservoirs to
enhance oil production by reducing the interfacial tension is
a well-known and technically applicable enhanced oil
recovery method. Surfactant flooding has issues with porous
media in reservoirs, such as adsorption, which diminish the
efficiency of the chemical slurry. In this study, static
experiments conducted in batches are performed to
investigate the adsorption behavior of dodecyl alkyl sulfate
in kaolinite by firstly determining its critical micelle
concentration (CMC), secondly investigating its adsorption
magnitudes into the chosen adsorbent, and finally studying
its fitting performance with well-known adsorption isotherms
models. Using the conductivity method, the lowest CMC was
evaluated to be 0.112 wt%. The Langmuir model provided
the best fitting performance. Also, DAS-D and the 50-50%
blend surfactant were the only solution that showed
acceptable coefficient of correlation with all fitting models.
Keywords: Adsorption, surfactant, EOR, dodecyl alkyl
sulfate, adsorption isotherm, CMC, conductivity method

INTRODUCTION
Owing to the worldwide trend of increasing energy
consumption and the decreasing number of giant new oil
field discoveries to cope with energy demands, the
redevelopment of actual oil reservoirs by applying new
production methods to stimulate production and extend a
reservoir’s life is more than needed (Ebaga-Ololo and Chon,
2017).
Conventionally, oil reservoirs undergo three distinct

production methods during their production timespan. The
primary production method, or “natural production process,”
consists of oil production using the pressure gradient between
the reservoir pressure and the surface pressure. This method
does not require any human activity or the implementation of
methods such as artificial lifts but only and solely the energy
from the reservoir. The secondary production method, mainly
waterflooding, consists of injecting water into the reservoir
to extend the production life that is already declining by
maintaining the pressure gradient. However, the tertiary
production method consists of injecting a fluid that is not
initially present into the reservoir to enhance production. This
is mostly known as enhanced oil recovery (EOR). Chemical
EOR with the injection of a polymer, an alkali, and a
surfactant is the most-applied method thus far.
Surface active agents, mostly known as surfactants, are
widely used in a number of industries for their technological
and industrial applications such as detergency, dispersion of
solids, mineral flotation, transportation of solubilized
pollutants, and oil recovery (Azam et al., 2013; Paria and
Khilar, 2004; Sánchez-Martín et al., 2008). In the oil industry,
surfactants are used mainly during the EOR process for their
foaming ability and for their effective ability to alter surface
and interface properties such as reducing the interfacial
tension between water and oil to an ultralow value and
altering the wettability of a reservoir from an oil-wet state
toward a water-wet state (Azam et al., 2013; Ma et al., 2013;
Saha et al., 2017; Wang et al., 2015). However, surfactants
exist in different natures that have distinctive characteristics.
Anionic, cationic, nonionic, and zwitterionic are the four
well-known natures of surfactants used in the industry, which
are summarized in Table 1 with some examples and their
structures (Laurier L. Schramm, 2000).

Table 1. Classification of surfactants.
Nature
Anionic

Nonionic

Examples
Sodium dodecyl sulfate
Sodium dodecyl benzene sulfonate
Laurylamine hydrochloride
Trimethyl dodecylammonium chloride
Polyoxyethylene alcohol

Zwitterionic

Dodecyl betaine

C9H19—C6H4—(OCH2CH2)nOH
C12H25N+(CH3)2CH2COO−

Lauramidopropyl betaine

C11H23CONH(CH2)3N+(CH3)2CH2COO−

Cationic

Chemical Structures
CH3(CH2)16COO−Na+ CH3(CH2)11SO4-Na+
CH3(CH2)11NH3+Cl− C12H25N+(CH3)3Cl−
CnH2n+1(OCH2CH2)mOH
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The technical advantages of the injection of surfactants into
an oil reservoir during surfactant flooding have been clearly
identified and their applications are numerous in the industry
such as reduction of interfacial tension and wettability
alteration (Barati-Harooni et al., 2016; Kumar et al., 2016;
Mohammed and Babadagli, 2015; Nguele et al., 2017).
However, surfactant flooding has a major problem with
porous media, which is adsorption. Basically, the adsorption
of surfactants in reservoir rock hinders the economic viability
of the process when applied as a recovery method. The main
disadvantage of adsorption in the best case is that it can lead
to a reduction in the slug’s concentration, and that in the
worst case is that it can simply cause the loss of the slug’s
total concentration, rendering the operation ineffective
(Muherei et al., 2009). As an important factor to be
considered, the adsorption behavior of a surfactant with the
reservoir rock before surfactant flooding should be
investigated beforehand in order to obtain a clear view of the
characteristics that may hinder its efficiency (Li et al., 2011).
For more than two decades, a considerable number of authors
have provided many assumptions to understand the
mechanisms behind the adsorption of surfactants in porous
media and how to reduce its occurrence when they come in
contact with reservoir rock. These investigations have mostly
been completed with the well-known surfactants currently in
use in the oil industry, such as Triton-X 100, Sodium Dodecyl
Sulfate (SDS), and betaine. Azam et al. conducted a study on
the adsorption of a new anionic surfactant on Berea sandstone
by emphasizing different parameters such as the pH, salinity
content, and temperature (Azam et al., 2013). The best
performance of this anionic surfactant was mostly recorded
at a higher pH and temperature but at a lower salinity
concentration. Using the dynamic adsorption methodology,
Gandomkar et al. investigated the adsorption densities of
sodium lauryl sulfate in carbonate cores at different
concentrations ranging from 500 to 5000 ppm and mainly
found that the adsorption density was strongly linked with the
surfactant concentration (Gandomkar and Kharrat, 2013).
Austad et al. studied the adsorption of two different anionic
and nonionic surfactants mixed over a range of molar
percentages on kaolinite and quartz with a stable NaCl
concentration of 3.5 wt% in all solutions (Austad et al., 1991).
It was found that the adsorption effect of the nonionic
surfactant was greater for quartz than kaolinite. By static
(studies of adsorptions in batches) and dynamic (studies of
adsorptions by measuring the surfactant concentration
gradient after flooding a core) methods with kaolinite, Lv
studied the adsorption of three surfactants, two anionic (alkyl
benzene sulfonate and dodecyl benzene sulfonate) and one
amphoteric (betaine), in the presence and absence of a novel
alkali (Lv et al., 2011). It was found that the novel alkali was
acting as an adsorption reduction agent. Recently, an
increased number of authors have opted for the utilization of
plants such as Trigoonella foenum-graceum (Barati-Harooni
et al., 2016; Barati et al., 2016) and Zyziphus spina-christi
(Ahmadi and Shadizadeh, 2012, 2013b, 2013c, 2015; Emadi
et al., 2017) in the production of environmentally friendly
surfactants. So far, Ahmadi et al. have been the most involved
in this research applied to carbonate reservoirs with and
without nanoparticles and have shown consistent results,

among which the increase of nanoparticles concentrations
which play a key role on the magnitude decrease of
adsorption, that should be considered for EOR application
(Ahmadi and Shadizadeh, 2012, 2013a, 2013b, 2013c, 2015).
On the basis of the successful application of dodecyl alkyl
sulfate (DAS) during surfactant and surfactant–polymer
flooding experiments to determine its potential to recover the
residual oil in porous media (Jang and Chon, 2014; Ko et al.,
2014), the intent of the current work is to understand the
adsorption behavior and the isotherm competitivity and
compatibility of linear (DAS-L) and branched (DAS-D) DAS
in a representation of a reservoir medium such as kaolinite.
The results obtained from investigations completed at room
temperature for each experimental scheme will provide a
better understanding of DAS’s behavior in porous media.

EXPERIMENTAL MATERIALS AND METHODS
Materials
Surfactants and adsorbent. For this experimental study, two
types of DAS were used as anionic surfactants: one linear type
denoted as DAS-L and a branched type denoted as DAS-D.
DAS was supplied by IL SHIM FINE CHEMICALS based in
Gimpo, South Korea. The surfactants were used as-received
with no further modifications. The molecular structure and
technical characteristics of DAS are presented in Figure 1 and
Table 2, respectively.

Figure 1. Dodecyl alkyl sulfate molecular structure.

Table 2. Dodecyl alkyl sulfate (DAS) characteristics.
Surfactant Appearance Active matter Acid value
type
(%)
(µmol/L)
DAS-L
DAS-D

dark
dark brown

96.56
97

187.15
183

Water
content
(%)
0.41
0.74

As the adsorbent, model reservoir minerals were used. In this
experimental work, kaolinite—one of the mineral mostly
present in sandstone and carbonate porous media—was
chosen. The adsorbent was received in powder form with a
purity of 99%, as supplied by Duckyu Ceramics based in
South Korea.

Experimental methods and preparation
Preparation of the surfactant solution. The surfactant
solutions used in our study were prepared in stock in a 1000mL beaker on a mass-percent basis in the range of 0.04–1
wt%. Double deionized water (DDW) was gently added to
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the beaker containing the surfactant until it reached 1000 g
measured on a mass scale. The mixture was gently stirred for
several minutes to avoid foaming. The obtained stock
solution, which has the highest concentration, was then
diluted to obtain the other solutions at the necessary
concentrations. The preparation of blended solutions (DASD+L) consisted of adding a certain amount of the respective
surfactant solution to the same beaker following a mass
balance of 75–50–25% from DAS-D to DAS-L. The 75–25%
blend solution means 75% DAS-D with 25% DAS-L, 50–50%
for 50% DAS-D with 50% DAS-L, and 25–75% for 25%
DAS-D with 75% DAS-L. Prior to any measurements, the
blended solutions were allowed to rest for a certain amount
of time to meet total equilibration.

solution were shaken for at least 10 h on a horizontal shaker
at 180 rpm at room temperature (Bera et al., 2013). Following
this step, they were gathered, placed in a centrifuge, and
agitated at 3000 rpm for 20 min (Zendehboudi et al., 2013).
The tubes were then disposed in a clean oven area before
resting them for the entire night at the required temperature
(here 25°C) before any surfactant aliquots were collected to
investigate the fluctuation in the concentration due to the
adsorption in different selected representations of porous
media. With knowledge of the concentration of each
surfactant in contact with kaolinite, the adsorption gradient in
each scenario was then estimated using (Park et al., 2015)

Determination of the surfactant conductivity. To determine
the critical micelle concentration (CMC), conductivity
measurements must be completed beforehand at each chosen
specific surfactant concentration. To do so, a benchtop
pH/ORP/ISE/EC meter (Model Hi 4522, Hanna Company)
was used.
Before starting any measurements, the
conductivity meter was calibrated using the five standard
solutions (84µS/cm, 1413µS/cm, 5000µS/cm, 12880µS/cm,
and 80000µS/cm) provided by the manufacturer. The
measurement consisted of dipping the conductivity probe
into the surfactant solution with a well-determined
concentration and waiting for a few minutes until the
recorder’s screen showed a stable value. The operation was
then repeated for all concentrations chosen for investigation.
Before starting each new measurement, the probe was
thoroughly cleaned with DDW and a probe cleaning solution
provided by the manufacturer. Acetone could also be used to
totally clean the electrode.

where q is the surfactant adsorption during liquid/solid
interface adsorption in milligrams per gram of rock (mg/grock); Co and Ce are the initial and final concentrations at
equilibration, respectively, in weight percent (wt%); Vsolution
is the volume of surfactant present in the 50-mL self-standing
centrifuge tube in milliliters (mL); and madsorbent is the mass
of the adsorbent (kaolinite) in grams (g).

Determination of the critical micelle concentration. The
physical and chemical states of surfactants above and below
a certain surfactant concentration vary. These variations start
at a point known as the CMC. Generally, to determine the
CMC, the conductivity values measured with the Hi 4522
meter were plotted versus the surfactant concentration. A
remarkable change will appear in the graph, which represents
the CMC. Methods for determining the CMC are diverse and
have been mentioned by Schramm, such as surface tension,
nuclear magnetic resonance (NMR), ultraviolet-visible (UVVIS) spectrophotometry, calorimetry, and conductivity
(Laurier L. Schramm, 2000). For this experiment, the
conductivity method was chosen as the most appropriate and
available at hand to evaluate the CMC by plotting the
conductivity magnitude versus the concentration. This
method has been successfully used elsewhere (Ahmadi and
Shadizadeh, 2012; Barati-Harooni et al., 2016; Gandomkar
and Kharrat, 2013; Singh et al., 2013).
Adsorption experiments. Adsorption studies of DAS-L and
DAS-D were completed at room temperature (25º C) in
batches. The batch experiment consisted of adding 4 g of the
selected powder materials (kaolinite) to a 50-mL selfstanding centrifuge tube containing 40 mL of the surfactant
solution. The selection of the aforementioned ratio was based
on previous experiments (Ahmadi and Shadizadeh, 2012,
2013a). The self-standing centrifuge tubes filled with the
same masses and volumes of adsorbents and surfactant

𝑞𝑒 =

(𝐶𝑜 − 𝐶𝑒 )𝑉𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
100𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡

,

(1)

Adsorption isotherm model behavior. The information obtained
from the adsorption equilibria are the most important for
understanding how much of a component can be
accommodated by a solid adsorbent during an adsorption
isotherm process (Duong D. Do, 1998). By definition, the
adsorption isotherm is a representation of an adsorption
measurement’s results represented by a plot of the quantity of
a solution’s concentration adsorbed versus the solution’s
equilibrium concentration (Geoffrey and Ian, 2010). On the
basis of an analysis of many research articles, four adsorption
models were found to be commonly applied: Langmuir,
Freundlich, Temkin, and Linear (Ahmadi et al., 2012; Ahmadi
and Shadizadeh, 2012, 2013a, 2015; Ayad and El-nasr, 2010;
Barati et al., 2016; Bera et al., 2013; Desta, 2013; Park et al.,
2015; Wahab et al., 2010).
The Langmuir isotherm model is considered as the main
model for proposing an accurate theory of adsorption onto a
flat representation of an adsorbent (Duong D. Do, 1998).
Validation of this isotherm model requires that the following
assumptions must be met. The first one states that the
adsorbent’s surface must be considered as homogeneous;
thus, the energy is constant over all sites. The second one
states that molecules are adsorbed without dissociation.
However, the third one states that each site can only
accommodate one adsorbate molecule (Geoffrey and Ian,
2010). The Langmuir model is usually expressed by the
following equation (Park et al., 2015)
𝑞𝑒 =

𝑞𝑜 𝐾𝐿 𝐶𝑒
1 +𝐶𝑒 𝐾𝐿

,

(2)

Equation 2 can be rearranged into the following linearized
version:
𝐶𝑒
𝑞𝑒

=

1
𝑞𝑜 𝐾𝐿

+

𝐶𝑒
𝑞𝑜

,

(3)

where qo, KL, and Ce are the adsorption equilibrium rate in
milligrams per gram (mg/g), the Langmuir constant in liters
per milligram (L/mg), and the concentration at equilibrium in
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milligrams per liter (mg/L), respectively. To determine
whether or not a system follows the Langmuir isotherm
model, we should plot 1/qe versus 1/Ce or Ce/qe versus Ce (in
the case where equation 3 is applied) and obtain a straight line
from the plot. Using the straight line, the slope and intercept
are determined by 1/qeKL and 1/qo, respectively. To verify the
adsorption consistency obtained from the Langmuir isotherm
model, a non-dimensional constant known as the separation
factor or equilibrium parameter (RL) must be estimated using
the following equation (Bera et al., 2013)
𝑅𝐿 =

1
1 + 𝐾𝐿𝐶𝑒

,

lower concentrations. As the concentration increases,
nonlinear isothermal behavior can be observed. The Henry
equation describing the adsorption is as follows (Ahmadi and
Shadizadeh, 2015)
𝑞𝑒 = 𝐾𝐻 𝐶,

where KH denotes the Henry constant in liters per square
meter (L/m2), and C is the concentration. The adsorption
behavior is obtained by plotting qe versus Ce.

(4)

RESULTS AND DISCUSSION

The following four possibilities are the basis for the
evaluation of RL:
1.

The adsorption of a surfactant is considered
favorable if RL > 1,

2.

It is considered as linear if RL = 1,

3.

It is favorable if 0 < RL < 1, and

4.

It is irreversible if RL = 0.

Critical micelle concentration of DAS-D, DAS-L, and the
blends
To acquire a better understanding of the adsorption behaviors
of DAS-D, DAS-L, and their blended solutions at the
liquid/solid interface, it is essential to obtain a thorough view
of their behaviors at the liquid/liquid interface. To do so, the
interactions between free surfactant monomers in solution
without the presence of any adsorbents were investigated by
obtaining the CMCs of the pure solutions. A graph of the
conductivity versus the concentration could help determine
the CMC by paying attention to any turning point in the graph.
The occurrence of this turning point is actually the outcome
of an association reaction between ions or molecules and the
initial formation of micelles as the concentration of the
surfactant solution increases (Ahmadi and Shadizadeh, 2013a;
Domínguez et al., 1997).

Known as one of the earliest empirical equations for
describing adsorption equilibria data, the Freundlich
isotherm model assumes that the adsorbent surface composed
of heterogeneous layers is a function of the solute
concentration, which has a variety of adsorption sites.
Freundlich assumed that the isotherm does not rise to a
constant adsorption value as the concentration increases
(Geoffrey and Ian, 2010). This model, expressed as
𝑞𝑒 = 𝐾𝐹 𝐶𝑒

1/𝑛

,

(5)

can then be rearranged into a linearized form by taking the
logarithm of both sides of equation 5 as follows:
𝑙𝑛 𝑞𝑒 = 𝑙𝑛 𝐾𝐹 +

1
𝑛

𝑙𝑛 𝐶𝑒 ,

(8)

(6)

where KF is the Freundlich constant in inverse milligrams
(1/mg), and n is the heterogeneity factor (Bera et al., 2013).
Usually, n is greater than unity (or 1/n is less than unity). If n is
larger, the adsorption isotherm becomes more nonlinear (Bera
et al., 2013). By plotting lnqe versus lnCe, the behavior of the
amount adsorbed can be obtained, which yields a straight line
with a slope equal to 1/n and an intercept equal to lnKF.

Figure 2 presents the conductivity versus the initial
concentrations of DAS-D and DAS-L during the liquid/liquid
interface investigation. Here, the turning points of the two
surfactants can clearly be seen. Observable shifts, also known
to be related to the beginning of micelle formation, which
represent the CMCs, are attained at 0.155 and 0.112 wt% for
DAS-D and DAS-L respectively. Another detail that should
be noted is the conductivity gradients of both surfactants. At
the same concentration, both surfactants have a conductivity
that is almost the same. As the concentration increases, the
conductivity gradient increases. Conductivity-wise, DAS-D
shows a higher activity than that of DAS-L.

The Temkin isotherm model assumes that the heat of
adsorption as the surfactant concentration must linearly
decrease owing to the indirect adsorbate–adsorbate interaction
during adsorption. This isotherm model is expressed as
𝑞𝑒 = 𝐵𝑙𝑛 𝐾𝑇 + 𝐵𝑙𝑛 𝐶𝑒 ,

(7)

where KT and B are the Temkin constant and equilibrium
binding, respectively. The isotherm behavior is represented
by a graph of qe plotted versus lnCe, which helps to determine
the values of the isotherm constants KT and B from the slope
and intercept of the straight line obtained by plotting the
values of qe versus lnCe.
The linear isotherm model, which is based on
Henry’s equation, is known as the simplest isotherm model
that presents linear adsorption isotherm behavior only at

Figure 2. Representation of conductivity versus surfactant
concentration for CMC of the surfactants.
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In Figure 3, we can observe the behaviors of the conductivity
versus the surfactant concentration of the blended solutions
(75–75%, 50–50%, and 25–75%). The blended solutions
have a conductivity gradient below the conductivity
magnitude of the pure DAS-D component. Compared to the
conductivity of DAS-L, only the 25–75% blended mixture
has a gradient lower than that of DAS-L. Thus, a lower
conductivity gradient results in a greater presence of DAS-L
in the mixture (on a weight percent basis). Further, the CMC
attained for each blended solution in order is as follows:
0.157, 0.147, and 0.143 wt%. As for the conductivity, we can
assume that the decrease in the CMC in the mixture
component is related to the increase in the volume amount of
DAS-L, showing the influence of DAS-L on the conductivity.
Each surfactant’s CMCs and the specific conductivity
attained at the CMC are presented in Table 3. The
correlations, obtained while plotting the values of surfactant
concentration and conductivity, were obtained after
observing the point at which the graph was showing a
bending behavior which express the beginning of micelles
formations thus the CMC.

equilibria of the surfactants at the solid/liquid interface were
obtained in order to understand the interactions in each scenario
in the presence of the representation of a reservoir medium
(kaolinite). The influence of the initial concentration of DAS
on the amount of adsorption is shown in Figure 4. From this
figure, the first remarkable observation is the increasing trend
in the adsorption as the initial concentration increases.
However, except for the pure component of DAS-D in contact
with kaolinite, which shows a continuous increase up to the
highest concentration, the remaining solutions exhibit a
decreasing trend when the surfactant reaches a concentration of
about 9 mg/mL. Moreover, the surfactant solutions composed
of only and mostly DAS-D, such as the pure and 75–25%
solutions, have a lower adsorption gradient, whereas those
composed of DAS-L (the pure and 25–75% solutions) have a
higher adsorption at a lower initial concentration. For instance,
the adsorption gradients of DAS-D and the 75–25% solution at
0.4 mg/mL are estimated to be 4.81 and 4.85 mg/L, respectively,
whereas those for DAS-L and the 25–75% solution are 6.04 and
6.11 mg/L, respectively. The 50–50% solution has a gradient
that is between those mentioned before (5.3 mg/L). At a higher
initial concentration, the adsorption of the 75–25% solution is
the lowest (11.51 mg/L), whereas the 50–50% solution has the
highest rate of about 15.67 mg/mL. This leads us to conclude
that at an equal concentration in volume percent, DAS-D and
DAS-L have a high adsorption rate of about 15.67 mg/mL.

Figure 3. Representation of conductivity versus surfactant
concentration for CMC of the surfactants.

Table 3. Detailed parameters for CMC determination and a
comparison of the conductivities at the CMCs.
Correlations

CMC Conductivity
(wt%) at the CMC
(µS)

DAS-D

y = 8921.6x + 178.59 y = 5778.7x + 664.41

0.155

1557.7

DAS-L

y = 7662.9x + 209.85 y = 5529.9x + 415.75

0.112

1068.9

75–25%
Blend

y = 8352.1x + 195.63 y = 5516.5x + 639.79

0.157

1503.8

50–50%
Blend

y = 7766.9x + 207.09 y = 5478.1x + 543.39

0.147

1348.3

25–75%
Blend

y = 7191.3x + 246.76 y = 5401.1x + 503.64

0.143

1278.7

Figure 4. Adsorption behaviors of the surfactants solutions at
equilibrium state.

Adsorption isotherm behavior

Adsorption behavior
On the basis of the data obtained from the conductivities of the
surfactants at the liquid/liquid interface, the adsorption

Adsorption isotherm models are mathematical equations that
help to describe the adsorption mechanisms of a surfactant
solution that take place at liquid/solid interfaces. They are
represented by well-defined constants that express the ability
Adsorption isotherm models are mathematical equations that
help to describe the adsorption mechanisms of a surfactant
solution that take place at liquid/solid interfaces. They are
represented by well-defined constants that express the ability
of a specific adsorbent to cope with a surfactant and are
essential for quantifying the amount of surfactant loss in a
specific adsorbent. The behavior of different surfactant models
was evaluated by the four well-known models (Langmuir,
Freundlich, Temkin, Linear) at room temperature.
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The Langmuir isotherm model for a specific surfactant solution
can be evaluated by using either equation 2 or 3. Applied to our
designed surfactant solutions, the graph of 1/qe versus 1/Ce is a
straight line, as seen in Figure 5, which represents a good fit for
the surfactants that clearly follows the Langmuir isotherm. This
affirmation can be supported by the R2 values, which are close
to the unity. Moreover, we can say that adsorption is favorable
because the values of RL are greater than zero and less than one,
as presented in Table 4 and obtained by equation 5. K L and qo
were calculated, and their values are listed in Table 5.

Figure 5. Langmuir adsorption isotherm behavior of different
surfactant solutions schemes.

Table 4. Magnitudes of RL describing favorable adsorption.
DAS-D + Kaolinite
0.9208
0.9147
0.9088
0.8801
0.8746
0.7771
0.7361
0.6078
0.5824

DAS-L + Kaolinite
0.9474
0.9433
0.9392
0.9192
0.9153
0.8438
0.8121
0.7060
0.6836

75–25% + Kaolinite
0.9932
0.9927
0.9921
0.9893
0.9888
0.9778
0.9724
0.9514
0.9463

50–50% + Kaolinite
0.9062
0.8992
0.8923
0.8592
0.8529
0.7435
0.6987
0.5630
0.5370

25–75% + Kaolinite
0.9651
0.9623
0.9595
0.9459
0.9432
0.8925
0.8691
0.7867
0.7685

Table 5. Parameters of different adsorption isotherms.
Isotherm

Langmuir

Freundlich

Temkin

Linear

Surfactant

Correlation

R2

DAS-D + Kaolinite
DAS-L + Kaolinite
75–25% + Kaolinite
50–50% + Kaolinite
25–75% + Kaolinite

1/qe = 0.0654/Ce + 0.0469
1/qe = 0.0765/Ce + 0.0354
1/qe = 0.0773/Ce + 0.0044
1/qe = 0.0574/Ce + 0.0495
1/qe = 0.082/Ce + 0.0247

0.9922
0.9889
0.9925
0.9839
0.9942

Parameters
qo
KL
21.32
0.72
28.25
0.46
227.79
0.06
20.2
0.86
40.48
0.3

DAS-D + Kaolinite
DAS-L + Kaolinite
75–25% + Kaolinite
50–50% + Kaolinite
25–75% + Kaolinite

lnqe = 0.7214 + 0.2137lnCe
lnqe = 1.0077 + 0.1683lnCe
lnqe = 0.864 + 0.1812lnCe
lnqe = 0.4032 + 0.2636lnCe
lnqe = 1.596 + 0.0969lnCe

0.9747
0.8559
0.8962
0.9289
0.7085

1/n
0.2137
0.1683
0.1812
0.2636
0.0969

KF
2.06
2.74
2.37
1.5
4.93

DAS-D + Kaolinite
DAS-L + Kaolinite
75–25% + Kaolinite
50–50% + Kaolinite
25–75% + Kaolinite

qe = 2.25 lnCe – 8.6121
qe = 1.83 lnCe – 4.0343
qe = 1.89 lnCe – 4.9745
qe = 3.34 lnCe – 17.097
qe = 1.05 lnCe + 2.3383

0.952
0.8179
0.8827
0.9032
0.6917

B
2.52
1.83
1.89
3.34
1.05

KT
0.03
0.11
0.07
0.015
9.27

DAS-D + Kaolinite
DAS-S + Kaolinite
75–25% + Kaolinite
50–50% + Kaolinite
25–75% + Kaolinite

qe = 0.8111Ce + 8.0041
qe = 0.5541Ce + 8.2515
qe = 0.5845Ce + 7.6854
qe = 1.0535Ce + 8.0809
qe = 0.416Ce + 8.6975

0.9506
0.8594
0.8723
0.9282
0.7416

C
8.0041
8.2515
7.6854
8.0809
8.6975

KH
0.8111
0.5541
0.5845
1.0535
0.416
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The Freundlich isotherm model, which describes reversible
adsorption, is restricted to the formation of homogenous layers
as in the Langmuir model and heterogeneous layers. From
Table 5, we can observe that the 25–75% solution has the
highest value of KF, whereas the 50–50% solution has the
lowest value. However, the remaining solutions have almost
the same value in the range of 2–3 mg-1. KF describes the
adsorption strength of a specific surfactant; a higher K F means
that the adsorption intensity is higher. With n > 10 for the 25–
75% solution, we can conclude that this solution can
dramatically be adsorbed. Moreover, its coefficient of
correlation is the lowest, indicating that it does not fit with the
Freundlich model, as shown in Figure 6. The highest
correlation factors and lowest values of n are attained by DASD and the 50–50% solution.

A representation of the Linear model of all surfactant solutions
is obtained by plotting qe versus the equilibrium concentration,
as seen in Figure 8. The magnitudes of each parameter are given
in Table 5, indicating a good correlation. None of the developed
surfactant solutions, except DAS-D and the 50–50% surfactant
solution, follow this isotherm model with a coefficient of
correlation above 0.9.

Figure 8. Linear adsorption isotherm behavior of different
surfactant solutions schemes.

CONCLUSION
The adsorption behavior of the anionic surfactant DAS, which
has linear (DAS-D) and branched (DAS-L) types, onto
kaolinite was studied. To ascertain the adsorption behavior of
each surfactant, the most-used isotherm models were applied.
Following the surfactant adsorption behavior at equilibrium
with the adsorbent, the following conclusions can be drawn:

Figure 6. Freundlich adsorption isotherm behavior of
different surfactant solutions schemes.

From the plot of qe versus lnCe in Figure 7, the magnitudes of
the constant parameters can be determined. The values of each
constant, as listed in Table 5, show that DAS-D and the 50–50%
surfactant solution have the highest values of the adsorption
heat (B) and the lowest values of the equilibrium binding (KT).
Moreover, their coefficients of correlation also show that they
follow the Temkin isotherm model well.

1.

The surfactant concentrations at which the CMC was
attained at the liquid/liquid interface were in the
following order: DAS-L < 25–75% < 50–50% < DAS-D
< 75–25%.

2.

The lowest conductivity was attained by the 25–75%
blended solution. Moreover, among the blended solutions,
it also reached the CMC at a lower concentration.
Therefore, the presence of DAS-L at a considerable
volume percent has a direct effect on both the CMC and
conductivity gradient.

3.

The adsorption gradients of DAS-D, DAS-L, and their
mixtures have the following trend at a low concentration:
25–75% > DAS-L > 50–50% > 75–50% > DAS-D,
whereas at a higher initial surfactant concentration, the
trend is 50–50% > DAS-D > 75–25% > DAS-L > 50–
50%.

4.

The adsorption of the different surfactant solutions
clearly follows the Langmuir isotherm model. DAS-D has
the highest R2 value of 0.9922.

5.

The adsorption of DAS-D and 50–50% surfactant
solution follows the Freundlich isotherm model with
R2 > 0.90 and a lower KF.

6.

DAS-D and the 50–50% surfactant solution have a better

Figure 7. Temkin adsorption isotherm behavior of different
surfactant solutions schemes.
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correlation with the Temkin model. They also have the
lowest values of KT and the highest values of B related to
heat adsorption.
7.

The most appropriate fitting model for the kaolinite
surface are—from most appropriate to least appropriate—
the Langmuir, Freundlich, Temkin, and Linear isotherm
models.

8.

Except for the Langmuir model, which could fit the data
for all solutions, only the data for DAS-D and the 50–50%
surfactant solution could be fit with the remaining
isotherm models.
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