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In this paper, we report the adsorption characteristics of the anionic surfactant, sodium dodecyl sulfate (SDS)
onto laterite soil with positively and negatively charged surfaces. The laterite soil was characterized using X-
ray fluorescence (XRF), scanning electron microscopy (SEM), as well as total organic carbon (TOC), Brunauer-
Emmett-Teller (BET) and zeta potential measurements. The adsorption of SDS onto a positively charged laterite
surface at pH 4 decreased with an increase in ionic strength, indicating that the electrostatic attraction was the
main driving force for controlling the adsorption. On the other hand, the adsorption of SDS onto a negatively
charged laterite surface at pH 10 was induced by both electrostatic and hydrophobic interactions as the adsorp-
tion increasedwith increasing NaCl concentrations. The adsorption isotherms of SDS onto laterite at different pH
values andNaCl concentrationswerefittedwell by the two-step adsorptionmodel. The adsorptionmechanism of
SDS onto laterite soil with differently charged surfaceswas discussed in detail based on the changes in functional
surface groups determined by Fourier transform infrared spectroscopy (FT-IR), variation in the change in surface
charge as evaluated by zeta potential measurements, and adsorption isotherms. The application of SDS adsorp-
tion to the modification of the laterite surface for the removal of the cationic dye, rhodamine B (RhB) was also
investigated. Optimumconditions for RhB removalwere found to be pH4, adsorption time 60min, and adsorbent
mass 0.25 g. The removal efficiency of RhBwas N94% after five recycles. Our results indicate that the surfacemod-
ification of laterite soil with SDS is valuable for the removal of cationic dyes from aqueous solutions.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Ionic surfactants are extremely versatile amphoteric organic sub-
stances containing both hydrophilic head groups and hydrophobic hy-
drocarbon chains, which can easily dissolve in both organic solvents
and aqueous media [1]. In the context of environmental remediation,
ionic surfactants can be used for the removal of various contaminants
from polluted soils and aquifer sediments [2]. In the presence of such
surfactants, the solubilization of organic pollutants remained on the
soil or sediment surfaces [3]. Ionic surfactants were also employed to
ry, VNU - University of Science,

mistry, Institute of Research and

am@hus.edu.vn (T.D. Pham),
com (C.M. Vu).
modifymany solid surfaces in order to enhance the removal efficiencies
of various types of pollutants [4–9]. Therefore, numerous studies were
conducted to determine the adsorption characteristics of ionic surfac-
tant onto soil and mineral surfaces to predict the mechanism of pollut-
ant remediation [10,11]. Ionic surfactant modified solid adsorbents and
soils for pollutant removal were also investigated [9,12–18].

Laterite is a common soil present in tropical countries such as
Vietnam. The characterization of Vietnamese laterite soil and adsorp-
tion of heavy metal ion onto laterite were previously studied [19].
Since laterite soil contains manymetal oxides and natural organic mat-
ters (NOMs) [20], its charging behavior is strongly dependent on the so-
lution pH. The adsorption of ionic surfactants onto laterite soil is rather
complicated due to the charge regulation in the concomitant presence
of proton [11,21]. Laterite soil has both positive and negative charges
depending on the pH of the solution, while the charging properties of
strong anionic surfactants are independent of pH. However, the adsorp-
tion of strong anionic surfactant onto laterites with differently charged
surfaces has not been studied to date.
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Organic dyes, which are typically released in developing countries
from various industrial processes related to paints, cosmetic pigments,
textiles, paper, food, etc., are serious pollutants in water environments.
Many techniques have been developed for organic dye removal, such as
photocatalytic degradation [22,23], advanced oxidation [24,25], coagu-
lation/flocculation [26], and adsorption [27–30]. Among these, adsorp-
tion is one of the most suitable methods for use in developing
countries as it relies on low cost adsorbents [31,32]. In particular, surfac-
tant modified laterite soil is known to be a cheap adsorbent for organic
dye removal. Nevertheless, a systematic study of the application of an-
ionic surfactant adsorption for removal of organic dye has not been car-
ried out so far.

To understand the characteristics of surfactant adsorption, it is im-
portant to develop a model based on the envisaged concept. A two-
step adsorption theoretical model [33,34] was proposed focusing on
the hemimicelle concept [34], from which a general adsorption iso-
therm equation was derived. Such two-step adsorption model was suc-
cessfully applied to many types of surfactant adsorption isotherms as
well as a number of systems related to the surfactant adsorption onto
solid surfaces [8,11,19,30,34–37]. Thus, such model is suitable for sur-
factant adsorption onto both positively and negatively charged laterite
surfaces.

In this work, we investigated for the first time the adsorption of a
strong anionic surfactant, sodium dodecyl sulfate (SDS), onto laterite
soil with differently charged surfaces. The two-step adsorption model
was applied to fit the adsorption isotherms of SDS onto laterite soil at
different values of pH and ionic strength. An adsorption mechanism
was suggested based on the adsorption isotherms, surface modification
by Fourier transform infrared spectroscopy (FT-IR) and change in the
surface charge against SDS concentrations by zeta potential measure-
ments. The application of the SDS adsorption to modified laterite sur-
faces for the removal of cationic dye, rhodamine B (RhB) was also
investigated. The conditions for achieving an effective RhB removal
using SDS modified laterite soil including contact time, pH, adsorbent
dosage, and reuse potential of the adsorbent were experimentally
determined.

2. Experimental

2.1. Materials and chemicals

The laterite soil was collected at Thach That, Hanoi, Vietnam. It was
then pre-treated according to our previously reported protocol [19].

Sodium dodecyl sulfate (SDS) of special grade (purity N 95.0%), was
supplied by Scharlau (Spain), and used in the present studywithout fur-
ther purification. The cationic dye, methylene blue (MTB, with a purity
higher than 98.5%) and organic solvent chloroform (CHCl3, HPLC
grade) were acquired from Scharlau (Spain) and used to determine
the concentration of SDS by a spectrophotometric method. Rhodamine
B, for microscopy (purity N 95.0%) with a molecular weight of
479.02 g/mol was obtained from Merck. Other chemicals (NaCl, HCl,
and NaOH)were purchased fromMerck (Germany) andwere of analyt-
ical reagent grade. The solution pH was measured by a pH meter (HI
2215, Hanna, USA). The glass pH electrode was calibrated everyday
with three standard buffers at pH 4.01, 7.01, and 10.01 (Hanna). Ultra-
pure water was produced by an ultrapure water system (Labconco,
USA) with a resistivity of 18.2 MΩ·cm.

2.2. Characterization and analytical methods

The laterite soil was previously characterized using X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FT-IR), and inductively
coupled plasmamass spectrometry (ICP-MS) [19]. Herein, it was further
characterized by X-ray fluorescence (XRF) spectroscopy, scanning elec-
tronmicroscopy (SEM), aswell as total organic carbon (TOC), Brunauer-
Emmett-Teller (BET), and zeta potential measurements.
The composition and impurities of laterite were examined using a
fluorescent X-ray spectrometry (JSX-1000S, JEOL) in the presence of a
Si semiconductor detector. A voltage from 5 to 30 kV with a step of
5 kV was applied. A total carbon analyzer TOC-VCPH (Shimadzu, Japan)
was used to determine the organic carbon in the laterite soil.

The SEM images were obtained with a Hitachi (H4800, Japan) and
NIHE camera (7.9 mm×100,000). The operating conditionswere an ac-
celerating condition of 10 kV and scale of 500 nm.

The adsorption and desorption isotherms of N2 to calculate the spe-
cific surface area according to the BET method was measured with a
TriStar 3000 (Micromeritics, USA). The adsorption isotherm of N2 onto
laterite was recorded at 77.35 K, equilibrium interval of 10 s and sample
mass of 1.2585 g.

The zeta (ζ) potential was measured using a Zetasizer Nano ZS
(Malvern) at room temperature of 25± 2 °C. The ζ potential was calcu-
lated from the electrophoretic mobility using the Smoluchowski equa-
tion (HS) [38]:

ζ ¼ ue η
εrs ε0

ð1Þ

where ζ is the zeta potential (mV), ue is the electrophoretic mobility
(μm s−1/V cm−1), η is the dynamic viscosity of the liquid (mPa.s), εrs
is the relative permittivity constant of the electrolyte solution and ε0 is
the electric permittivity of vacuum (8.854 × 10−12 F/m).

Ultra violet–visible (UV–Vis) spectroscopy was used to quantify the
concentrations of SDS and RhB in the solutions.

The concentration of SDSwas determined using a spectrophotomet-
ric method based on paired ion formation. The measurements of the
samples as well as standard solutions or blanks were carried out simul-
taneously according to our previous report [11]. The absorbance of SDS-
MTB in the chloroform phase was measured at a wavelength of 655 nm
by using an UV–Vis spectrophotometer (UV-1650PC, Shimadzu).

The concentration of RhB was also determined by obtaining UV–Vis
spectra at a wavelength of 554 nm. Under different experimental condi-
tions, all blank and samples were simultaneously prepared and appro-
priately diluted. Subsequently, the concentration of RhB was
quantified by using an UV–Vis spectrophotometer (UV-1650PC,
Shimadzu) upon standard calibration. A correlation coefficient of cali-
bration was achieved of at least 0.999.

FTIR analysis was performed with an affinity-1S spectrometer
(Shimadzu, Japan). The FTIR spectra of the laterite soil before and after
SDS adsorption at different pH values were recorded under the same
conditions of atmospheric pressure, a temperature of 25± 2 °C and res-
olution of 4 cm−1.

2.3. Adsorption study

The adsorption isotherms were conducted in 15 mL Falcon tubes at
25 ± 2 °C, controlled by an air conditioner.

For the SDS adsorption, 0.1 g of treated laterite was mixed with
10 mL of a NaCl solution at different concentrations by using an orbital
shaker. Then, SDS concentrations ranging from 10−5 to 10−2 M were
added, and the pH was adjusted to the original value. After 2 h, the Fal-
con tubes containing laterite and SDS were centrifuged at 6000 rpm
with a centrifuge (DSC-200A-1, DIGISYSTEM, Taiwan). After SDS ad-
sorption under optimum conditions, the surfactant modified laterite
(SML) was formed.

For the RhB adsorption, a series of adsorbent amounts of SML was
mixedwith 10mL of 10−5 M RhB to optimize some parameters for effi-
ciency (pH, contact time and adsorbentmass). In order to determine the
adsorption isotherms, different RhB concentrations ranging from 10−6

to 10−3 M were added under the same conditions at 1, 10, and
100mMNaCl. The adsorption isothermswere obtained under optimum
adsorption conditions of pH, contact time and adsorbent mass. After



Table 1
Percentage composition of laterite soil determined by XRF.

Element mass% mol% SD

Al 7.226 12.592 1.42
Si 10.444 17.488 1.28
Fe 78.23 65.85 0.16
P 0.22 0.34 1.55
K 0.27 0.33 0.62
Ca 0.07 0.08 0.40
TOC 0.80 – 0.02
Other 2.74 2.52 –

Fig. 1. The SEM image of raw laterite soil.
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Fig. 2. Nitrogen adsorption-desorption isotherms on laterite soil.
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equilibrium, the SML particles and RhB solutionswere also separated by
centrifugation.

Each adsorption experiment was conducted at least in three repli-
cates to obtain a good standard deviation. The adsorption capacities of
SDS and RhB onto laterite and SML, respectively were determined ac-
cording to the following equation:

Γ ¼ Ci−Ce

m
� V�M� 1000 ð2Þ

where Γ is the adsorption capacity of SDS or RhB (mg/g), Ci is the initial
concentration of SDS or RhB (M), Ce is the equilibrium concentration of
SDS or RhB (M), V is the volume of solution (L), M molecular weight of
SDS or RhB (g/mol), and m is the adsorbent mass (g).

The adsorptive removal (%) of RhB was calculated by Eq. (3).

Removal %ð Þ ¼ Ci−C f

Ci
� 100% ð3Þ

where Ci and Cf are the initial and final concentrations of RhB (mol/L),
respectively.

The adsorption isotherms of SDS onto laterite at different values of
pH and ionic strength as well as those of adsorption isotherms of RhB
onto SML in the presence of different NaCl concentrations were fitted
by a general isotherm equation. The equation was derived from the
hemimicelle concept of two adsorption steps, in which the surfactants
molecules can exist at the solid-liquid interface [34].

The general isotherm equation is

Γ ¼
Γ∞k1Ce

1
n
þ k2Ce

n−1
� �

1þ k1Ce 1þ k2Ce
n−1

� � ð4Þ

where Γ is the amount of adsorbed SDS or RhB, Γ∞ is the maximum ad-
sorption amount of SDS or RhB, k1 and k2 are the equilibrium constants
for the first step and second step, respectively and n is the number of
hemimicelle for the SDS adsorption or clusters for the RhB adsorption.
The selected fitting parameters were described in previous reports
[11,30].

The hemimicelle concentration (HMC) in the two-stepmodel for the
SDS adsorption can be determined by the following equation:

HMC ¼ n−1
nþ 1

� �nþ 1
n k1k2ð Þ

−1
n ð5Þ

3. Results and discussion

3.1. Characterization of laterite soil

According to our previous work [19], X-ray diffraction analysis con-
firmed that laterite soil ismade of crystal structures of quartz (SiO2), he-
matite (Fe2O3) and goethite (FeO(OH)). The functional groups
corresponding to the Si\\O\\Fe, Al\\OH, and Fe\\OH vibrations were
determined by FT-IR spectroscopy. Herein, the components of laterite
soil were further examined by XRF and TOC in comparison with previ-
ous ICP-MS data [19]. Themorphology and specific surface area of later-
ite soil were investigated by SEM and BET, respectively, while the
charging behavior of the laterite particles was evaluated on the basis
of ζ potential measurements.

The XRF and TOC measurements were used to determine the com-
position of the laterite soil. The result shown in Table 1 indicates that
the main elements were Fe, Si, and Al. The organic carbon content was
quite high compared to that of natural soil. The composition of laterite
used in the present study was in good agreement with that of other lat-
erite soil [20,39].
The SEM image of raw laterite soil shown in Fig. 1 indicates that lat-
erite possesses at rough shape. Nevertheless, laterite is not porous ma-
terial, suggesting that it may not have such a high specific surface area.

From the adsorption-desorption isotherm of N2 on laterite shown in
Fig. 2, a specific surface area of 66.97 m2/g was obtained. The specific
surface area of laterite in our case was smaller than that of an alkali
treated laterite soil [40], while being rather high for natural minerals.
In addition, the nonporous structure of laterite was also confirmed by
the BET method.

The ζ potential of the laterite soil shown in Fig. 3 confirmed that
charging behavior of laterite was strongly dependent on the pH of the
solution. The point of zero charge (PZC) which equals to the isoelectric
point (IEP) without any specific adsorption was found to be about 6.5.
This value is in good agreement with previous studies [20,39].

The above results indicate that raw laterite soil is a natural mineral
containing many dominant metal oxides such as Fe2O3, Al2O3, and
SiO2 as well as a high content of natural organic substances. Although

Image of Fig. 1
Image of Fig. 2


Table 2
Fitting parameters for the SDS adsorption onto laterite soil at different pH and ionic
strength.

pH CNaCl
(mM)

ΓSDS
(mg/g)

k1,SDS
(g/mg)

k2,SDS
(g/mg)n−1

nSDS HMC
(mol/L)

4.0
1 285 1 × 103 9 × 107 3.5 3.48 × 10−4

10 260 9 × 102 1.2 × 108 3.6 4.15 × 10−4

10.0
1 215 1 × 103 5 × 105 3.0 5.00 × 10−4

10 220 9 × 102 1.3 × 106 3.0 3.87 × 10−4
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Fig. 5. Adsorption isotherms of SDS onto negatively charged laterite surface at pH 10 in
1 mM and 10 mM NaCl. CSDS is the equilibrium SDS concentration. While the points are
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bars show the standard deviations of three replicates.
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laterite possesses a quite high specific surface area, the absolute charge
density of this soil is not so high. To enhance the removal of the RhB dye,
a surface modification is needed. To establish the modification condi-
tions of the laterite surface, the adsorption of SDS onto laterite soil at
pH 4 and 10which corresponds to positive andnegative charged laterite
was systematically carried out as discussed below.

3.2. Adsorption of SDS onto laterite soil

3.2.1. Adsorption isotherms of SDS onto laterite soil with differently charged
surfaces

The adsorption of SDS onto laterite soil at two salt concentrations
with differently charged surfaces was well demonstrated by the iso-
therms. According to the above zeta potential measurements, laterite
features positive and negative charges at pH 4 and pH 10, respectively.
Since SDS is a strong anionic surfactant, its charging behavior and
CMC are independent on the pH, however, the adsorption of SDS onto
laterite soil at pH 4 and pH 10 has a different pattern.

At pH 4, the adsorption capacity of SDS onto laterite decreased with
increasing NaCl concentration from 1 to 10 mM, mainly because the
electrostatic attraction between thenegatively chargedDS- headgroups
and positively charged laterite surface is reducedwith an increase in salt
concentration. Although non-electrostatic interactions between the hy-
drocarbon chains of the surfactant molecules as well as natural organic
matters (NOMs) in soils and hydrophobic groups in surfactants may
play an important role for surfactant adsorption [10], the adsorption of
SDS onto laterite in this case was mainly controlled by electrostatic in-
teractions. At pH 10, the adsorption of SDS onto laterite increased
with increasing NaCl concentrations from 1 to 10 mM, indicating that
non-electrostatic interactions induced adsorption. Due to the high con-
centration of NOMs in the laterite soil, hydrophobic interactions be-
tween the alkyl chains of SDS and organic carbon in the soil was main
driving force for adsorption. The adsorption of anionic surfactant onto
differently charged surfaces is complicated due to charge adjustments
[41]. In the present study, we investigated the adsorption of SDS onto
laterite soil at two salt concentrations, i.e., 1 and 10 mM NaCl, since
the critical micelle concentration (CMC) of SDS did not differ much.
The CMC values were in fact 5.5 and 5.0 mM at 1 and 10 mM NaCl, re-
spectively. On the other hand, when increasing the NaCl concentration
to 50 mM, the CMC was 2.5 mM which make it difficult to evaluate
the effect of the laterite surface charge at pH 4 and 10. Since a lower
CMC influences the bilayer formation due to increase in hydrophobic in-
teractions, the electrostatic attraction is hard to evaluate at low pH.

As it can be seen in Figs. 4 and 5, the solid lines fitted by the two-step
adsorption model can reasonably represent the experimental data by
using the fitting parameters shown in Table 2. From the fitting proce-
dure, the nSDS values of about 3.5 and 3.0 were chosen for the SDS ad-
sorption at pH 4 and 10, respectively. Although the nSDS values
obtained from this model were smaller than the aggregation numbers
measured by experimental spectroscopic methods [42,43], the two-
step model is useful to evaluate the effect of the ionic strength and the
adsorption characteristics. It can be observed that the values of nSDS
and k2,SDS for the SDS adsorption onto positively charged laterite were
higher than those for negatively charged laterite. The higher are the
nSDS and k2,SDS values, the steeper are the adsorption isotherms [34].
The values of k2,SDS at pH 4 were from 92 to 180 times greater than
those at pH 10, Interestingly, at different pH and ionic strength, the
values of k2,SDS did not change significantly, suggesting that
hemimicelles were completely formed, while admicelles were more fa-
vored for surfactant adsorption onto oppositely charged surfaces than
similar charge. The maximum adsorption capacity of SDS adsorption
onto laterite soil with positive charges (pH 4) was also higher than
that of anionic surfactant adsorption onto a negatively charged laterite
surface (pH 10). The hemimicelles concentration (HMC) increased
from 3.48 × 10−4 to 4.15 × 10−4 mol/L when increasing the ionic
strength at pH 4, while the HMC decreased about 1.3 times upon

Image of Fig. 5
Image of Fig. 4
Image of Fig. 3
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decreasing ionic strength from 10 to 1 mMNaCl at pH 10. This suggests
that the HMC can be a parameter to evaluate the adsorption of SDS onto
differently charged laterite surfaces.

To postulate an adsorption mechanism of SDS onto laterite soil with
differently charged surfaces, it is necessary to determine the change in
surface charge upon SDS adsorption by the variation in ζ potential as
well as the differences in surface functional groups by FT-IR.
3.2.2. Adsorption mechanism of SDS onto laterite with differently charged
surfaces

Herein, adsorption mechanisms of SDS onto laterite soil are
discussed in detail based on the change in surfaces and functional
groups by ζ potential measurements and FT-IR, respectively.

The measurement of the eta (ζ) potential is a useful method to eval-
uate the changes in the charging properties of different adsorption sys-
tems [44,45]. Although the ζ potential can be calculated by employing
many techniques, electrophoretic mobility is the most widely used to
study the change in surface charge of an adsorbent after adsorption.
Figs. 6 and 7 show the ζ potential of laterite in the presence of different
SDS concentrations in 1 and 10 mM NaCl at pH 4 and 10, respectively.

Fig. 6 shows that the ζ potential decreased with increasing SDS con-
centrations, then reached a constant value. At pH 4, the laterite soil was
positively charged as confirmed by a ζ potential of 13.3 mV. Neverthe-
less, a charge reversal occurred when the SDS concentration was
about 4 mM at both 1 and 10 mM NaCl background electrolyte. This
concentration was close to CMC of SDS at the same NaCl concentration
[46]. The high salt concentration and the low absolute values of the ζ
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potential, indicated that electrostatic attraction between the DS−

anion and oppositely charged laterite surface was important for
adsorption.

On the other hand, the laterite soil was negatively charged at pH 10,
therefore the charge reversal could not occur. Moreover, the adsorption
of the DS− anion onto the same negatively charged laterite required the
higher concentrations of SDS (about 6 mM) to achieve the plateau
charge. Interestingly, the absolute value of the ζ potential at 10 mM
NaClwas higher than that at lower salt concentration [47]. This suggests
that the electrostatic repulsion between the DS− anion and negatively
charged NOMs in laterite induced the adsorption. In other words, the
adsorption of SDS onto negatively laterite surfaces is controlled by
both electrostatic and non-electrostatic interactions.

The adsorption mechanism of SDS laterite soil with differently
charged surfaces is deduced from FTIR spectra of the laterite soil before
and after SDS adsorption at pH 4 and 10. Fig. 8 shows that the peaks at
2920 and 2856 cm−1 assigned to asymmetrical and symmetrical
stretching vibrations of alkyl groups\\CH2\\, respectively disappeared
after adsorption at pH 4 while decreasing dramatically in the spectra at
pH 10 compared to the case of the SDS powder (data not shown). These
results suggested that that the hydrophobic interaction occurred onto
the surface of laterite soil at pH 10, in analogy with the SDS adsorption
onto α-Al2O3 surface [8]. On the other hand, the hydrophobic interac-
tion was negligible for SDS adsorption onto the laterite soil at pH 4. Fur-
thermore, peaks at 1247 and 1218 cm−1 characteristics of the SO4

2−

vibration disappeared in the spectra of the laterite soil after SDS adsorp-
tion at both pH 4 and 10. These results indicated that the electrostatic
interaction contributed to the SDS adsorption onto the laterite soil.
This is in good agreementwith the ζ potential measurements. By taking
into consideration the contribution of both hydrophobic and electro-
static interactions, Fig. 9 shows a cartoon of the SDS adsorption on later-
ite soil in which admicelles with a SDS bilayer containing both a first
layer head-on toward the laterite soil with positively charged surface
and second layer head- out toward the solution were formed at pH 4
while the reverse micelle formation occurred on the laterite surface
Fig. 9. The cartoon representation of SDS adsorption onto positively charged laterite soil
surface at pH 4 and negative charge of laterite in the presence of natural organic matters
(NOMs) at pH 10.
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with a negative charge due to NOMs at pH 10. These results are similar
to those described for the SDS adsorption onto a Au-CaF2 film coated
with amine groups [48].

The adsorption of SDS onto laterite soil with at two different pH and
salt concentration values corresponds to the equilibrium state. The ad-
sorption of a surfactant onto the soil is complicated due to the composi-
tions of the real soil which contains many metal oxides and NOMs. The
dynamic adsorption of SDS onto laterite soil maybe environmentally
important. Nevertheless, for the application of SDS surface –modified
laterite soil to removal of cationic dyes, an equilibrium study is
necessary.

The above results imply that to achieve a higher adsorption capacity
during the SDS adsorption onto positively charged laterite surfaceswith
admicelles formation is much better for modification of the laterite sur-
face. The laterite soil with an SDS modification can be employed for re-
moval of many cationic dyes due to its highly negative charge. Table 3
shows that high adsorption capacities and removal efficiencies of cat-
ionic dyes such as crystal violet, methylene blue and RhBwere obtained
when using a surfactant-modified laterite. Since, RhB is highly toxic and
more stable than two other cationic dyes, we only investigated the sys-
tematic removal of RhB using the surfactant-modified laterite.

To enhance the removal of RhB, the SDS adsorption onto laterite at
pH 4 and 1 mM NaCl was used for further studies as described below.

3.3. Adsorptive removal of rhodamine B using SDS modified laterite (SML)

3.3.1. Effect of pH
The solution pH is an important factor for RhB adsorption since it

strongly influences to the surface charge and charging properties of
RhB. The influence of pH on the RhB removal at an initial RhB concentra-
tion of 10−5 M using SML was investigated from pH 3 to 10 with a con-
tact time of 60 min, adsorbent mass of 0.25 g, and 1 mM NaCl (Fig. 10).

Fig. 10 shows that the RhB removal using SML decreased from 94.9%
to 57.0% when the pH increased from 4 to 10. Since RhB is cationic dye
with positive charges within the 4–10 pH range, the RhB adsorption
only depends on the surface charge of SML. The desorption of SDS can
be induced by increasing the pH, therefore the adsorption of RhB de-
creased with increasing of the solution pH [9]. This can be explained
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Fig. 10. Effect of pH on the removal of RhB by surfactant-modified laterite (SML) (initial
concentration Ci (RhB) = 10–5 M, adsorbent mass 0.25 g, contact time 60 min, and
1 mM NaCl). Error bars show the standard deviations of three replicates.

Table 3
Adsorption capacity and removal efficiency of some cationic dyes using surfactant-modi-
fied laterite (SML).

Cationic dyes Adsorption capacity (mg/g) Removal efficiency (%)

Crystal violet 62.5 86.5
Methylene blue 15.5 83.5
Rhodamine B 18.0 98.85
by the SDS desorption that leads to a less negatively charged SML sur-
face. Since the electrostatic attraction between positive RhB and nega-
tive SML is attenuated, the RhB adsorption decreases. The optimum
pH was found to be 4 since the removal was maximal and the standard
deviations of three replicates were minimal at pH 4.

3.3.2. Effect of contact time
The contact time influences the equilibrium adsorption and adsorp-

tion kinetics. The effect of the contact time on the RhB removal using
SML from 5 to 240 min is shown in Fig. 11. It can be seen that the ad-
sorption takes place very fast and it does not change significantly after
60 min. The contact time of RhB adsorption onto SML was much faster
than that of the RhB adsorption on activated carbon (120 min) [49]. It
also reached the equilibrium much more quickly than the RhB adsorp-
tion on synthesized nano γ-Al2O3 (180 min) [5]. Therefore, a contact
time of 60 min was chosen to further investigate the RhB removal
using SML.

3.3.3. Effect of adsorbent amount
The specific surface area represents an important factor that affects

every adsorption system. The specific surface area of laterite was
found to be 66.97 m2/g (Section 3.1). Since it is influenced by a adsor-
bent amount, a study of adsorbent amount effect of the effect of the
SML amounts on the RhB removal were carried out and the results are
shown in Fig. 12.
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Fig. 12. Effect of pH on the removal of RhB by surfactant- modified laterite (SML) (initial
concentration Ci (RhB) = 10–5 M, pH 4, contact time 60 min, 1 mM NaCl). Error bars
show the standard deviations of three replicates.
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Fig. 11. Effect of contact time on the removal of RhB by surfactant-modified laterite (SML)
(initial concentration Ci (RhB) = 10–5 M, pH 4, adsorbent mass 0.25 g, and 1 mM NaCl).
Error bars show the standard deviations of three replicates.
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Fig. 12 shows that the RhB removal of RhB increased dramatically
when increasing the SML amount, reaching 99% with an adsorbent
amount of 0.25 g. It was further observed that the RhB removal
remained unchanged when the adsorbent dosage was higher than
0.25 g. Thus, it can be conducted that the optimum SML amount is
0.25 g, which was used for other studies.
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Fig. 14.Adsorption isotherms of RhB onto surfactant-modified laterite (SML) at threeNaCl
concentrations (pH 4). CRhB is the equilibrium RhB concentration. The experimental data
are described by points while the solid lines are the results of 2-step adsorption model.
Error bars show the standard deviations of three replicates.
3.3.4. Effect of ionic strength
The ionic strength plays a vital role in evaluating the influence of the

electrostatic attraction between positive RhB ions and negatively
charged SML surface. The desorption of SDS from the SML surface was
also induced in the presence of salt. An ionic strength varying from 0
to 200 mM was applied to the solution containing 0.25 g SML with
10−5 M RhB and pH 4 to study the corresponding effect.

Fig. 13 indicates that the RhB removal decreased with an increase in
NaCl concentration in the 0–200mM range of. From 0 to 1mM, the RhB
removal only slightly decreased insignificantly while increasing dra-
matically at high ionic strength (100 and 200 mM NaCl). The decrease
of the RhB removal by the reduction of electrostatic attraction [5] or
the SDS desorption [9] upon increasing NaCl concentration was previ-
ously demonstrated.

To further evaluate the influence of the ionic strength, adsorption
isotherms were examined as reported below.
3.3.5. Adsorption isotherms of RhB onto surfactant-modified laterite (SML)
The adsorption isotherms of RhB onto SML at three salt concentra-

tions on the adsorption were investigated at pH 4 (Fig. 14).
Fig. 14 indicates that the capacity of RhB adsorption onto SML was

reduced at all initial concentrations of RhB when the ionic strength in-
creased in the 1–100 mM range. These results suggest that the RhB ad-
sorption onto SML may be induced by the electrostatic attraction
between the cationic RhB molecules and highly negatively charged
SML. It should be noted that the Na+ counter ions increased with in-
creasing salt concentration, thus the RhB adsorption was screened by
the competition between Na+and cationic RhB [15]. As a result, the ad-
sorption decreasedwith increasingNaCl concentrations. In addition, the
adsorption isotherms of RhB onto SML were well represented by the
two-step adsorptionmodel, suggesting that the SDS desorption also oc-
curred [9]. The adsorption reached a plateauwhen the initial concentra-
tion of RhB equaled 2 × 10−3M. ThemaximumRhB adsorption capacity
of 18 mg/g, which was observed at 1 mM NaCl, was decreased to
14.5 mg/g at 100 mM NaCl. All adsorption isotherms further demon-
strated that the RhB adsorption onto SML is mainly controlled by the
electrostatic attraction.
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Fig. 13. Effect of pH on the removal of RhB by surfactant- modified laterite (SML) (initial
concentration Ci (RhB) = 10–5 M, pH 4, contact time 60 min, adsorbent mass 0.25 g).
Error bars show the standard deviations of three replicates.
3.3.6. Adsorption kinetics of RhB onto SML
The adsorption kinetics of RhB onto SML were carried out at the

three initial RhB concentrations of 10−5, 10−4 and 10−3 M from 0 to
240 min.

The following pseudo-second-order equation was used to predict
the adsorption kinetic.

t
qt

¼ 1
kk∙q2e

þ 1
qe

t ð6Þ

where qe and qt (mg/g) indicate adsorption capacities of RhB onto SML
at equilibrium and time t, respectively, and kk (g/mg·min) is the reac-
tion rate constant of pseudo-second-order adsorption kinetics.

Fig. 15 shows that the pseudo-second order represented very well
the experimental data for the three concentrations of RhB concentra-
tions. The excellent value of R2 (N0.994) demonstrated that the adsorp-
tion kinetics of RhB onto SML are in accordance with a pseudo-second-
order model. Our results are similar to those obtained for the RhB ad-
sorption onto kaolinite [50], in which pseudo-second-order was found
to be the best model to describe the adsorption kinetics.

3.4. Comparison of the effectiveness of SML and other adsorbents for RhB
removal

The laterite soil was modified by the SDS adsorption at low pH and
ionic strength to revert the surface charge from weakly positive to
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Fig. 15. The pseudo-second order for RhB adsorption onto surfactant-modified laterite
(SML) with three initial concentrations.
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Fig. 17. Removal of RhB using SML after five regenerations. Error bars show standard
deviation of three replicates.
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highly negative. The removal of the cationic dye RhB significantly in-
creased after the surface modification with SDS. Fig. 16 indicates the
comparison between the removal of RhB using raw laterite without
and with SDSmodification. As it can be seen in Fig. 16, the RhB removal
increased dramatically from 22.77 to 98.85% when using SML. To the
best of our best knowledge, numerous scientific studieswere conducted
to investigate the RhB removal using different novel adsorbents. How-
ever, the removal of RhB using SML, which is systematically studied in
this work, was not investigated so far. Table 4 shows that SML possesses
the highest removal efficiency and adsorption capacity. This further
demonstrates that SML is an eco-friendly and excellent adsorbent for
the removal of RhB from aqueous solutions.

Although laterite is a natural soil and therefore inexpensive adsor-
bent, the reuse potential and stability of SML are desirable properties.
The regeneration of SML by using NaOH and HCl was repeated five
times. Fig. 17 shows the variation in RhB removal using SML after five
cycles. A very small decrease in RhB removal is observed which
remained nonetheless higher than 94.5% after five regenerations for
both NaOH and HCl. The error bars show that the standard deviations
after five cycles are also small, indicating that SML is a novel adsorbent
that can be reused many times.

4. Conclusions

We have investigated the adsorption characteristics and mecha-
nisms of SDS onto laterite soil with a positively and negatively charged
surface at pH4 and 10, respectively. XRF, TOC, SEM, BET, and zeta poten-
tial measurements were used to characterize the laterite soil before the
adsorption study. At pH 4, the adsorption of SDS onto laterite was
mainly controlled by the electrostatic attraction between anions and
positively charged laterite surface. In contrast, the adsorption of SDS
onto laterite surface at pH 10 was promoted by hydrophobic interac-
tions between the alkyl chains of the surfactant and NOMs present in
Table 4
Adsorption capacity and removal efficiency of RhB using surfactant-modified laterite
(SML) and other absorbents.

Adsorbent Adsorption
capacity
(mg/g)

Removal
efficiency
(%)

References

Coir pith 2.56 79.4 [51]
Exhausted coffee ground 5.26 NI [52]
Bentonite clay 7.7 91 [53]
Coal ash 2.86 NI [54]
Surfactant-modified coconut coir
pith

14.9 97 [15]

Surfactant-modified laterite (SML) 18.0 98.85 This study

NI: no information.
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Fig. 16. Removal RhB using laterite soil with and without modification by SDS pre-
adsorption (initial concentration Ci (RhB) = 10–5 M in 1 mM NaCl (pH 4)). Error bars
show the standard deviations of three replicates.
the laterite soil. The two-step adsorption model was successfully ap-
plied to fit the SDS adsorption isotherms onto laterite with differently
charged surfaces at different NaCl concentrations. The use of SDS ad-
sorption at low pH and ionic strength was explored to enhance the re-
moval of the cationic dye RhB. Optimum parameters for RhB removal
were an adsorption time of 60 min, pH 4, and adsorbent mass of
0.25 g. The removal efficiency of RhB reached 95% after five recycles
while the maximum adsorption capacity of RhB was 18 mg/g. It can be
concluded that the SDS adsorption onto laterite is needed to change
the surface charge of laterite, and thus enhance the cationic dye removal
from aqueous solutions.
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