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ABSTRACT: In the present investigation, brown clay (BC) was modified with
didodecyldimethylammonium bromide (DDAB) to produce a sorbent (DDAB-
BC), which was characterized and applied for sorption of methylene blue (MB)
from aqueous media. BC was functionalized using DDAB by cation exchange of
the DDAB moiety with positive ions existing inside the interlayer spaces of the
BC. X-ray diffraction (XRD) studies confirmed that the d-spacing of DDAB-BC
became wider (3.39 Å) than that of BC (3.33 Å). Fourier transform infrared
spectroscopy (FTIR) and scanning electron microscopy (SEM) were exploited
to explore the functional groups and morphological structure of sorbents,
respectively. The Brunauer−Emmett−Teller (BET) surface area, pore volume,
and pore diameter of DDAB-BC were determined as 124.6841 m2/g, 0.316780
cm3/g, and 8.75102 nm, respectively. Batch sorption investigations were carried out to determine the optimum experimental
conditions, using the one-factor one-time procedure. The sorption of MB on DDAB-BC strongly obeyed the Langmuir isotherm and
agreed well with pseudo-second-order kinetics. Sorption of MB onto DDAB-BC showed maximum efficiency (∼98%) and maximum
sorption capacity (∼164 mg/g) at optimal values of pertinent factors: dye concentration (100 mg/L), pH (7), and temperature (55
°C). Sorption isothermal studies predicted that removal of MB on DDAB-BC follows multilayer sorption at higher MB dye
concentrations and monolayer sorption at lower MB dye concentrations.

1. INTRODUCTION

Industrial revolution and expansion of occupational activities
for the needs of bulk population have increased the
environmental pollution. The contaminants and pollutants
discharged from various industrial units are creating a threat to
the life on the earth and atmosphere. Among all of the
environmental pollutions, water pollution is of extraordinary
concern. Leather and textile industries are the leading dyestuff
consumers in Pakistan and therefore the main sources of
dyeing waste.1,2 The deterioration of aquatic environment by
dye-containing effluents eventually affects aquatic fauna and
flora. According to recent investigations, the researchers have
reported that a total quantity of 7 × 105 tons of dyestuff is
manufactured yearly and about 12−14% of which is discarded
to the environment.3

Broadly, dyes are classified as anionic and cationic ones, on
the basis of chemical functionality, and are toxic to a great
extent and harmful to mankind and the environment. As they
are having a toxic effect on the biotic component of the
atmosphere, the investigators have tried their best to get rid of
these pollutants. All available options have been employed to
develop technologies for the abatement of water pollution
caused by dyestuff. These technologies work via physicochem-
ical,4 biological,5 ozonation,6 membrane filtration,7 advanced
oxidation,8 or integrated treatment processes,4 but all of them

have complete or partial limitations. Among these technolo-
gies, the process of adsorptive removal is groundbreaking, a
cost-effective alternative, and easy to operate with a reliable
performance.9,10 Of countless sorbents used for the mentioned
purpose, the most pertinent is the activated carbon, which
unfortunately is accessible at high prices and is limited in
amounts. Thus, many investigators are working to discover
sustainable alternative sorbents such as agriculture waste,
bagasse, and rice husk. However, these biosorbents need a
number of physical and chemical modifications to improve
their efficiency, in addition to their limited quantities.11−13

Simultaneously, clay sorbents are becoming popular for
wastewater treatment.14,15 Clay minerals possess distinct
physical and chemical characteristics, which have transformed
them into the ultimate choice for the sorption process due to
being abundant in availability, low in cost, and classified as an
environment friendly material. Therefore, clay can substitute
low-performance biosorbents as well as costly activated
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carbon.16 Clay sorbents may be used as such or in modified
form depending upon the nature of the target pollutants.17,18

Due to its geographical location, Pakistan possesses a great
variety of clay minerals, and different types of clays abundantly
exist in northern areas of this country, especially in the Azad
Jammu and Kashmir (AJK) region.
A thorough literature survey reveals that no precise research

study on the sorption potential of these clays, especially brown
clay (BC), has been reported so far. Removal of organic
pollutants from aqueous environments is primarily controlled
by hydrophobic interactions at the interfaces of the sorbate and
sorbent depending upon the carbon content of the sorbent
rather than the mineral part of the clay sorbents.19,20 The
modification of clay can significantly improve its surface
properties, thereby improving its water-decontaminating
efficiency. Surface modification with quaternary ammonium
salts (i.e., surfactants) causes the inversion of the surface
charge of the clays, making them cation and anion exchangers,
and facilitates the sorption of organic molecules that have less
affinity toward the unmodified clay surface.21

Organoclays prepared by intercalating surfactants have a
higher carbon content and enhanced hydrophobicity, espe-
cially when using a cationic surfactant like didodecyldimethy-
lammonium bromide (DDAB) for intercalation.22 In this way,
cationic surfactants can exchange natural inorganic cations
(sodium, calcium, potassium, and magnesium) on the clay
surface, producing a carbon-enriched surface.23 Intercalation of
DDAB into the clay interlayers not only changes the
hydrophilic environment to hydrophobicity but also greatly
increases the interlayer spacing.24,25 In addition, these
organoclays are low-cost sorbents that can be used to treat
most organic wastewater of the printing and dyeing unit.26

Therefore, to achieve the above goal, BC was modified by
DDAB, switching to an alternative organoclay, which has
potential sorption characteristics including low cost, abundant
availability, nontoxicity, and eco-friendly nature as well as
enhancing the sorption capacity of BC for the sorption of
methylene blue (MB) dye via intercalation of DDAB on the
clay interspatial spaces.
MB is a basic dye (Figure S1) extensively used for cotton

and silk painting. The most common harmful effect of MB is
eye burn since it is thought to be the cause of permanent injury
to eyes. It is also evident to cause mental confusion, profuse
sweating, vomiting, nausea, breathing problem, and meth-
emoglobinemia.27 The present study was intended to
investigate optimal values of various factors such as sorbent
dose, particle size, pH, contact time, initial dye concentration,
and temperature required for maximum removal of MB dye
from aqueous environments. Furthermore, we have studied the
sorption kinetic, equilibrium, and thermodynamics to under-
stand equilibrium properties and the mechanism of the
sorption process.

2. RESULTS AND DISCUSSION
2.1. Screening of Different Clays for Removal of MB.

The preliminary screening experiments have been performed
to select the best clay with the highest sorption capacity for the
removal of MB. For this purpose, eight different clays have
been selected from various regions and tested for the sorption
of MB. Eight flasks, labeled with clay names, with 100 mL of
50 mg/L MB solution each containing 0.04 g of clay samples
are agitated in an incubator shaker for 60 min. The sorptive
removal of MB is calculated, and results are illustrated in

Figure 1. The results depict that the maximum sorption
capacity for MB is shown by BC with respect to all other clay

samples; hence, BC is selected for modification in rest of the
study. The BC is further modified with the DDAB surfactant to
improve the sorption capacity of the clay, and a comparative
study of raw BC and DDAB-modified BC is performed.

2.2. BC and DDAB-BC Characterization. Visual assess-
ment of scanning electron microscopy (SEM) images gives the
morphology of the surface in BC and DDAB-BC sorbents and
gives evidence about the textural properties of the sorbents.
The SEM images of BC and DDAB-BC before MB sorption
are displayed in Figure 2, and SEM images of MB-loaded BC
and DDAB-BC are illustrated in Figure 3. The SEM image
(Figure 2a) of the BC exhibits apparently the beads of
nonmodified clay. In contrast, the DDAB-BC, synthesized by
the interaction of cationic surfactant with clay mineral, is
texturally more homogeneous, demonstrating that intra-
particle areas have adequately been filled with the DDAB
surfactant, as displayed in Figure 2b. Further, SEM micro-
graphs of MB-loaded BC and DDAB-BC exhibit the complete
filling of the sorption sites of the studied sorbents (Figure 3).
X-ray diffraction (XRD) is an excellent technique to

compare the interlayer distance of BC and DDAB-BC
sorbents. XRD spectra of BC and DDAB-BC sorbents are
presented in Figure 4. The values of d-spacing for the most
intense peak cantered at a 2θ value of about 26.50 are 3.33 and
3.39 Å for BC and DDAB-BC, respectively. The treatment of
clay with DDAB results in an increase in the d-spacing, which
could be due to the higher number of carbon atoms in DDAB.
The higher d-spacing facilitates sorption of larger dye or
phenol molecules, and it decreases diffusion resistance during
the sorption process.28,29

The behavior and sorption capacity of BC and DDAB-BC
can be forecasted from the information about porosity and
surface area. The information of sorption isotherms of BC is
presented in Figure S2 and Table S1, whereas the information
of sorption isotherms of DDAB-BC is presented in Figure 5
and Table S1, which specify that all samples have exhibited a
much longer straight-line portion of the curve. Surface area

Figure 1. Comparison of sorption capacities of different clays: green
clay (GC), natural pink clay (NPC), sky blue clay (SBC), black clay
(BkC), gray clay (GyC), brown clay (BC), red clay (RC), and light
yellow clay (LtYC).
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analysis vouchsafes that the specific surface area of the DDAB-
BC as determined by the Brunauer−Emmett−Teller (BET)
procedure is much higher (124.6841 m2/g) than that of BC
(14.5884 m2/g). The pore volume and the diameter of BC are
determined to be 0.031916 cm3/g and 10.16264 nm,
respectively, whereas the pore volume and the diameter of
DDAB-BC are determined to be 0.316780 cm3/g and 8.75102
nm, respectively.
2.3. Effect of Solution pH. To investigate the influence of

pH on MB sorption, the pH of the MB solution was varied
from 2 to 11. The results of sorption behavior of MB at
different pH values are illustrated in Figure 6a. The sorption
studies demonstrate the enhanced sorption efficiency of MB
from acidic to basic pH on both BC and DDAB-BC. An
appreciable increase in dye uptake has been observed up to pH

7; thereafter, a slight decrease in the sorption of MB has been
observed.
The variation in the sorption behavior of MB on BC and

DDAB-BC with respect to initial pH alteration can be
elucidated on the basis of point of zero charge (PZC) and
molecular structure of MB. The PZC values for BC and
DDAB-BC are determined to be 8.1 and 8.7, respectively
(Figure S3). It is known that, as we move above pHpzc, the
adsorbent particles attain a negative surface charge. MB is basic
in nature and remains in an ionized form up to pH 7.4 with
positive surface charge. As the pH of the solution was
increased from 2 to 7, the BC and DDAB-BC surface became
more and more deprotonated, providing more and more
sorption sites for MB with increased sorption efficiency. At
above pH 7.4, MB exists in an unionized form with neutral
surface. The BC and DDAB-BC surfaces acquire a negative
charge above their PZC (pHpzc 8.1 and 8.7). Therefore, it can
easily be understood that electrostatic interactions along with
the nonpolar interactions are responsible for the increase in
dye uptake up to pH 7, and the decrease in electrostatic forces
of attraction due to the neutral sorbate surface is credited for
maintaining MB sorption at a steady rate above pH 7. The
same trend has been supported by the literature for MB
sorption.30,31 Consequently, the pH 7.0 has been reflected to
be the optimum level because at this pH the maximum
sorption capacity (123 ± 2.5 mg/g for BC and 163 ± 4.2 mg/g
for DDAB-BC) has been observed.

Figure 2. SEM images of (a) BC and (b) DDAB-BC before sorption of MB.

Figure 3. SEM images of (a) MB-loaded BC and (b) MB-loaded
DDAB-BC after MB sorption.

Figure 4. X-ray diffraction (XRD) patterns of BC and DDAB-BC.

Figure 5. BET isotherm plot of the DDAB-BC sorbent.
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2.4. Influence of Contact Time. The influence of contact
time is a pertinent factor since it provides the relationship
between fixed amounts of sorbent and contact time. It is
utilized to estimate the sorption−desorption equilibrium
contact time. The effect of time variation on the sorption
capacity of BC and DDAB-BC for the removal of MB has been
investigated in the range of 2−45 min as illustrated in Figure
6b. A rapid increase in the sorption capacity of both BC and
DDAB-BC is noted during the first 10 min, and afterward, a
very slow increase in the MB uptake is observed up to 45 min
for both BC and DDAB-BC. The maximum sorption capacity
(122.88 ± 2.7 mg/g for BC and 162.40 ± 3.2 mg/g for DDAB-
BC) is determined at equilibrium time (30 min). The higher
rates of sorption capacity of both BC and DDAB-BC at the
beginning may be attributed to the presence of a large number
of sorption sites at the surface of both BC and DDAB-BC, and
low increase in sorption capacity is credited to the sorption
sites existed in the internal regions of both BC and DDAB-BC.
The enhanced sorption capacity of organoclay DDAB-BC
could be due to surfactant modification, which has increased
the carbon content of the sorbent.
2.5. Influence of Particle Size. A very important factor

affecting the sorption behavior of MB is the size of particles of
the sorbents (BC and DDAB-BC). The influence of particle
size is studied by changing the particle size from 37 to 400 μm
as illustrated in Figure 6c. An inverse relationship exists
between the particle size of the BC and DDAB-BC and the
sorption behavior of MB molecules because the surface area of
sorbents increases with the decrease in particle size of the BC
and DDAB-BC sorbents. A smaller particle size of the sorbent
results in a higher sorption capacity of BC and DDAB-BC.32

The sorbent size of about 74 μm is found to be optimum for
BC and DDAB-BC. The maximum sorption capacities for BC
and DDAB-BC are 123.05 ± 2.3 and 162.72 ± 4.1 mg/g,
respectively. Afterward, the reduction in particle size shows no
appreciable increase in the removal of MB. These studies have
provided a firm basis to believe that sorption capacity is
increased up to a definite particle size, below which it remains

invariable. Thus, the smallest particle size of 74 μm was utilized
for further studies.

2.6. Influence of Initial Dye Concentration. The initial
dye concentration is another important factor, which controls
the sorption behavior of the dye. The influence of initial dye
concentration has a relationship with the available sorption
sites on the surface of the sorbent. The effect of MB
concentration (10−110 mg/L) on the sorption capacity of
BC and DDAB-BC is shown in Figure 7a. Experimental
investigations reveal that on varying the sorbate MB
concentration from 10 to 110 mg/L, the sorption capacity is
increased from 16.25 ± 0.8 to 120.14 ± 2.9 mg/g in the case of
BC and from 16.57 ± 1.2 to 160.87 ± 4.4 mg/L in the case of
DDAB-BC. Similar results have been reported in the
literature.33,34 The quantity of sorption sites at the surface of
BC and DDAB-BC is greater, in the case of lower MB
concentration, as compared to the MB molecules available;
consequently, the majority of the MB molecules are adsorbed
at the surface of the BC and DDAB-BC. Thus, a high
percentage of MB molecules is adsorbed and high sorption
efficiency is noted (results not shown) but low sorption
capacity due to smaller amount of MB molecules available for
both BC and DDAB-BC. Contrarily, in the case of higher
concentrations of MB, the number of active sorption sites
present on the surface of BC and DDAB-BC are smaller than
the quantity of MB molecules available; thus, sorbate
molecules have to compete among themselves for the fixed
quantity of sorption sites on the surface of BC and DDAB-BC.
Resultantly, the excess amounts of the sorbate molecules
remain unsuccessful to be adsorbed on the surface of BC and
DDAB-BC and stay free in the solution. Therefore, sorption
capacity is increased while sorption efficiency (results not
shown) is decreased with the increase of the concentration of
MB. The study of the effect of MB concentration again shows
clearly that sorption capacity is extremely higher for DDAB-BC
compared to BC.

2.7. Influence of BC and DDAB-BC Dose. To study the
effect of sorbent dose, the quantity of the sorbent is varied

Figure 6. Effect of pH (a), time (b), and particle size (c) on sorption of MB onto BC and DDAB-BC.

Figure 7. Effect of MB concentration (a), sorbent dose (b), and temperature (c) on sorption of MB onto BC and DDAB-BC.
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from 0.4 to 2.4 g/L, and the results are shown in Figure 7b.
The results illustrate that in the case of BC the sorption
potential decreases from 167.02 ± 4.7 to 36.14 ± 1.3 mg/g and
sorption efficiency increases from 66.81 to 88.72% (results not
shown) when the quantity of BC is increased from 0.4 to 2.4
g/L. A similar trend is also observed for DDAB-BC, that is, the
sorption capacity of DDAB-BC decreases from 218.88 ± 6.2 to
41.41 ± 1.2 mg/g and the sorption efficiency increases from
87.56 to 99.38% (results not shown) on increasing the amount
of DDAB-BC from 0.4 to 2.4 g/L, but further increment of the
sorbent dose does not show any change in the sorption
efficiency of DDAB-BC because majority of fixed number of
dye molecules are adsorbed on excess number of sorption sites
and negligible number of dye molecules are left. A similar trend
has also been reported elsewhere.35−37 The maximum MB
sorption was found at 0.6 g/L sorbent dose for both BC and
DDAB-BC.
2.8. Influence of Temperature. The temperature change

could derive the diffusion of MB molecules on the sorption
sites present at the surface and inner porous parts of the BC
and DDAB-BC. To investigate the variation of sorption
behavior of BC and DDAB-BC as a function of temperature
toward MB removal, the study is carried out in the temperature
range from 35 °C (308 K) to 55 °C (328 K), as shown in
Figure 7c. The results reveal that for BC, an increase in the
sorption capacity (96.84−119.50 mg/g) is observed on
increasing the temperature from 308 to 328 K. The same
trend has also been observed for DDAB-BC with the only
disparity that a higher sorption capacity (136.03−161.92 mg/
g) is observed as a function of the change of temperature from
308 to 328 K, thus, the sorption process is endothermic. The
endothermic sorption may be credited to the static
interactions.38,39

2.9. Adsorption Kinetic. Sorption kinetics studies are
executed with the intention to establish the mechanism of the
MB sorption process onto BC and DDAB-BC. The sorbate
molecules are passed through a number of phases: first,
transference of sorbate molecules to sorbent (BC and DDAB-
BC) surface sites from the solution, for instance shifting of
sorbate molecules to the outer surface of the sorbent particles;
binding with the exterior sorption sites of the sorbent; and
attachment with the sorption sites present in the interior
surface parts of the porous region through diffusion.2,40

Generally, researchers apply a number of kinetics models to
determine the sorption mechanism, and the most common
kinetics models are pseudo-first-order and pseudo-second-
order models.41−46 The mathematical forms of these models
are given below in eqs 1 and 2, and graphical forms are
illustrated in Figure 8.

− = −q q q
k t

log( ) log
2.303e t e

1
(1)

= +
q k q

t
q

t 1

t 2 e
2

e (2)

where k1 (min−1) and k2 (g/mg.min) are the pseudo-first and
pseudo-second-order rate constants, respectively. The exper-
imental results reveal that the pseudo-first-order model, as
shown in Figure 8a and Table 1 (R2 = 0.722 for BC and R2 =

0.666 for DDAB-BC), is failed to fit well as compared to the
pseudo-second-order model, as presented in Figure 8b and
Table 1 (R2 = 0.998 for BC and R2 = 0.999 for DDAB-BC).
Further, the experimental qe values are closer to the theoretical
qe values calculated from the pseudo-second order model,
which also confirms the suitability of the pseudo-second-order
model for MB sorption onto BC and DDAB-BC.
The prediction that the pseudo-second-order kinetics model

explains more accurately the sorption of MB is further verified
by the literature. Literature confirms that sorption of most of
the dyes follows the pseudo-second-order kinetic
model.42,47−49 The pseudo-second-order kinetic model pre-
dicts that chemical sorption is the limiting step of MB sorption
and thus controls the sorption process.

Figure 8. Pseudo-first-order model (a), pseudo-second-order model (b), and intraparticle diffusion model (c) for MB sorption onto BC and
DDAB-BC.

Table 1. Kinetic Parameters for Sorption of MB onto BC
and DDAB-BC

parameters BC DDAB-BC

experimental qe (mg/g) 122.9 162.4
Pseudo-First-Order

theoretical qe (mg/g) 44.65 73.37
k1 × 10−3 (min−1) 10.48 7.139
R2 0.722 0.666

Pseudo-Second-Order
theoretical qe (mg/g) 125.0 163.9
k2 × 10−3 (g/mg min) 1.185 1.128
R2 0.998 0.999

Intraparticle Diffusion Model
region I

kip (mg/(g min1/2)) 8.636 11.10
Ci 87.43 119.2
R2 0.983 0.981

region II
kip (mg/(g min1/2)) 0.638 0.515
Ci 119.0 159.6
R2 0.826 0.977
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Weber and Morris in 1963 investigated the direct relation
between sorbate sorption and t1/2 as an alternative of contact
time “t” and is mathematically represented by eq 3

= +q k t Ct ip
1/2

i (3)

where kip (mg/g.min1/2) and Ci represent the intraparticle
diffusion rate constant and boundary layer thickness,
respectively. When a graph is plotted between qt and t1/2, if
it is linear and passes through the origin, then the uptake of
sorbate is driven solely by intraparticle diffusion. In the study
of sorption behavior of MB, two tendencies reflect that MB
uptake is carried out by a combination of other mechanisms
alongside intraparticle diffusion (Figure 8c). The first step
illustrates that the fast MB uptake occurs at the exterior of the
BC and DDAB-BC surface, and the shifting of MB molecules
from the solution to the surface sorption sites of the sorbents is
accomplished. The second step is the slowest step where the
curve moves nearly parallel to the horizontal axis. This second
step mainly controls the overall sorption of MB and
establishment of equilibrium.50,51 Further, the greater values
of Ci are related to the larger role of the boundary layer effect
for the rate-determining step.
2.10. Adsorption Equilibrium. The study of the MB-

loaded BC and MB-loaded DDAB-BC equilibrium system
affords the interactions between BC and DDAB-BC particles
and MB molecules, which provide the basis to design the
sorption system.52,53 Investigations of sorption at constant
temperature are utilized to optimize the sorption system and to
select the scale. A variety of isothermal models such as
Langmuir,54 Freundlich,49,55 and Dubinin−Raduskevich (D−
R) have been applied for the sorption of MB onto BC and
DDAB-BC.1,56 The mathematical expressions of the Langmuir,
Freundlich, and Dubinin−Raduskevich models are represented
by eqs 4−7.

= +
C
q

C
q K q

1e

e

e

m L m (4)

= +q K
C

n
ln ln

ln
e F

e
(5)

ε= −q q Kln lne m
2

(6)

=E
K

1
2 (7)

where qm (mg/g) is the maximum sorption capacity in
monolayer sorption. KL, KF, and n represent the Langmuir
constant, Freundlich constant, and feasibility of the sorption
process, respectively. ε is the Polanyi potential, and K is the

activity coefficient used to find out the sorption energy E (kJ/
mol). The plots of all isotherms are shown in Figure 9, and the
values of parameters calculated from all isotherms are shown in
Table 2. The R2 values calculated form the Langmuir,
Freundlich, and Dubinin−Raduskevich models are 0.996,
0.939, and 0.803 for BC and 0.997, 0.954, and 0.833 for
DDAB-BC, respectively.

The comparison of R2 values shows that the Langmuir
model is best fitted and effectively describes the sorption of
MB onto BC and DDAB-BC. Furthermore, the suitability of
the Langmuir model is also established by the nearness of the
theoretical qm (123.5 mg/g for BC and 166.7 mg/g for DDAB-
BC) and experimental qe (122.9 mg/g for BC and 162.4 mg/g
for DDAB-BC). The similar studies and behavior of dye
sorption onto different sorbents have been reported by many
researchers.42,49,57,58 Additionally, the values in the range of 1−
10 for n (Freundlich constant) also predict favorable MB
sorption onto BC and DDAB-BC. The Langmuir model also
suggests that MB uptake from the aqueous environment
follows the monolayer sorption mechanism, and it is decided
using the factor RL, which is a dimensionless constant.2 The
values of RL as calculated from the equation (RL = 1/1 + KLCo)
are between 0 and 1 (RL = 0.029 for BC and RL = 0.100 for
DDAB-BC), which show that MB uptake onto BC and DDAB-
BC is favorable (Table 2).
The D−R model is rooted on the basis that although there

are no homogeneous sorbent surface sites but it gives insight
into the sorption energy as well as biomass porosity. The
values of D−R model constants are presented in Table 2. The
values of K are −10 × 10−8 and −4 × 10−8 mol2/kJ2 for BC

Figure 9. Langmuir model (a), Freundlich model (b), and Dubinin−Raduskevich model (c) for MB sorption onto BC and DDAB-BC.

Table 2. Adsorption Isotherm Parameters for Sorption of
MB onto BC and DDAB-BC

parameters BC DDAB-BC

Langmuir
qm (mg/g) 123.5 166.7
KL (L/mg) 0.336 0.899
RL 0.029 0.100
R2 0.996 0.997

Freundlich
KF (mg/g)(mg/L)1/n 36.10 63.28
1/n 0.348 0.372
R2 0.939 0.954

Dubinin−Radushkevich
qm (mg/g) 89.26 113.6
K × 10−6 (mol2/kJ2) −0.100 −0.040
E (kJ/mol) −2.236 −3.535
R2 0.803 0.833
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and DDAB-BC and values of E are −2.236 and −3.535 kJ/mol
for BC and DDAB-BC, respectively. The values of E show that
the sorption of MB onto BC and DDAB-BC is also showing
some contribution of physisorption. Similar behavior has been
reported by many authors in their studies.59,60

The sorption capacity of DDAB-BC has been compared with
that of other adsorbents available in the literature (Table 3),
which shows that DDAB-BC evidently reveals excellent
sorption performance for MB than other earlier reported
adsorbents.

2.11. Adsorption Thermodynamics. A very important
factor affecting the sorption of MB on the surface of BC and
DDAB-BC is the temperature. The influence of temperature
on the sorption behavior of MB onto BC and DDAB-BC is
explained by determining the thermodynamic parameters such
as standard enthalpy change (ΔH°), standard free energy
change (ΔG°), and standard entropy change (ΔS°), using the
following mathematical eqs 8 and 9.

Δ ° = −G RT Kln a (8)

= Δ ° − Δ °
K

S
R

H
RT

ln a (9)

where R is the gas constant, T is the temperature in kelvin, and
the values of Ka are estimated with respect to temperature by
plotting Ln qe/Ce vs qe and extra plotting qe to zero.61

The values of ΔS° and ΔH° are calculated from the
intercept and slope of the straight-line plot between ln Ka and
1/T, respectively (Figure S4). The values of ΔG° were
calculated using eq 8. The values of thermodynamic constants
are given in Table 4. The values of ΔG° vary from −2.146 to
−3.928 kJ/mol and −5.125 to −11.02 kJ/mol for BC and
DDAB-BC, respectively. Thus, values of ΔG° reveal that

sorption of MB onto BC and DDAB-BC is spontaneous and
feasible at all temperatures. Furthermore, positive values of the
ΔS° and ΔH° also show increase in randomness and
endothermic nature of MB sorption onto BC and DDAB-
BC, which suggests that the sorption process is thermodynami-
cally stable. Moreover, the values of ΔG° slightly decrease at
higher temperature, reflecting that the sorption process of MB
onto BC and DDAB-BC is more promising at higher
temperature.

2.12. FTIR before and after Sorption of MB onto BC
and DDAB-BC. Figure 10 shows the FTIR spectra of BC and

DDAB-BC before (a,c) and after (b,d) MB sorption. The
bands at 1041 and 915 cm−1 represent the bending vibrations
of Si−O and Al−O, respectively in BC.62−64 The band at
3627.5 cm−1 is attributed to the stretching vibration of the OH
group in the BC. The bands at 1467 and 1486 cm−1 are
assigned to ammonium ions in the DDAB-BC showing the
exchange of Na+ ions by NH4

+ ions. The bands at 2922.53 and
2852.28 cm−1 represent the symmetric and antisymmetric
stretching vibrations of CH2. The band at 1640.38 cm−1

represents the water present in the interlayers of the BC.
Majority of the bands of the BC and DDAB-BC are analogous
to each other, indicating that the original crystal of the DDAB-
BC remains the same.65 The results show that the introduction
of DDAB into BC has a stronger interaction with the siloxane
surface than the water molecules and hydrated cations in
unmodified BC. It was observed that the intensity of the band
decreased with the introduction of DDAB. The observed shift
of band from HOH bending to CH2 bending proves that the
intercalated surfactant can replace the hydrated cation and
shows the hydrophobic properties of the resulting organo-
clay.66−68 Due to the observed changes in the infrared
spectrum, it is believed that the interlayer space of BC has
been successfully embedded with DDAB.

Table 3. Comparison of the Adsorption Capacities of
Different Adsorbents for MB Previously Reported with That
of DDAB-BC

adsorbent
adsorption

capacity (mg/g) pH reference

Kaolin 99.90 9.0 72
heteroatom-codoped porous carbon 100.2 73
cross-linked chitosan/bentonite
composite

142.9 11.0 74

α-Fe2O3@yeast composite 112.7 6.0 75
H2SO4 cross-linked magnetic chitosan
nanocomposite beads

20.41 6.0 76

Fe3O4 activated montmorillonite
nanocomposite

106.4 7.4 77

C, N-doped MnO 154.0 9.0 78
Fe3O4-CTMAC/SEIA-Mt 246.0 79
DDAB-BC 163.0 7.0 this

study

Table 4. Thermodynamic Parameters for MB Sorption onto BC and DDAB-BC

BC DDAB-BC

temperature (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/K mol) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/K mol)

308 −2.146 −5.125
313 −2.592 −6.905
318 −3.173 25.76 90.67 −8.393 84.84 292.7
323 −3.550 −9.712
328 −3.928 −11.02

Figure 10. FTIR spectra of (a) BC, (b) MB-loaded BC, (c) DDAB-
BC, and (d) MB-loaded DDAB-BC.
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To confirm MB sorption onto BC and DDAB-BC sorbents,
the FTIR analysis is also performed for MB-loaded BC and
DDAB-BC samples. Figure 10b,d illustrates the FTIR spectra
of MB-loaded BC and DDAB-BC, respectively. The peaks at
1600 and 1450 cm−1 represent CC present in MB, and the
peaks at 1690 and 1640 cm−1 represent the CN stretching of
MB, which confirms the successful sorption of MB onto BC
and DDAB-BC.69 Further, the peaks at 1300 and 1000 cm−1

represent C-O, and peaks at 3500−3300 cm−1 represent N−H
present in MB.69 The FTIR spectrum of DDAB-BC shows that
as MB interacts with the organoclay, the strength of the two
bands (Si−O stretching and CH stretching) increases,
indicating an increased organic carbon content between the
layers and stronger stretching of siloxane surfaces as well.

3. CONCLUSIONS

In this study, a local BC was modified with a cationic surfactant
DDAB to improve its sorption capability to remove MB from
the aqueous environment. The results thus obtained have
revealed that DDAB-BC has sufficient potential due to
acquired properties to be employed as a sorbent for the
removal of organic pollutants from water environments. The
maximum sorption of MB onto BC and DDAB-BC was found
at pH 7, sorbent dose 0.6 g/L, and particle size 74 μm. The
sorption equilibrium between MB and DDAB-BC was
established in 30 min. Under optimized conditions, the
sorption potentials of BC and DDAB-BC for the removal of
MB from aqueous environments were 123.5 and 166.7 mg/g,
respectively. The isothermal studies showed that MB uptake
for BC and DDAB-BC followed the Langmuir isotherm model
(R2 = 0.996 and 0.997) and pseudo-second-order kinetic
model (R2 = 0.998 and 0.999), which fitted well to explain the
sorption behavior of MB onto BC and DDAB-BC. Further, for
thermodynamics, investigations showed that the sorption
process of MB onto BC and DDAB-BC was spontaneous,
endothermic in nature, and more favorable at higher elevated
temperature. From the results obtained, it may be concluded
that the modification of BC with DDAB has successfully
improved the sorption properties of the clay. Further, more
modification of clays with surfactants could provide new
insights into the development of eco-efficient and effective
sorbents for the removal of stringent organic pollutants. Hence,
bulk availability of BC at a local level boosts its applicability as
a cost-effective and highly economical source of cleaner
production.

4. EXPERIMENTAL SECTION

4.1. Sorbent Preparation. Eight different clay samples
were obtained from the areas of northern Punjab and Bhember
AJK, Pakistan. The names of clays are green clay (GC), natural
pink clay (NPC), sky blue clay (SBC), black clay (BkC), gray
clay (GyC), brown clay (BC), red clay (RC), and light yellow
clay (LtYC). All of the clays were ground into a fine powder
using pestle and mortar. Further, clays were dried by keeping
in an oven for a 24 h time period (at 105 °C) to evaporate the
moisture and were then preserved in airtight containers. After
the preliminary study, BC was found to be more efficient for
the removal of MB, so it was selected for further study. BC was
further refined into an amorphous powder to collect different
particle sizes utilizing grading sieves. The sorbent was dried by
keeping in an oven for a 24 h time period to evaporate the

moisture and was then kept in airtight containers. Chemical
composition of BC as examined is given in Table S2.
DDAB-BC was prepared by intercalation of the clay with

cationic surfactant DDAB according to the method given in
the literature.70 Briefly, 10 g of BC was suspended in 1.0 L of
deionized water. The mixture was continuously agitated for a
24 h time period at ambient conditions utilizing a magnetic
stirrer. The solution of DDAB tantamount to the cation-
exchange capacity (CEC) of the clay was prepared, and the
required quantity of DDAB was added to the BC suspension to
carry out the positive ion exchange reaction. The suspension of
DDAB-BC was further stirred for an interval of 12 h, and then
water was removed from DDAB-BC using vacuum filtration.
Residual chloride and other ions were removed from DDAB-
BC by adding fresh deionized water and stirring for a 6 h time
period. The process of rinsing was repeated until the absence
of chloride, which was confirmed with a silver nitrate (AgNO3)
solution. The acquired DDAB-BC was dried under vacuum, at
60 °C for 24 h, and ground by a pestle and mortar into a fine
powder.

4.2. Sorbent Characterization. Inert BC and DDAB-BC
sorbents were characterized using suitable analytical techni-
ques. Through the BET method, exploiting N2 sorption
isotherms (at 77 K), the pore diameter and specific surface
area were estimated by a pore size and surface area analyzer.
Exploiting the Barrett−Joyner−Halenda (BJH) route, pore
distributions of BC and DDAB-BC were computed. The gases
were removed from BC and DDAB-BC using a sonicator
degasser prior to accomplishment of surface analyses. The
morphological structures of BC and DDAB-BC samples were
visually appraised from the data acquired by a JSM 5 × 910
instrument (JEOL, Japan), i.e., SEM micrographs. To
determine the type of functional groups existing on BC and
DDAB-BC, FTIR analysis was carried out exploiting a FTIR
spectrometer (Jasco, USA). XRD spectra for BC and DDAB-
BC were obtained using Cu Kα radiation (Cu anode, Kα1
wavelength 1.540598, Kα2 wavelength 1.5444426 such that the
ratio of Kα2 to Kα1 was 0.5) operated at a generator voltage of
40 kV and tube current of 30 mA. The pHpzc was determined
by the drift route as reported in the literature.71 Suitable
concentrations (0.1 M) of both NaOH and HCl solutions were
added systematically to regulate the pH.

4.3. Sorption Studies. MB was obtained from the market
and was utilized in the experimental investigations without any
purification treatment. The stock solution of 1000 mg/L of
MB (C16H18ClN3S and M = 319.85 g/mol) was prepared by
dissolving accurately measured 1.0 g of MB per 1000 mL of
doubly distilled water. This stock solution was used to prepare
the standard experimental solutions diluted by distilled water.
A UV/vis spectrophotometer (PG Instrument T60, U.K.) was
used to measure the absorbance of the MB solutions at 670 nm
wavelength.
Sorption studies were conducted using the batch method to

explore the influence of applied factors such as pH, sorbent
dosage, temperature, initial dye concentration, and contact
time on the sorption of MB onto BC and DDAB-BC sorbents.
The experimental criteria such as pH (2−11), sorbent particle
size (37−400 μm), MB concentration (10−110 mg/L), BC
and DDAB-BC dose (0.4−2.4 g/L), temperature (35−55 °C),
and contact time (2−45 min) were evaluated exploiting the
one-factor one-time approach. For each single batch, 100 mL
portion of the MB sorbate solution was shaken in a 250 mL
titration flask with a weighed amount of BC and DDAB-BC
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sorbents for a definite time period at predefined conditions.
The details of each run were mentioned in the relative portion
of result and discussion. The optimum set of experimental
conditions used in all of the experiments, unless otherwise
specified, are as follows: sorbent dose (0.6 g/L), sorbate
concentration (100 mg/L), contact time (30 min), pH 7,
temperature (55 °C), and stirring speed (200 ppm). An orbital
shaker has been utilized to equilibrate the MB-BC and MB-
DDAB-BC heterogeneous systems. After equilibrating, the
heterogeneous systems (MB-BC and MB-DDAB-BC) were
subjected to centrifugation and filtration. The residual MB
concentration was determined using a spectrophotometer by
analyzing the filtrate. The residual MB concentration was used
to determine the sorption capacity qe (mg/g) exploiting eq 10

=
−

q
C C V

w
( )

e
0 e

(10)

where Ce (mg/L) is the MB concentration at equilibrium, Co
(mg/L) is the initial MB concentration, w (g) is the sorbent
mass, and V (L) is the MB solution volume. All of the
experiments were performed in triplicate. The results were
reported as mean ± SD.
The quantity of MB uptake qt (mg/g) at time “t” was

acquired exploiting eq 11

=
−

q
C C V

w
( )

t
0 t

(11)

where qt (mg/g) and Ct (mg/L) represent the amount of MB
sorbed and MB concentration at any instant time “t”,
respectively.
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