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Removal of Methylene Blue (MB) from aqueous solutions is studied using a raw Algerian kaolin sample as a lowcost adsorbent. The eﬀects of pH, contact time, dye concentration and temperature are all taken into consideration. The adsorption kinetics results are adjusted to best ﬁt the pseudo-second order model. The experimental data are analyzed by Langmuir isotherms, revealing that the maximum adsorption capacity of MB on this
kaolin sample equals 52.76 mg/g at T = 25 °C and pH = 6.0. The calculated thermodynamic data demonstrates
that adsorption is spontaneous and enhanced at higher temperatures. Desorption studies with water indicate that
the adsorbent could successfully retain MB, even after four cycles. From these results, it can be considered that
the raw Algerian kaolin sample tested herein is eﬀective in the removal of MB from aqueous solutions and
moreover may be used as an alternative to high-cost commercial adsorbents.

1. Introduction
The textile industry is the major source of dyes and generates colored wastewater that is capable of causing severe water pollution.
According to Allègre et al. (Allègre et al., 2006), dyeing 1 kg of cotton
with reactive dyes requires an average of 70–150 L water, 0.6 kg NaCl
and 40 g reactive dye. > 80,000 metric tons of reactive dyes are produced and consumed each year, but up to 20%–30% of these applied
dyes (approx. 2 g/L) is not ﬁxed to the fabric and thus contributes to the
coloration and toxicity of the eﬄuent. Such wastewater is commonly
associated with a high pH (10 −11) and temperature (50°–70 °C). Colored dye eﬄuents are generally considered to be toxic to the animal
and plant life of a particular region and habitat (Walsh et al., 1980).
Moreover, almost all dyes are poorly biodegradable or resistant to environmental conditions and, therefore, create major problems in the
treatment of wastewater stemming from the dyeing industry (Hao et al.,
2000). As a ﬁnal consideration, dyes cannot be completely removed by
means of conventional biological treatment processes, such as activated
sludge and anaerobic digestion: due to their low biodegradability,
nearly 90% of reactive dyes remain unchanged after undergoing an
activated sludge process. Several physicochemical technologies,
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including coagulation/ﬂocculation, membrane separation, ion exchange, chemical oxidation, electrochemical techniques, adsorption
and photocatalysis, have been studied for the purpose of removing dye
from wastewater (Marrot and Roche, 2002; Allègre et al., 2006; Holkar
et al., 2016).
Compared with the methods cited above, the adsorption of dyes
from aqueous solution has proven to be an excellent approach to
treating eﬄuents as well as a cost-eﬀective technique. After the seminal
paper by Crini in 2006 (Crini, 2006), several reviews have compiled
works dedicated to removing exhausted dyes from eﬄuent water using
low-cost adsorbents, e.g. natural minerals or biological species, agricultural byproducts, wastes from various industrial processes (Mondal,
2008; Gupta and Suhas, 2009; Rodríguez et al., 2012; Yagub et al.,
2014; Ngulube et al., 2017). Adsorption kinetics describes the decrease
in aqueous adsorbate concentration from solution versus reaction time
variation. During the adsorption process, four distinct steps are considered: i) transport of the aqueous adsorbate to the ﬁlm surrounding
the adsorbent particle surface (this ﬁrst step can be neglected if the
system has been perfectly stirred); ii) external diﬀusion; iii) intra-particle diﬀusion; and iv) physical or chemical surface reactions (Gadd,
2009).
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molar volume (241.9 cm3/mol), width (14.3 Å), depth (6.1 Å), thickness (4 Å), and molecular diameter (0.8 nm), according to the evaluations conducted by Pelekani and Snoeyink (Pelekani and Snoeyink,
2000).

Clay minerals act as good adsorbents owing to their high cation
exchange capacity and high speciﬁc surface areas relative to their small
particle size; moreover, these minerals oﬀer the advantage of being
abundant and available at lower cost. Their surface reactions therefore
produce strong biochemical and ecological eﬀects on soils and water,
hence justifying use of these materials in decontamination and remediation treatments (Quintelas et al., 2011; Sánchez-Jiménez et al.,
2012). Kaolin is the most abundant mineral in soils and sediments; it
interacts with other soil elements in contributing to the mechanical
stability of the soil column (Chen et al., 2000). Kaolin has been widely
used in: ceramics manufacturing (Bouzerara et al., 2009; Schroeder and
Erickson, 2014), dye adsorption (Harris et al., 2001), pesticides
(Sanchez-Martin et al., 2006), metal ions (Gupta and Bhattacharyya,
2012), and oil well drilling due to its rheological properties (Au and
Leong, 2013).
Methylene Blue (MB), a cationic dye, was selected herein because of
its widespread application in textile dyeing and by virtue of being
present in the human and veterinary pharmacopoeia for a long time
(DiSanto and Wagner, 1972; Oz et al., 2010). Another well-known use
of MB adsorption pertains to the determination of surface properties in
either (hydrated) clays or activated carbon materials (Hang and
Brindley, 1970; Raposo et al., 2009). The removal of Methylene Blue,
one of the most extensively applied textile dyes, from aqueous media
has recently been reviewed by Kannan and Sundaram (Kannan and
Sundaram, 2001) for activated carbon, and by Rafatullah et al.
(Rafatullah et al., 2010) for various kinds of low-cost adsorbents.
This article will present the results obtained from experimental investigations performed on MB adsorption with a low-cost sorbent, i.e.
natural raw (Algerian) kaolin, denoted here as KT3B. The eﬀects of
contact time, initial dye concentration, temperature, pH and adsorbent
dosage on the static adsorption of the dye onto the KT3B kaolin sample
will all be examined. The pseudo-ﬁrst order and pseudo-second order
models will be introduced to correlate the adsorption kinetics data of
MB onto kaolin. Also, the equilibrium data will be analyzed using the
Langmuir isotherm model and the adsorption thermodynamics will be
evaluated. Moreover, the reuse of kaolin after MB desorption will be
assessed in order to minimize the method's economic cost. This fundamental study will prove helpful for subsequent application in designing an adsorber for the treatment of dye-containing eﬄuent discharged by the textile industry.

2.2. Characterization
The cation exchange capacity (CEC) of the KT3B sample was determined by relying on BaCl2-triethanolamine (Primo-Yúfera and
Carrasco Dorrién, 1981). The speciﬁc surface area (SSA) of the KT3B
sample (previously outgassed at 200 °C for 8 h under 0.1 Torr vacuum)
was determined by N2 adsorption at 77 °K using a Micromeritics ASAP
2020 analyzer. The particle size distribution was measured with the
MICRO-P laser granularity instrument (Malvern Instruments Ltd.).
An X-ray diﬀraction (XRD) analysis of the samples was carried out
with a Powder X-ray Diﬀractometer (Bruker AXS) in the 2θ angle ranging from 2° to 65° incremented by a 0.025° step. A scanning electron
microscopy (SEM) analysis of the samples was performed using a
Philips SEM-505 scanning electron microscope, operated at 300 kV/SE
and 50° inclination. We also made use of an Olympus BX50 polarizing
microscope.
To estimate the pH of KT3B dispersion, the following procedure was
adopted (Pansu and Gautheyrou, 2003): a 2:1 (v:w) water:KT3B dispersion was prepared and shaken for 24 h at 30 °C (Labwit ZWY-304);
after 24 h, the dispersion was ﬁltered through a Millipore 0.45 μm
(Z227366 - Millex syringe ﬁlter units); and the pH of the ﬁltrate was
determined with a Jenway 3010 digital pHmeter. The FTIR spectra
were obtained using a Spectrum GX spectrometer (Perkin-Elmer) at a
4 cm− 1 resolution: undiluted KT3B samples in powder form were
scanned and recorded between 4000 and 400 cm− 1.
Chemical components were obtained by dry chemical analysis. Real
density (volumetric mass) was measured according to the pycnometric
method. The loss on ignition (LOI) was determined by weighing the
sample in a crucible both before and after overnight heating at 100 °C
in a muﬄe furnace in order to remove water.
The point of zero charge (PZC) of the KT3B was determined (Noh
and Schwarz, 1989) by applying a solid-to-liquid ratio of 1:1000. To
carry this step out, 0.1 mg of KT3B was added to 100 mL of water at pH
varying from 2 to 12 (adjusted with concentrated HNO3 and NaOH) and
then stirred for 24 h. Some of the physicochemical properties of the
KT3B kaolin sample are presented in Table 1.

2. Materials and methods
2.3. Analysis of Methylene Blue concentration
2.1. Materials
Methylene Blue (C16H18ClN3S·2H2O, MB) was selected as the adsorbate species. The dye stock solutions were prepared by dissolving
accurately weighted dye powder in Milli-Q water at a concentration of
1000 mg/L. The experimental solutions were derived by diluting the
dye stock solutions in precise proportions to diﬀerent initial concentrations. The pH of these solutions was adjusted to the desired value

The Tamazert kaolin deposit is located about 60 km north of the
town of Jijel, in Eastern Algeria. A kaolin material originating from
Tamazert, and industrially treated with sodium carbonate, was supplied
by ENOF Ltd. (Algeria). The material was not ground because its grain
size was already adequate for test purposes (i.e. ≤ 60 μm); it was only
air dried, ﬁrst at ambient temperature (25 °C) then at 110 °C in an oven.
This raw kaolin sample will be denoted KT3B in the following discussion.
Methylene Blue (MB, or tetramethylthionine chloride, Fig. 1; CAS
Number: 122965-43-9; Color Index number CI-52015), supplied by
Panreac (Spain), was selected as an adsorbate and not puriﬁed prior to
use. The MB molecular properties are: molar mass (319.85 g/mol),

Table 1
Composition of the raw kaolin sample KT3B.

Fig. 1. The chemical structure of MB.

Component

Content (mass%)

SiO2
Al2O3
TiO2
CaO
MgO
Fe2O3
Na2O
K2O
P2O5
MnO
LOIa

48.60
33.90
0.04
0.06
0.032
0.90
0.08
2.70
0.14
0.35
10.80

a
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by adding a small quantity of 0.1 mol/L HCl and/or 0.1 mol/L NaOH.
The MB concentration in the supernatant solution before and after
adsorption was determined using a UV spectrophotometer (Shimadzu
UV Mini-1240) at 663 nm. The calibration curve was highly reproducible and linear over the concentration range targeted by this
work (i.e. from 2 to 80 mg/L). All experiments were carried out in
triplicate, with all data being calculated and the average values taken to
represent the result.
2.4. Adsorption studies
Batch adsorption experiments were performed in a set of
Erlenmeyer ﬂasks (250 mL), each of which contained 100 mL of different MB concentrations (80–250 mg/L) along with 50 mg of adsorbent. An orbital shaker (Labwit ZWY-304) was introduced at a desired temperature and pH. To reach steady-state adsorption, a time
contact equal to 180 min was set for all experiments. After 180 min, the
dispersion was ﬁltrated with Millipore 0.45 μm (Millex syringe ﬁlter
units) and the ﬁltrate was analyzed by UV/visible spectrophotometry at
λ = 663 nm.
Equilibrium experiments were conducted for various times, while
the pH was gradually adjusted by adding small amounts of diluted HCl
or NaOH solutions (0.1 mol/L). The adsorbed amount of MB at equilibrium was calculated by the following equation:

qe = (C0 − Ce ) × V / m

(1)

where qe (mg/g) denotes the equilibrium adsorption capacity of MB
adsorbed per gram of the KT3B, C0 and Ce (mg/L) the initial and
equilibrium MB concentrations respectively, V the volume of the MB
solution (L), and m the kaolin mass (g). Each experiment was performed
at least in duplicate under identical conditions. Two separate tests
showed that the standard deviation of the measurement equaled ±
2.0%. The adsorption percentage (% removal) of MB from aqueous
solution can be calculated as follows:

Removal percentage = 100 × (C0 − Ce )/C0

Fig. 2. XRD and FTIR spectrum of KT3B (Q: quartz; K: kaolin).

where qe,exp (mg·g− 1) is the experimental data of the equilibrium capacity, and qe,calc (mg·g− 1) the equilibrium capacity obtained from
model calculations. If the model data are similar to the experimental
data, then χ2 will be a smaller number; if they diﬀer, χ2 will be a higher
one. It is necessary therefore to analyze the data using the non-linear
Chi-square test so as to conﬁrm the best-ﬁt isotherm for this adsorption
system (Vimonses et al., 2009).

(2)

2.5. Desorption experiments
First of all, the kaolin was heavily loaded with MB by mixing 0.1 g
of the KT3B sample with 100 mL of the dye solution (80 mg/L); the
mixture was shaken for 2 h. The KT3B loaded with MB was separated by
ﬁltration and then mixed several times with 100 mL of distilled water
on the orbital shaker; the concentrations of MB in the eluate were determined in order to investigate desorption eﬃciency.

3. Results and discussion
3.1. Characterization of the KT3B kaolin sample
The chemical composition of the KT3B sample used for sorption
experiments is provided in Table 1. The material analysis has revealed
that the sample contained mainly silica and alumina, which accounted
for 82.5% of the total mass. The X-ray diﬀraction of this KT3B raw
sample indicated the presence of quartz (12.36%) and kaolinite
(61.78%) as major phases (Fig. 2). Kaolinite is a well-deﬁned, naturally
occurring 1:1 aluminosilicate mineral [Al2Si2O5(OH)4 or Al2O3·2 SiO2·2
H2O] with an anorthic (triclinic) lattice structure composed of one sheet
of corner-sharing tetrahedrons and one of Al octahedra. The potential
adsorption sites on kaolin include the silanol ≡ SiOH and aluminol
≡ AlOH (either at the surface or inside), hydroxyl groups on the mineral edges and the permanently charged sites ≡ X− on the basal surface, although such negative charges due to isomorphous substitution
are usually very small.
The CEC value of the KT3B sample is 2.7 cmol(+)/kg, lower than
that reported by Miranda-Trevino and Coles (Miranda-Trevino and
Coles, 2003); this ﬁnding is mainly due to the high amount of illite
(27.02%), which is capable of increasing the PZC, CEC and SSA of the
kaolin (Tschapek et al., 1974). The grain-size distribution of KT3B was
characterized by values typically < 2 μm (Fig. S1 - see the Supplementary Information ﬁle); a distribution maximum is observed in the

2.6. Error analysis
Each experiment or analysis was at least duplicated, often triplicated; in all ﬁgures, the size of symbols includes the standard deviation
from experimental data (3% to 5%).
The unknown constants in the model equations for kinetics and
isotherm studies were obtained using nonlinear least-squares (NLLS)
data processing with the Origin 8.0 software at the 95% conﬁdence
level.
In these single-component isotherm studies, the optimization procedure requires an error function to be deﬁned in order to evaluate the
ﬁt of the isotherm equation to the experimental equilibrium data. In
this study, the linear coeﬃcient of determination (R2), the non-linear
Chi-square test (χ2) and the root mean square error (RMSE) statistical
tests were all performed for both the kinetics and isotherm models. The
corresponding mathematical equations are then:

χ2 =

∑ (qe,exp − qe,calc )2/qe,calc

(3)
1/2

RMSE = [∑ (qe, exp − qe, calc )2 / n]

(4)
40
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Table 2
Surface properties of the raw kaolin sample KT3B.
Parameter

Value

Average particle size (μm)
BET speciﬁc surface area (m2/g)
Total pore volume (mL/g)
Average pore diameter (μm)
Density (g/cm3)
PZC
CEC (cmol(+)/kg)

˂15
21.27
0.056
212.38
0.6
6.7
2.7

2–0.5 μm fraction with about half the total mass.
The BET/N2 speciﬁc surface area of ﬂakes equaled 21.27 m2/g
while their average pore diameter was 212.38 μm (Table 2); such values are similar to those given by Zhang et al. (2015). Hence, the MB
species can easily enter into the kaolin pores; such a ﬁnding can be
conﬁrmed by both the polarizing microscope and SEM images (Fig. S2
in the Supplementary information ﬁle). As regards the surface morphology of KT3B, SEM data indicate that this kaolin sample presents
ﬂaky-shaped particles. The FTIR spectrum revealed (Fig. 2) bands between 3697 cm− 1 and 3622 cm− 1, corresponding respectively to the
OH stretching vibrations of the surface and inner AleOH groups of
kaolinite. The bands at 992 cm− 1 to 1112 cm− 1 can be ascribed to the
stretching vibrations of the SieOeSi of kaolinite or quartz; the band at
696 cm− 1 is commonly attributed to out-of-plane SieO stretching, and
that at 798 cm− 1 to OH deformation linked to Al. The band at
3598 cm− 1 was attributed to the stretching of the OH bonded to Fe3 +,
with a slight shoulder at 875 cm− 1 (strain OH) corresponding to the
presence of iron in the kaolinite structure, with Fe3 + ions occupying
octahedral sites by means of substitution for Al3 + cations (Zhang et al.,
2015).

Fig. 4. Eﬀect of pH on MB adsorption on the KT3B kaolin sample at 25 °C (C0 = 100 mg/
L, S/L = 0.5 g/L, contact time = 120 min).

3.3. Eﬀect of pH on MB adsorption
The adsorption process is greatly aﬀected by the change in pH of the
solution. The eﬀect of solution pH generally depends on the ions present in the reaction mixture as well as on electrostatic interactions with
the adsorption surface. Solution pH would inﬂuence both aqueous
chemistry and surface binding sites of the adsorbents.
The highest adsorption capacity was obtained at pH = 9, while the
maximum adsorption eﬃciency amounted to 99.9 mg/g (Fig. 4).
The variation in MB uptake with respect to the initial solution pH
can be explained with respect to the point of zero charge (PZC) of KT3B.
For the raw kaolin sample, the point of zero charge was measured at
6.7 ± 0.1. Above this pH value, the kaolin particles acquired negative
surface charges, leading to a stronger electrostatic attraction relative to
the MB cationic dye. At a pH below PZC, the kaolin surface acquired
positive charges and given that the dye molecules also carried a positive
charge, an electrostatic repulsion caused a decrease in dye uptake.

3.2. Eﬀect of contact time on MB removal
The adsorption dynamics of the MB solution/KT3B system strongly
depend on the contact time. A contact time optimization for the above
system was therefore carried out in batch mode. The extent of MB removal by KT3B at diﬀerent shaking times up to 180 min, while imposing a constant settling time, is shown in Fig. 3. MB adsorption
reached a maximum after a very short time of equilibrium, thus suggesting an almost instantaneous MB removal from water. From these
data, we selected a contact time of 120 min for all adsorption experiments.

3.4. Eﬀect of ionic strength
The eﬀect of ionic strength on dye uptake was studied by adding an
NaCl concentration ranging from 0.01 to 0.50 mol/L. An increase in
ionic strength resulted in the decrease in MB removal capacity of KT3B
(Fig. 5), as had previously been observed by others (Rida et al., 2013).
The presence of salt (NaCl) in the solution may have shielded the
electrostatic interaction between opposing charges at the solid sorbent
surface and on dye molecules, which resulted in the adsorbed amount
decreasing with the increase in NaCl concentration (i.e. salting out

Fig. 3. Eﬀect of initial MB concentration and contact time with regard to MB adsorption
onto kaolin at pH = 6.0, S/L = 0.5 g/L.

Fig. 5. The eﬀect of ionic strength (NaCl) on dye removal eﬃciency at pH = 6
(C0 = 100 mg/L, S/L = 0.5 g/L).
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0.5 g/L, at which point approx. 97.5% of the dye becomes adsorbed, the
adsorption rate was gradually lowered until reaching a maximum value
of around 97% adsorption. Thus, an optimal KT3B dosage for MB adsorption was found to be 1.0 g/L. All active sites on the adsorbent
surface were then occupied, and any increase in adsorbent dosage did
not yield a higher MB uptake.
3.7. Kinetic studies
We ﬁrst of all investigated the kinetics of adsorption, which is critical to process eﬃciency. Two well-known adsorption kinetic models
were used in this work: the pseudo-ﬁrst order Lagergren equation and
the pseudo-second order rate equation were both ﬁtted with the experimental data (Limousin et al., 2007).
The pseudo-ﬁrst order equation is based on the assumption that the
rate of change in solute adsorption over time is directly proportional to
the diﬀerence in saturation concentration and the amount of adsorptive
solid uptake over time (Ho, 2004). The corresponding diﬀerential
equation is written as:

Fig. 6. Inﬂuence of temperature on MB dye removal eﬃciency for KT3B kaolin (adsorbent dosage S/L = 0.5 g/L, pH = 6.0, contact time = 120 min).

dqt / dt = k1 (qe − qt )

(5)

eﬀect).

Integrating Eq. (5) for the boundary conditions t = 0 to t = t and
qt = 0 to qt = qt yields:

3.5. Eﬀect of temperature

Ln(qe − qt ) = Lnqe − k1 t

(6)

Let's note that k1 and qe can be determined from the slope and intercept of the plots of Ln(qe − qt) vs. t for various experimental conditions.
The removal data were also analyzed by the pseudo-second order
kinetic model, expressed as follows (Ho, 2006):

To evaluate the eﬀect of temperature on the adsorption capacities of
the kaolin for MB, batch adsorption studies were carried out in the
25°–50 °C temperature range. The adsorption capacities of the kaolin
for MB increased slightly with an increase in temperature (Fig. 6). This
behavior was obvious because as temperature rises, solution viscosity
drops, which is favorable to the subsequent adsorption stages: external
transfer, and diﬀusion of adsorbate within the adsorbent solid. This
increase may be due to: i) the increase in dye mobility, allowing it to
penetrate the sample pores; ii) the increase in chemical interactions
between the adsorbate and surface functionalities of the adsorbent; and
iii) the change in chemical potentials, correlated with adsorbate species
solubility.

dqt / dt = k2 (qe − qt )2

(7)

Integrating Eq. (7), using the boundary conditions at t = 0, qt = 0
and for any time t, with the amount of dye adsorbed being qt and in
rearranging the corresponding rate law, generates:

qt = k2 qe 2 t /(1 + k2 qe t )

(8)

In Eq. (8), k2 (g/(mg.min)) is the pseudo-second order rate constant,
and qe and qt (mg/g) are the values of the amount adsorbed per unit
mass at equilibrium and at any time t, respectively.
The ﬁrst-order kinetic curves from this study did not ﬁt well with
the experimental data (not shown). The pseudo-second order equation
however did provide an excellent ﬁt (Fig. 8), with a regression coeﬃcient R2 ≥ 0.99 for all systems and a favorable value of RMSE (Table 3).
The calculated qe values from the model were also in good agreement
with experimental values (Table 3). The kinetics of MB sorption on the
KT3B sorbent thus follow the pseudo-second order rate expression.

3.6. Eﬀect of adsorbent dosage
Several steps were observed (Fig. 7) from the results of experiments
with varying adsorbent concentrations (from 0.1 to 1 g/L). Initially, a
rapid increase in adsorption with an increase in adsorbent quantity can
be attributed to a greater surface area and the availability of more
adsorption sites. Beginning with an adsorbent concentration equal to

Fig. 7. Eﬀect of adsorbent concentration on the MB adsorption percentage, C0 = 100 mg/
L.

Fig. 8. Pseudo-second order plots for the adsorption of MB onto KT3B at various initial
concentrations, pH = 6.0, S/L = 0.5 g/L, T = 25 °C.
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Table 3
Kinetic parameters involved in MB removal by KT3B (pH = 6.0, T = 25 °C).
C0(mg/L)

80
100
120

k2 (g/mg·min)

0.037
0.042
0.040

Table 4
Parameters of Langmuir isotherm for MB adsorption onto KT3B kaolin (T = 25 °C).

Pseudo 2nd order model
qe,(exp)(mg/g)

qe(cal)(mg/g)

R2

RMSE

36.80
42.90
44.7

36.98
43.03
43.96

0.997
0.991
0.986

0.333
1.727
1.686

An adsorption isotherm describes the equilibrium between adsorbent and adsorbate, i.e. in this case the relationship between the
quantity of dye adsorbed and that remaining in aqueous solution at a
ﬁxed temperature at equilibrium. The isotherm thus yields a number of
parameters whose values express the surface properties and aﬃnity of
the adsorbent. In order to optimize the design of an adsorption system
to remove dyes from eﬄuents, it is important to establish the most
appropriate correlation for the equilibrium data.
The Langmuir isotherm equation (Limousin et al., 2007), which
assumes a monolayer sorption of dye molecules on the sorbent surface,
is expressed as follows:

KL (L/g)

R2

χ2

RMSE

2
6
9

42.60
52.76
72.57

0.84
1.04
0.96

0.997
0.975
0.980

0.218
0.407
0.361

1.028
3.47
2.67

3.9. Thermodynamic analyses
Thermodynamic parameters, including Gibbs free energy change
(ΔG°), enthalpy change (ΔH°) and entropy change (ΔS°), serve to evaluate the eﬀect of temperature on the adsorption of MB onto kaolin and
provide in-depth information regarding the inherent energy changes
associated with the adsorption process (Salvestrini et al., 2014). These
parameters are calculated from the following equation:

ΔG ° = −RT Ln KL°

(9)

(11)

where R is the universal gas constant (8.314 J/mol K), T the temperature (K), and KL° the (dimensionless) ‘thermodynamic’ Langmuir constant for the adsorption process. To obtain this value from the value KL
(in L/mg) calculated from isotherm data (see Section 3.8), we had to
change all concentrations to molar form and take into account the
standard state C° = 1 mol/L (Salvestrini et al., 2014; Zhou and Zhou,
2014):

where qe is the adsorbed amount of dye at equilibrium (mg/g), Ce the
equilibrium concentration of the dye in solution (mg/L), qmax the
maximum adsorption capacity (mg/g), and KL the constant related to
the free energy of adsorption (L/mg). According to the plot of experimental data at diﬀerent pH values (Fig. 9), the Langmuir isotherm
model was found to ﬁt closely with these experimental data, as witnessed by the coeﬃcient of determination R2 in Table 4. The other two
statistical parameters (χ2 and RMSE) also conﬁrmed the quality of this
ﬁt.
One essential characteristic of the Langmuir equation can be expressed in terms of the dimensionless factor RL (Hall separation factor),
which is calculated (Weber and Chakravorti, 1974) as follows:

RL = 1/(1 + KL Ce )

qmax (mg/g)

MB on the KT3B kaolin sample were found to equal 0.0118, 0.0094,
0.0079 and 0.0063 at initial concentrations of 80, 100, 120 and
150 mg/L, respectively. These RL values conﬁrmed that KT3B is favorable for adsorbing MB from water under the conditions applied in
this study.

3.8. Isotherm experiments

qe = qmax KL Ce /(1 + KL Ce )

pH

KL° = KL (L/mg) × 1000 (mg/g) × MMB (g/mol) × C° (mol/L)

(12)

where MMB = 319.85 g/mol is the MB molar mass, and the factor 1000
allows converting g to mg.
The enthalpy (ΔH°) and entropy (ΔS°) parameters were estimated
from the classical relationships:

(10)

where KL is the Langmuir constant (L/mg) and C0 the initial MB concentration (mg/L); RL is indicative of the isotherm shape and predicts
whether a sorption system is favorable (0 < RL < 1) or unfavorable
(RL > 1).
In the present study, the calculated RL values for the adsorption of

Ln KL° = (ΔS ° / R) − (ΔH ° / RT )

(13)

ΔG ° = ΔH ° − T ΔS °

(14)

The plot of LnKL° versus 1/T yielded a straight line (Fig. S3 in the
Supplementary Information ﬁle), and the values of ΔH° (kJ/mol) and
ΔS° (J/mol K) can be calculated from the intercept and slope of these
Van 't Hoﬀ plots, respectively. The values of ΔG° (kJ/mol) were recalculated from ΔH° and ΔS° (see Table 5). The positive values of ΔH°
are indicative of an endothermic adsorption process; both ΔH° and ΔS°
decreased with an increase in pH. The negative values of ΔG° were
Table 5
Thermodynamic parameters for MB adsorption on KT3B.
pH

T (K)

KL
(L/
mg)

KL° (dimensionless)

LnKL°

ΔG° (kJ/
mol)

ΔH°
(kJ/
mol)

ΔS° (J/
K/mol)

2

298
303
313
323
298
303
313
323
298
303
313
323

0.84
1.03
1.18
1.47
1.04
1.27
1.47
1.85
1.17
1.57
2.00
2.71

268674
329445.5
377423
470179.5
332644
406209.5
470179.5
591722.5
376143.6
502164.5
641299.25
866793.5

12.50
12.70
12.84
13.06
12.71
12.91
13.06
13.29
12.83
13.12
13.37
13.67

− 31.90
− 32.85
− 34.76
− 36.68
− 31.54
− 32.36
− 33.99
− 35.62
− 31.05
− 31.85
− 33.45
− 35.04

25.08

191.22

17.11

163.28

16.51

159.62

6

9
Fig. 9. The Langmuir adsorption isotherm for MB adsorption on KT3B (adsorbent dosage:
0.5 g/L, T = 25 °C), as a nonlinear expression.
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demonstrated that the present raw kaolin KT3B sample adsorbent was
eﬀective in the removal of MB dye from the aqueous phase and, as
expected, compared well with other clay materials.
4. Conclusion
The selected raw kaolin KT3B sample proved to be an eﬀective
adsorbent for the removal of MB from aqueous solution. The percentage
of adsorption was maximal at a pH value of 9.0 and decreased in more
acidic MB solutions. At an initial dye concentration of 100 mg/L, the
percentage of adsorption decreased from about 98% to 68% as pH
dropped from 10 to 2. The adsorption equilibrium was attained within
times of < 30 min. The adsorption kinetics was well described by the
pseudo-second order model equation. An adsorption isotherm was
ﬁtted by the Langmuir model, with the maximum adsorption capacity
of MB on KT3B was calculated at 52.76 mg/g at 25 °C and pH = 6.
These results also revealed that the process was more eﬃcient at higher
temperatures. The thermodynamic activation parameters showed that
the process was endothermic.
Our results therefore indicate that a raw kaolin sample, like the
KT3B used in this work, can be successfully utilized for the adsorption
of Methylene Blue dye from aqueous solutions.

Fig. 10. Eﬀect of desorption cycles on MB removal (adsorbent dosage = 0.5 g/L, dye
solution pH = 6.0).

Table 6
Maximum loading capacity (Langmuir model) for MB on selected clayey materials.
Adsorbent

Capacity (mg/g) at
given T (°C)

Reference

Montmorillonite
Natural clay (Turkey)
Ball clay (Malaysia)

289.12 (35 °C)
58.2 (20 °C)
Raw 25.01
Modiﬁed 62.50
(30 °C)
45.45
163.93 (30 °C)
28.95 (25 °C)
21.78 (30 °C)
22.2
23.1 (20 °C)
78.1
101.5 (22 °C)
11.13 to 21.41
(25 °C)a
Raw 13.99
Pure 15.55 (RT)b
102.04 (25 °C)
52.76 (25 °C)

Almeida et al. (2009)
Gürses et al. (2006)
Auta and Hameed (2012)

Kaolinite
Montmorillonite
Kaolin (Persia)
Natural zeolite
Natural clay (Portugal)
Commercial kaolin
Raw coal-bearing kaolin
Acid-activated kaolin
Zeolites from kaolin
(Egypt)
Kaolin
Kaolinite
Raw KT3B kaolin (Algeria)
a
b
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