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Enhancement of the adsorption properties of two natural
bentonites by ion exchange: equilibrium, kinetics and
thermodynamic study
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ABSTRACT

In this investigation, Maghnia (Ma) and Mostaganem (Ms) bentonite clays, mined from west Algeria, with no prior affinity for anionic
dyes, were modified by simple ion exchange with aqueous Fe3+ solutions, followed by calcination at 500°C. The resulting materials,
Fe-Ma and Fe-Ms, respectively, were employed as adsorbents for methyl orange. The starting materials and the two adsorbents were
characterized by X-ray diffraction, N2 adsorption–desorption isotherms, Brunauer–Emmett–Teller specific surface area and X-ray
fluorescence and by determining the point of zero charge. The effects of various variables, such as initial dye concentration, contact
time, adsorbent dose, initial pH and adsorption temperature, were studied. The kinetics were well described by the pseudo-second-
order model and the mechanism was determined from the intraparticle diffusion model, while corresponding isotherms fitted better
to the Freundlich model. Thermodynamic parameters showed that the adsorption process was endothermic, spontaneous and physical
in nature, accompanied by an increase of entropy.
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Water pollution is a major environmental problem. Various pol-
lutants are detected in industrial effluents and natural water
bodies. Among these pollutants, synthetic dyes are discharged
into the environment from various sources. They are generated
by many industries such as textile, leather, food processing, tan-
ning, cosmetics, paper and dye manufacturing (Li et al., 2017).
There exist more than 10,000 types of commercially available
dyes with >0.7 million tons of dyestuff produced annually, and
∼15% of this amount is lost in the final effluents, with 2% dis-
charged directly into the aqueous effluents and 10% lost during
dyeing operations (Soloman et al., 2009). These pollutants
represent a serious hazard to human health and to the ecosystem
(Mouni et al., 2018). Furthermore, their complex aromatic struc-
tures render them highly stable and difficult to remove from
water matrices (Li et al., 2017; Mobarak et al., 2018). Their pres-
ence in water, even at very low concentrations, may inhibit oxy-
gen and sunlight breakthrough, damaging the aquatic
environment. Methyl orange (MO) is one of the well-known
acidic monoazo dyes. It is widely used in printing, research
and in the textile industry.

Several methods have been applied to remove these com-
pounds from water, such as chemical precipitation, solvent extrac-
tion, evaporation, distillation, membrane filtration, reverse

osmosis, ion exchange, coagulation/flocculation, adsorption and
electrochemical processes (De Castro et al., 2018; Mouni et al.,
2018). Although most of these methods are efficient, they are
often expensive and produce secondary waste products. Among
all of these techniques, adsorption seems to be very promising,
as it is inexpensive, simple to perform, requires little energy
input and produces relatively little sludge (Nadaroglu et al.,
2015; Zhang et al., 2015; He et al., 2018). Adsorption of MO
dye on activated carbon materials has been widely studied due
to the effectiveness and versatility of these materials (Chen
et al., 2010; Huo et al., 2013; Leon et al., 2015). However, lower-
cost, naturally occurring materials have also been tested as adsor-
bents (Liu et al., 2009; Trevino-Cordero et al., 2013). In addition,
there has been increasing interest in the potential application of
various clays, after appropriate modifications, as adsorbents in
the removal of MO from water. These include kaolin (Zhu
et al., 2010; Tang et al., 2017), vermiculite (Zang et al., 2017), rec-
torite (Zhang et al., 2011) and halloysite (Chen et al., 2015).
Bentonite, consisting mainly of smectite, has been studied exten-
sively and used widely in industry due to its high availability, low
cost and good adsorption capacity (Chen et al., 2011;
Leodopoulos et al., 2012; Luo et al., 2015; Zhang et al., 2015;
Belhouchat et al., 2017; De Castro et al., 2018). Smectite belongs
to the 2:1 group of aluminosilicates, with its unit layer structure
being one AlO6 octahedral sheet sandwiched between two SiO4

tetrahedral sheets. Its surface carries a permanent negative charge
due to the isomorphic substitution of Si4+ by Al3+ in the tetrahe-
dral sheet and the substitution of Al3+ by Mg2+ or Fe2+ in the
octahedral sheet. This makes bentonite ineffective at adsorbing
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anionic dyes due to the repulsive interactions between the nega-
tively charged surface and dye molecules (Khenifi et al., 2007;
Guo et al., 2012).

Various methods have been proposed in the literature with
regards to modifying clays in order to improve their affinity
towards anionic dyes. The first such method involves pillaring
through the intercalation of various polyoxocations to increase
microporosity, potential active sites and specific surface area
(Gil et al., 2011; Hao et al., 2014). The second such method
involves organophilization with cationic surfactants such as cetyl-
trimethyl ammonium bromide (CTAB) through ion exchange,
changing the clay surface from organophobic to strongly organo-
philic, thereby improving the adsorption capacity (Chen et al.,
2011; Guo et al., 2012; Mobarak et al., 2018).

To the authors’ knowledge, no studies exist in the literature
using only a simple ion-exchange method with inorganic cations,
such as Fe3+, followed by a calcination step in order to improve
the adsorption affinity of bentonite towards anionic dyes such
as MO. The current work aimed to investigate the improvement
of MO dye adsorption onto two Na-bentonites extracted from
two different deposits located in west Algeria. This approach is
based on the transformation of the negative charge of the benton-
ite surface to a positive charge after Fe3+ adsorption and on an
ion-exchange process between sodium cations located in the
interlayer space and ferric cations transformed into iron oxide
after calcination, giving rise to improved textural properties
such as specific surface area and mesoporosity. Various variables
such as initial dye concentration, contact time, adsorbent dose,
initial pH and adsorption temperature were tested.

Materials and methods

Chemicals

The Maghnia and Mostaganem bentonite clays (Ma and Ms,
respectively) were obtained from BENTAL (Société des bentonites
d’Algérie). They were used as received without further treatment.
All chemicals used in this study were of analytical grade. The
anionic dye, MO (pKa = 3.4, solubility in water at 20°C = 5.2 g
L–1) (Fig. 1), iron (III) chloride hexahydrate (FeCl3)6H2O, hydro-
chloric acid (HCl) and sodium hydroxide (NaOH) were pur-
chased from Sigma-Aldrich. The pH of the reaction media was
adjusted with 0.1 M HCl or NaOH aqueous solutions. Methyl
orange solutions of various concentrations were prepared by
diluting the stock solution to the desired concentration using
deionized water. Deionized water from a Millipore Milli-Q system
(18 MΩ cm–1) was used in all experiments.

Preparation of adsorbents
The two adsorbents were prepared using an ion-exchange process,
adding 2 g of Ma or Ms to 100 mL of an aqueous solution con-
taining 1 g of (FeCl3)6H2O and maintaining the mixture under
vigorous stirring for 24 h at ambient temperature. Then, the

solid was washed with deionized water by centrifugation. The
washing procedure was repeated until the supernatant was free
of chlorides (conductivity of <10 μS cm–1). After drying at
110°C, the product was calcined at 500°C for 2 h (Fig. S1)
(Boukhemkhem et al., 2019). The adsorbents are referred to here-
after as Fe-Ma and Fe-Ms, respectively.

Characterization methods
The chemical composition of the raw and modified bentonite
clays was analysed by total reflection X-ray fluorescence (XRF)
spectrometry using a TXRF EXTRA-II XRF spectrometer (after
digestion of the solid samples by acid treatment at 100°C). The
textural properties of the raw bentonite clays and the prepared
adsorbents were determined by N2 adsorption–desorption at –
196°C using a Micromeritics Tristar 3020 instrument. The sam-
ples were previously outgassed overnight at 160°C under a
residual pressure of 5 × 10–3 torr. The specific surface area was
calculated according to the Brunauer–Emmett–Teller (BET)
equation in the linear region of the relative pressure. The micro-
pore volume was calculated using the t-plot method. The X-ray
diffraction (XRD) traces of the materials were obtained with a
Siemens D5000 diffractometer using Cu-Kα radiation. The pow-
der samples were scanned continuously at a scanning speed of
0.05° s–1 in the range 5–80°2θ. The point of zero charge of the
adsorbents was determined using the pH-drift method (Issa
et al., 2014).

Adsorption experiments
All adsorption experiments were carried out in batch mode, under
stirring at 400 rpm. The adsorption kinetic study was performed
in a 1 L double-jacketed vessel at constant temperature (20°C). A
total of 0.5 g of the adsorbent (Fe-Ms or Fe-Ma) was added to
500 mL of MO aqueous solution at various initial concentrations.
Samples were removed from the reaction medium for various per-
iods of time of between 5 and 120 min. This study was the only
one in which 500 mL of the initial volume was employed, as
the number of samples was large. The study of the effects of
other variables was carried out in 100 mL flasks containing
50 mL of MO dye solution, with an initial MO concentration of
10 mg L–1. In this case, a smaller volume of MO solution was
used (50 mL) as the number of samples was three (results in trip-
licate) after 2 h of contact. The effect of the adsorbent dose was
tested by using various amounts of the adsorbent, varying from
0.2 to 8.0 g L–1. The effect of the initial pH of the solution was
tested at various pH values between 3.0 and 10.5. The effect of
temperature and the thermodynamic studies were performed at
three different temperatures (20, 30 and 40°C). In the above
experiments (initial pH and temperature effect), the adsorbent
dose was 1 g L–1 as in the kinetic studies and the contact time
was 2 h.

Adsorption isotherms were constructed from experiments per-
formed in 100 mL flasks, where 0.05 g of the adsorbent were
added to 50 mL of aqueous MO (i.e. at an adsorbent dose of
1 g L–1) at various initial concentrations (0.5–30 mg L–1) and at
a contact time of 2 h. These experiments were performed at the
optimal pH of 3.1 to obtain the maximum adsorption capacity
of both adsorbents for the MO dye. The MO residual concentra-
tion was determined by UV–visible spectrophotometry (Agilent
Cary 60) at a wavelength of 465 nm for pH >4.3 and at 500 nm
at below that pH value, as the colour of solution changed with pH.Fig. 1. MO molecular structure.
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Results and discussion

Characterization of adsorbents

The XRD traces of Ma and Ms before and after iron loading are
shown in Fig. 2. The main phase is montmorillonite (M), and
common impurities are feldspar (F), kaolinite (K) and quartz
(Q), identified according to the JCPDS database. Sample Ma con-
tains traces of kaolinite. When comparing the XRD traces of
Fe-Ma and Fe-Ms with those of the corresponding raw bentonite
clays, the layered structure was preserved in both modified mate-
rials. Thus, ion exchange with iron followed by calcination at 500°
C affected only the layer stacking, as the basal peaks (001) were
present with only slight displacement. In addition, some weak
peaks, associated with α-Fe2O3, are present in the Fe-Ma and
Fe-Ms XRD traces. Hence, there is evidence of iron oxide as
α-Fe2O3 after treatment of Ma and Ms (Daud & Hameed, 2010;
Hassan & Hameed, 2011).

Table 1 shows the elemental compositions of the raw and
modified bentonite clays. The iron content increased significantly
after impregnation, from 1.2% to 4.9% and from 2.8% to 8.6% for
Ma and Ms, respectively. The differences between the amounts of
iron incorporated into the clay structure in both bentonites may
be explained by their various adsorbent properties.

Figure 3 depicts the N2 adsorption–desorption isotherms.
Nitrogen adsorption increased considerably after iron impregna-
tion and calcination.

According to the International Union of Pure and Applied
Chemistry (IUPAC) classification, the N2 adsorption–desorption
isotherms of the four samples may be classified as type IV with
clear H3-type hysteresis loops, along with clear differences
between the original and treated samples (Tomic et al., 2011).
This type of isotherm is common for aggregates of plate-like

particles, with slit-shaped pores typical of clay minerals (Auta &
Hameed, 2012). Such hysteresis loops are indicative of a high rela-
tive contribution of mesoporosity, which is more significant in
Fe-Ma and Fe-Ms due to the textural modifications after Fe
exchange. Both modified clays also showed greater N2 adsorption
at low relative pressure, indicative of microporosity development
after the ion-exchange process. The pore-size distribution for
the original and the modified clays is depicted in Fig. 4.

Moderate broadening of the micropore size was observed after
Fe inclusion, while no significant changes occurred in the
mesopore-size distribution, although the mesopore volume was
increased. The specific surface areas of the samples (Table 1)
increased significantly upon Fe exchange, mostly affecting the
so-called external or non-microporous area. An increase in the
micropore size was observed in Fe-Ma (from 11 Å in the original
Ma bentonite to 13 Å) due to the modification of the clay after
Fe exchange (Fig. 4a). In addition, development in mesoporosity
after Fe exchange was observed, as additional peaks appear in the
20–500 Å region, with the main mesopore sizes being ∼250 and
350 Å for both materials (Fig. 4b). The same trend is also observed
for Ms and Fe-Ms clays, with the presence of two peaks at ∼11 Å
and 12 Å for Ms and Fe-Ms, respectively (Fig. 4c,d). Further peaks
occur at between 20 and 500 Å, with the appearance of an intense
peak located at ∼34 Å in Fe-Ms. This indicates the important devel-
opment of mesopores after Fe exchange.

The textural properties listed in Table 1 show that the Fe
exchange increased the specific surface area values for both
adsorbents to 73 m2 g–1 for Fe-Ms and to 68 m2 g–1 for Fe-Ma.
The external surface area values increased dramatically after Fe
exchange from 37 to 64 m2 g–1 in Ma bentonite and from 20
to 57 m2 g–1 in Ms bentonite. This may be attributed to the
incorporation of Fe3+ in the interlayer space after ion exchange,
increasing the micropore size after its transformation into
α-Fe2O3. At the same time, part of α-Fe2O3 formed as a discrete
phase outside of the interlayer space, probably contributing to
the modification of the net negative charge on the surfaces of
Fe-Ms and Fe-Ma (Chen & Zhu, 2009). The improvement in tex-
tural properties (specific surface area, pore size) and the modifi-
cation of surface properties might improve the adsorption
capacity of the bentonites.

The pH at the potential of zero-point charge (pHzpc) values of
the raw and modified bentonite clays are listed in Table 1. An
important increase in pHzpc values after Fe3+ ion exchange can
be observed due to a significant reduction in surface negative
charge, leading to a broadening in the pH range for the

Fig. 2. XRD traces of (a) Ma and Fe-Ma and (b) Ms and Fe-Ms. M =montmorillonite; Q = quartz; F = feldspar; K = kaolinite; * = hematite.

Table 1. Textural properties and elemental compositions of the raw bentonite clays (Ma
and Ms) and the prepared adsorbents (Fe-Ma and Fe-Ms).

Samples pHzpc

SBET
(m2 g–1)

External
surface
area

(m2 g–1)
Vp

(cm3 g–1)
Vμp

(cm3 g–1)
Si

(mass%)
Al

(mass%)
Fe

(mass%)

Ma 4.0 55 37 0.077 0.0051 27.5 7.8 1.2
Fe-Ma 9.6 73 64 0.116 0.0064 21.7 6.7 4.9
Ms 4.2 22 20 0.046 0.0008 28.6 6.0 2.8
Fe-Ms 9.8 68 57 0.081 0.0046 23.0 4.9 8.6

SBET = Brunauer–Emmett–Teller specific surface area; Vp = total pore volume; Vµp = micropore
volume.
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adsorption of anionic species (Gitari et al., 2013). Thus, Fe-Ma
and Fe-Ms show greater affinity towards MO than the original
bentonite clays, which did not adsorb this anionic dye.

Effects of experimental parameters and kinetics
Effects of contact time and initial dye concentration. The original
bentonite clays, Ma and Ms, showed almost negligible MO uptake

(results not shown). The evolution of the amount of MO adsorbed
onto the two modified bentonite clays as a function of the contact
time at various initial dye concentrations is shown in Fig. 5.

The adsorption of MO increased in Fe-Ma and Fe-Ms with
increasing initial MO dye concentration. Using Fe-Ma, the quan-
tity of MO adsorbed after 120 min of contact time increased from
2.76 to 7.04 mg g–1 when the initial MO concentration increased

Fig. 3. N2 adsorption–desorption isotherms of (a) Ma and Fe-Ma and (b) Ms and Fe-Ms. STP = standard conditions of temperature and pressure.

Fig. 4. Pore-size distributions according to the Barrett–Joyner–Halenda (BJH) method of (a, b) Ma and Fe-Ma and (c, d) Ms and Fe-Ms.
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from 5 to 15 mg L–1 (Fig. 5a). The same tendency was also
observed at the same contact time for the Fe-Ms as the adsorbent,
as the amount of adsorbed MO increased from 3.69 to 9.25 mg g–1

in the same range of initial dye concentrations. This is attributed
to an increase in the concentration gradient to the active sites of
the adsorbents Fe-Ma and Fe-Ms, and to an enhancement of the
interaction between the dye molecules and the active sites located
on the surface and within the pores of the adsorbents (Auta &
Hameed, 2012). The uptake of MO molecules at low contact
times is very rapid, becoming gradually slower thereafter until
equilibrium is established. This decrease in the adsorption rate
is more pronounced in Fe-Ms (Fig. 5b). This trend in adsorption
kinetics indicates that the number of active sites available on the
surface of the adsorbent is much greater at the beginning of the
adsorption. However, after 30 min of adsorption, the vacant
sites are much fewer and, probably, difficult to access as they
are located inside the adsorbent pores. Moreover, the competition
between MO molecules and the reduction in the concentration

gradient between the aqueous and the solid phases also contribute
to these results (Kushwaha et al., 2011; Auta & Hameed, 2012;
Nadaroglu et al., 2015; Zhang et al., 2015). The time required
to reach equilibrium depends on the type of adsorbent and the
initial dye concentration. In the case of MO adsorption on
Fe-Ms, the equilibrium time was ∼30 min for initial dye concen-
trations of 5 and 10 mg L–1. For the highest concentration of 15
mg L–1, the equilibrium was attained at a significantly longer con-
tact time of ∼90 min. However, in Fe-Ma, 60 and 90 min were
necessary to attain equilibrium for concentrations of 5 and 10
mg L–1, respectively. Nevertheless, equilibrium was not reached
after 120 min with an initial concentration of 15 mg L–1. This dif-
ference between the two systems may be attributed to the greater
microporosity of Fe-Ma (Table 1).

The experimental curves of Fig. 5 were fitted to three models
used to describe adsorption kinetics: the pseudo-first-order
kinetic model (Eq. 1), the pseudo-second-order kinetic model
(Eq. 2) and the intraparticle diffusion model (Eq. 3). These mod-
els are expressed in their linear forms as follows, respectively:

ln(qe − qt) = lnqe − k1t (1)

t
qt

= 1
k2q2e

( )
+ 1

qe

( )
t (2)

qt = kintt
1/2 + I (3)

where qe and qt (mg g–1) are the amounts adsorbed at equilibrium
and time t (min), respectively, k1 (min–1) is the pseudo-first-order
rate constant, k2 (g mg–1⋅min–1) is the pseudo-second-order rate
constant, kint (mg g–1 min–0.5) is the intraparticle diffusion rate
constant and I (mg g–1) is the intercept. The corresponding fitting
parameters for the three models are listed in Table 2.

The pseudo-first-order model did not describe adequately the
adsorption kinetics due to the low values of the coefficients of
determination R2, which varied between 0.79 and 0.97, and the
calculated adsorption capacities (q1,cal), which were rather small
compared to the experimental adsorption capacities (q1,exp)
(Table 2). However, the pseudo-second-order model provided
an excellent fit for both systems and for the three concentrations,
as the coefficients of determination were considerably higher than
those obtained using the pseudo-first-order model. Moreover, the
calculated adsorption capacities using this model (q2,cal) were
comparable to the experimental adsorption capacities (q2,exp).
Therefore, it can be inferred that the pseudo-second-order
model showed good compliance with the experimental data.
These results are in good agreement with others studies that
showed that the adsorption of MO dye on modified montmoril-
lonite is best described by the pseudo-second-order model (Luo
et al., 2015; Zhang et al., 2015, Zang et al., 2017).

In order to evaluate the influence of intraparticle diffusion on
the rate of the adsorption process, a plot of qt vs t

1/2 for both
adsorbents at various initial dye concentrations was obtained
(Fig. S2). These plots show the same general trend, with two
stages (He et al., 2016; Wan et al., 2016; Mobarak et al., 2018).
These two stages (intraparticle diffusion and equilibrium) were
identified for both systems, but for the adsorption of 15 mg L–1

MO on Fe-Ma there was no evidence of the final equilibrium
stage. In addition, the intraparticle diffusion rate values (kint)
increased with increasing initial dye concentration for both sys-
tems (Table 2). This may be due to an increase in the driving

Fig. 5. Adsorption of MO onto (a) Fe-Ma and (b) Fe-Ms at various contact times and
initial MO concentrations (adsorbent dose = 1 g L–1, T = 20°C, pHi = 5.6, V = 500 mL,
stirring speed = 400 rpm).
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force caused by the concentration gradient and, consequently, the
diffusion into active sites within the pores is favoured. In all cases,
the intraparticle diffusion plot did not pass through the origin,
supporting the notion that intraparticle diffusion is involved in
the control of the adsorption rate, but it is not the only limiting
step, as some degree of boundary-layer contribution also impacts
on the rate control of the process (Chen et al., 2010). Moreover,
with increasing concentration from 5 to 15 mg L–1, the I values
increased from 0.80 to 2.04 mg L–1 and from 0.91 to 2.09 mg L–1

for Fe-Ma and Fe-Ms, respectively. This increase suggests an
abundance of adsorbed MO molecules on the boundary layer
(Hamdaoui, 2006). From these results, the following scenario
may be proposed: once the adsorption sites on the surface are
occupied, adsorption continues and the molecules migrate towards
the less easily accessible active sites located inside the pores, until
all of the available active sites are occupied and the equilibrium
is reached (He et al., 2016).

Effects of adsorbent dosage. The effects of the Fe-Ms and Fe-Ma
dosage on dye removal are shown in Fig. 6a.

At low adsorbent dose values (0.2–1.0 g L–1), the removal effi-
ciency increases considerably, from 18% to 56% and from 31% to

58% for Fe-Ma and Fe-Ms, respectively. This is attributed to the
increase in specific surface area of the ion-exchanged materials
with respect to the raw bentonite clays and the availability of add-
itional adsorption sites. Using an adsorbent dose of 4 g L–1, MO
removal rates of 64% and 78% were observed for Fe-Ma and
Fe-Ms, respectively. However, further increases of this dose did
not affect the MO removal efficiency of the materials.

Effects of initial pH. The adsorption of MO dye onto Fe-Ma and
Fe-Ms as a function of the initial pH of the dye solution was tested
(Fig. 6b). The MO uptake decreased dramatically up to pH 7 and
then the decreasing trend becomes progressively slower. An
almost complete removal of dye from solution for both adsor-
bents was observed at pH 3.1. However, increases in the initial
pH of the MO solution led to dramatic decreases in decolouration
efficiency. At the highest pH value used of 10.2, the dye removal
rates were only 20% and 6% for Fe-Ma and Fe-Ms, respectively.
This behaviour can be explained by considering the pHzpc

(Table 1). The surface of the adsorbent is positively charged at
pH values lower than the pHzpc (∼10), thus attracting the anionic
MO. As the pH of the solution increases, the positive charge of
the surface decreases, and so does the electrostatic interaction.

Table 2. Kinetic parameters for the adsorption of MO dye on Fe-Ma and Fe-Ms (adsorbent dose = 1 g L–1, T = 20°C, pHi = 5.6, V = 500 mL, stirring speed = 400 rpm).

Kinetic model, pseudo-first-order qe,exp (mg g–1) k1 (min–1) q1,cal (mg g–1) R2

Fe-Ma Fe-Ms Fe-Ma Fe-Ms Fe-Ma Fe-Ms Fe-Ma Fe-Ms
5 mg L–1 2.95 3.70 0.040 0.118 2.02 2.87 0.79 0.94
10 mg L–1 5.64 5.77 0.035 0.095 4.07 2.01 0.89 0.92
15 mg L–1 7.04 9.64 0.020 0.032 4.85 6.86 0.92 0.97

Pseudo-second-order qe,exp (mg g–1) k2 (g mg–1 min–1) q2,cal (mg g–1) R2

Fe-Ma Fe-Ms Fe-Ma Fe-Ms Fe-Ma Fe-Ms Fe-Ma Fe-Ms
5 mg L–1 2.95 3.70 0.034 0.117 3.02 3.78 0.99 0.99
10 mg L–1 5.64 5.77 0.007 0.094 6.34 5.89 0.97 0.99
15 mg L–1 7.04 9.64 0.009 0.008 7.47 10.43 0.98 0.99

Intraparticle diffusion Time (min) kint (mg L–1 min–0.5) I (mg g–1) R2

Fe-Ma Fe-Ms Fe-Ma Fe-Ms Fe-Ma Fe-Ms Fe-Ma Fe-Ms
5 mg L–1 5–60 5–20 0.244 0.215 0.80 0.91 0.99 0.97
10 mg L–1 5–90 5–20 0.437 0.355 0.97 1.26 0.99 0.97
15 mg L–1 5–120 5–60 0.449 0.439 2.04 2.09 0.99 0.99

Fig. 6. Effect on MO removal efficiency of (a) adsorbent dosage (C0 = 10 mg L–1, T = 20°C, pHi = 5.6, V = 50 mL, t = 2 h, stirring velocity = 400 rpm) and (b) initial pH
(C0 = 10 mg L–1, T = 20°C, adsorbent dose = 1 g L–1, V = 50 mL, t = 2 h, stirring speed = 400 rpm).
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At pH values greater than the pHzpc, the surface of the adsorbent
presents a net negative charge (Zhu et al., 2010). Thus, the electro-
static repulsive force between the surface and the anionic species of
the MO molecules becomes dominant, weakening the adsorption
of MO on both adsorbent surfaces. Moreover, the alkaline condi-
tions increase the competition between OH and dye anions for
adsorptive sites (Zhang et al., 2015; Zang et al., 2017).

Effects of temperature. The adsorption capacities of Fe-Ms and
Fe-Ma at equilibrium were studied at 20, 30 and 40°C. The results
obtained are listed in Table 3. With temperature increasing from
20 to 40°C, the amount of MO adsorbed at equilibrium increased
from 5.6 to 7.1 mg g–1 for Fe-Ma and from 5.8 to 7.2 mg g–1 for
Fe-Ms.

These results may reflect the endothermic nature of the MO
retention of the two adsorbents. The increase in adsorption cap-
acity with temperature may be attributed to the increasing mobil-
ity of MO molecules over the boundary layer and the internal
pores of the adsorbent particles. Moreover, this increase can be
attributed to an enlargement of the surface, probably due to the
positive coefficient of the thermal expansion of the lattice struc-
ture for both adsorbents, as well as to an activation of the adsorb-
ent surface (Almeida et al., 2009; Arshadi et al., 2016).

Equilibrium study
The adsorption isotherms are used to describe the distribution of
the adsorbate molecules between the liquid and solid phases at
equilibrium (Almeida et al., 2009; Chen et al., 2010; De Castro
et al., 2018). Several models have been employed to describe such
isotherms. In this study, Langmuir (Eq. 4), Freundlich (Eq. 5) and
Elovich (Eq. 6) models were used to fit the experimental data of
the adsorption equilibria of MO on Fe-Ma and Fe-Ms.

1
qe

= 1
qmKLCe

+ 1
qm

(4)

ln qe = 1
n
lnCe + ln KF (5)

ln
qe
Ce

= − qe
qm

( )
+ ln (KE × qm) (6)

where Ce is the MO concentration at equilibrium (mg L–1), qe is
the amount adsorbed at equilibrium (mg g–1), qm is the mono-
layer adsorption capacity (mg g–1), KL is the Langmuir equilib-
rium constant (L mg–1), KF ((mg g–1)(L mg–1)–1/n) and n is the
Freundlich constant associated with the capacity and intensity
of adsorption. In the case of 1/n < 1, the adsorption is considered

favourable; otherwise, adsorption is considered difficult or
unfavourable. Finally, KE denotes the Elovich equilibrium con-
stant (L mg–1) (Ma et al., 2013; Patrulea et al., 2013; Tang
et al., 2017).

The isotherms for the adsorption of MO dye on Fe-Ma and
Fe-Ms are presented in Fig. 7.

According to the Giles classification, the shapes of the iso-
therms (Fig. 7) belong to the L type (Giles et al., 1960). This
type of isotherm indicates high affinity between the adsorbent
surface and the MO dye molecules. The adsorbed amount of
MO dye increases with increasing initial dye concentration due
to the driving force caused by an increase in the concentration
gradient that overcomes the resistance of the dye molecule trans-
port and improves the interaction between the active sites on the
surface and within the pores and the MO molecules. However, the
adsorption ability declines at greater MO concentrations due to
the gradual saturation of the active sites on the two materials
(Zhang et al., 2015). The experimental adsorption capacities
were 11.1 and 14.3 mg g–1 for Fe-Ma and Fe-Ms, respectively. It
can be concluded that the introduction of iron into the interlayers
of smectites in the bentonite clays Ms and Ma increased signifi-
cantly the affinity for the MO dye due to modification of the

Table 3. Temperature effects and thermodynamic parameters for adsorption of
MO onto Fe-Ma and Fe-Ms (C0 = 10 mg L–1, T = 20–40°C, pHi = 5.6, adsorbent
dose = 1 g L–1, t = 2 h, stirring speed = 400 rpm).

qe (mg g–1) ΔH0 (kJ mol–1) ΔS0 (JK–1 mol–1) ΔG0 (kJ mol–1)

Fe-Ma
20°C 5.6 –0.65
30°C 6.3 25.5 89.2 –1.54
40°C 7.1 –2.43
Fe-Ms
20°C 5.8 –0.48
30°C 6.5 25.3 88.0 –1.36
40°C 7.2 –2.24

Fig. 7. Adsorption isotherms of MO on Fe-Ma and Fe-Ms (C0 = 0.5–30mg L–1, adsorbent
dose = 1 g L–1, T = 20°C, pHi = 3.1, V = 50 mL, t = 2 h, stirring speed = 400 rpm).

Table 4. Fitting parameters for the adsorption of MO onto Fe-Ma and Fe-Ms
using various adsorption models (adsorbent dose = 1 g L–1, T = 20°C, pHi = 3.1,
V = 50 mL, t = 2 h, stirring speed = 400 rpm).

Fe-Ma Fe-Ms

Langmuir
qm (mg g–1) 11.43 15.44
KL (L mg–1) 0.64 0.38
R2 0.86 0.97
Freundlich
1/n 0.23 0.30
KF ((mg g–1)(L mg–1)–1/n) 5.75 5.96
R2 0.99 0.99
Elovich
qm (mg g–1) 2.19 3.81
KE (L mg–1) 7.41 1.86
R2 0.96 0.93
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textural properties, creating active sites on the clay layers after ion
exchange and because of the change in the pHzpc of the smectite
surfaces (Table 1).

Table 4 lists the parameters for each model used to describe
such adsorption isotherms. The Freundlich model provides the
best fit to the experimental data for both adsorbents according to
the coefficients of determination (R2). It is possible that neither sys-
tem followed a homogenous adsorption mechanism where an
adsorption site becomes unavailable to other molecules once a
molecule has been adsorbed on it, thus making it possible to con-
tinue adsorption. In this case, the adsorption is considered to be
favourable, as the heterogeneity factor (1/n) for both adsorbents
was <1 and multilayer adsorption of MO on the active heteroge-
neous surface is very possible. This active energetic heterogeneity
can be attributed to the modification of the surface properties of
Ms and Ma after Fe exchange, leading to some irregularity in
pore shape, pore size, functional groups and surface charge (Auta
& Hameed, 2012).

Regarding the Elovich model, very different values of max-
imum adsorption capacity were observed: those determined
using the linear model equation are much lower than the experi-
mental adsorbed amounts at equilibrium, in spite of the good
coefficient of determination. Therefore, the Elovich model is
unable to describe the adsorption isotherms of MO over Fe-Ma
and Fe-Ms. This result is an indication that the process is prob-
ably dominated by physisorption (Hamdaoui & Naffrechoux,
2007). This physical nature is probably due to weak electrostatic
interactions between the positive charges on the surface and the
negative charge of the sulfonic group of the MO molecule.

Thermodynamics of adsorption
Thermodynamic parameters for adsorption such as ΔH0 and ΔS0

can be calculated using the van’t Hoff equation (Eq. (7)):

lnKd = DS0

R
− DH0

RT
(7)

while the Gibbs free energy is determined using Eq. (8):

DG0 = DH0 − TDS0 (8)

where Kd is the distribution coefficient, which is equal to qem/Ce

(with m being the adsorbent dose in g L−1), ΔH0 (kJ mol–1) and

ΔS0 (J mol–1) are, respectively, the standard enthalpy and the
standard entropy, ΔG0 represents the Gibbs free energy (kJ
mol–1), T (K) is the absolute temperature and R (J K–1 mol–1)
is the universal ideal gas constant (Kushwaha et al., 2011). The
calculated values of these three parameters for various adsorption
temperatures are reported in Table 3.

The positive values of ΔH0 for both systems indicate the endo-
thermic nature of the process. The negative values of ΔG0 for the
three adsorption temperatures indicate the spontaneity and feasibil-
ity of the process. Furthermore, the increase in negative values of
ΔG0 at higher adsorption temperatures is indicative of rapid and
more spontaneous adsorption. The positive values of ΔS0 indicate
that the degree of randomness at the solid–liquid interface
increased with increasing temperature. In addition, the physical
nature of the process is confirmed by ΔG0 values ranging between
0 and –20 kJ mol–1 and by the ΔH0 values being <80 kJ mol–1 for
both systems (Almeida et al., 2009; Auta & Hameed, 2012).

Comparison with other adsorbents
A comparison of the MO monolayer adsorption capacities on
Fe-Ma and Fe-Ms with other adsorbents reported in the literature
is shown in Table 5. All of these data come from experiments con-
ducted at optimal initial pH values, except in those in which the
pH values have been not reported.

The adsorption capacities of the two adsorbents prepared in
this work were greater than those of the other materials reported
in the literature, such as a chitosan/rectorite/Fe2O3 composite,
chitosan beads, activated carbon derived from Prosopis juliflora
biomass and magnetic alignate beads. They also have almost iden-
tical adsorption capacities to calcium alignate–carbon nanotube
composites. However, some other adsorbents reported in
Table 5 show greater adsorbent capacities, which may be attribu-
ted to the transformation of the clay surface from organophobic
to strongly organophilic, modifying the global charge, the avail-
ability of more functional groups and the textural properties.
Therefore, Fe-Ma and Fe-Ms, low-cost and easily prepared adsor-
bents, seem to be suitable for MO dye removal, as their adsorption
capacities were similar to those obtained for the other low-cost
adsorbents reported in Table 5.

Conclusions

Two inexpensive adsorbents were prepared by ion exchange with
an FeCl3 solution followed by calcination of the Ma and Ms

Table 5. Comparison of adsorption capacities for MO of the Fe-Ma and Fe-Ms clays with other materials reported in the literature.

Adsorbent pHi T (°C) Adsorbent dose (g L–1) Contact time qm (mg g–1) Reference

CTAB/chitosan/bentonite NR 25 1.25 3 h 102.0 Guo et al. (2012)
Granular activated carbon 5.7 40 0.5 24 h 46.0 Leon et al. (2015)
Acid-activated bentonite NR 25 2.0 NR 33.8 Leodopoulos et al. (2012)
Zr(IV)-chitosan/bentonite Natural 30 0.6 5 h 438.6 Zhang et al. (2015)
Chitosan/rectorite/Fe3O4 NR 25 4.0 80 min 5.5 Zeng et al. (2015)
Gemini-modified bentonite NR 25 2.0 2 h 161.0 Luo et al. (2015)
Magnetic/maghemite/chitosan nanocomposite NR 57 1.0 NR 29.4 Jiang et al. (2012)
Chitosan beads 8.0 22 100 72 h 5.6 Morais et al. (2008)
Activated carbon from Prosopis juliflora NR 30 1.0 50 min 10.3 Kumar & Tamilarasan (2013)
Cross-linked chitosan/bentonite Natural 20 0.6 2 h 225.0 Huang et al. (2015)
Calcium alignate–carbon nanotubes 7.0 298 NR 2 h 12.5 Sui et al. (2012)
Magnetic alignate beads 7.5 NR 2.5 48 h 6.5 Rocher et al. (2010)
Fe2O3/Maghnia bentonite 3.1 20 1.0 2 h 11.4 Current work
Fe2O3/Mostaganem bentonite 3.1 20 1.0 2 h 15.4 Current work

NR = not reported.
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bentonites. The textural properties of both bentonite clays, such as
specific surface area, pore volume and micropore/mesopore distri-
bution, were greatly improved without any significant change to
their structure, except for the presence of characteristic peaks of
iron oxide, α-Fe2O3, in the XRD traces. The net negative surface
charges of the two starting clays were significantly affected, as
both adsorbents yielded larger values of pHzpc than the raw ben-
tonite clays. These modifications were effective at providing both
bentonite clays with significant affinity to the anionic dye MO.
The maximum percentage of dye removal was observed at an ini-
tial pH of ∼3, temperatures of up to 40°C and an adsorbent dose
of 4 g L–1. The adsorption capacity of both adsorbents increased
with increasing contact time and initial dye concentration.
Favourable L-type isotherms were better described by the
Freundlich model rather than by the Langmuir model. The
adsorption kinetics fitted well to the pseudo-second-order
model, and intraparticle diffusion was involved in the control of
the adsorption rate. The thermodynamic study revealed the phys-
ical nature of the uptake of MO dye on Fe-Ma and Fe-Ms, which
was endothermic, spontaneous and accompanied by an increase
in entropy. Hence, Fe-Ma and Fe-Ms may be used as effective
MO adsorbents due to the low cost and natural occurrence of
the raw bentonites and their relatively large adsorption capacity.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1180/clm.2020.19.
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