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ABSTRACT

Natural bentonite grounded from Sarolangun District of Jambi Province has been
modified based on Thermal and Acid Activation (TAA). The thermal activation was conducted
by calcination at temperature 400 °C and followed by chemical activation using H

2
SO

4
.

In order to investigate the change of the bentonite structure before and after activation process,
the chemical analysis by XRF, XRD powder, BET, and FTIR was conducted. The TAA bentonite
then used as an adsorbent to remove the methylene blue dye from aqueous solution by studying
the kinetics and thermodynamic of  the adsorption process. The result of  the structural analysis
showed that during the activation process, the structure of bentonite was not changed
significantly and the surface area of the activated bentonite has increased from 55.6 to
75.6 m2/g. The kinetics studies of  adsorption methylene blue onto TAA bentonite revealed
that the adsorption process followed the pseudo-second-order kinetic equation rather than
the pseudo-first order kinetics. The kinetic data obtained presented that by increasing the initial
dye concentration, the adsorption speed was reduced. The thermodynamic adsorption study
revealed that the adsorption process was spontaneous showed with the negative value of
free Gibbs energy.

Keywords: bentonite, thermal and acid activation (TAA), methylene blue, kinetics,
thermodynamic

1. INTRODUCTION

The textile industry is one of the industrial
sectors that plays a major role in Indonesia’s
economic development. However, the raised
of the textile industry also carried serious
environmental problems[1]. The textile

industry generates a colored wastewater
effluent as dye residue from coloring process.
Commonly, dyes used in textile industry are
a synthetic dye that contains a hazardous
chemical and have a high chemical oxygen
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demand (COD) [2]. Methylene blue, as
illustrated in Figure 1, is one of the synthetic
dyes that widely used in textile industry.
Due to its complex chemical composition,
dye contamination into water body has high
toxicity to the aquatic life and even human
life. Dye contamination to the aquatic
ecosystem can disturb life equilibrium by
blocking the light path through water and
reducing the aquatic photosynthetic activity
[3]. Thus, the removal of dye contaminant in
wastewater becomes an interesting challenge
in water treatment area.

Lots of methods have been applied to
remove dye contamination in the textile
effluent. The most possible and applicable
methods including chemical oxidation [4],
filtration [5], ozonation [6], membrane
separation [7], ion-exchange [8], microbial
degradation [9], and adsorption [10]. Even
each of these methods has been widely
developed, all of these methods have some
limitations to remove dye contamination
in textile effluent completely. However,
adsorption method is considered as the most
cost-effective technique for dye removal
from textile effluent [11].

Currently, activated carbon is the most
common material used as an adsorbent
in dye removal by adsorption process.
The main advantage of activated carbon
is due to its large surface area and high
adsorption capacity [12]. However, because
of its high cost, and its regeneration
difficulties recently activated carbon usage

is being abandoned. As an alternative, many
low-cost materials are being developed
to form a powerful adsorbent material.
The main source of the low-cost materials
that have been widely used as an adsorbent
for removal of wastewater effluent are
household wastes, agricultural products,
industrial wastes, sea materials, and soil and
ore materials [13]. Clay as of the soil and
ore mineral is an abundant natural material
with low economic cost.  Clay has the unique
surface characteristic that made it potential
to use as adsorbent material [14].

Many kinds of clay and clays minerals
have been utilized as an adsorbent material
in dye removal from wastewater such as
zeolite [15], sepiolite [16], kaolinite [17],
palygorskite [18], and bentonite [19]. Among
these materials, bentonite is the largest
clay mineral utilized for dye removal due to
its high capability to develop and relatively
high adsorption capacity. Bentonite is
clay material that mainly constructed by
montmorillonite minerals. It is smectite class
mineral with layered structure composed
by one Al octahedral sheet flanked by two
silica tetrahedral sheet. Naturally, bentonite
has negative surface charged due to the
isomorphs substitution of Al3+ to Si4+ in the
tetrahedral sheet and Mg2+ to Al3+ in the
octahedral sheet [20].

In order to improve the adsorption
capability of natural bentonite, some
modification methods have been introduced
recently including acid activation [21], thermal
activation [22], cold plasma treatment [23]
and pillarization [24]. The most common
method of bentonite modification was by
pillarization procedure. Based on the result
reported by Aguiar [25], the pillarization
method has significantly increased the
adsorption capacity of natural bentonite.
However, that method was not a simple
method and need some difficult step

Figure 1. Chemical structure of methylene
blue dye.
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procedure that will reduce the time efficiency.
As an alternative of bentonite

modification, the other modification
methods by combining the existing method
have been developed. Al-Asheh et al. [26]
has been combined the chemical activation
method using sodium dodecyl sulphate (SDS)
followed by thermal activation at high
temperature condition (850°C). The result
revealed that by this combination method,
the adsorption capacity of the bentonite
has raised significantly toward methylene
blue dye adsorption in aqueous solution.
As reported by Eren and Afsin [27], the acid
activation bentonite has raised the surface
properties of the bentonite. Herein, bentonite
modification by combination method of
thermal and acid activation is a simple
modification procedure that applicable to
enhance the surface properties of the
bentonite sample prior used as adsorbent
materials.

This study is subjected to enhance
bentonite adsorption capacity to the
methylene blue dye by physical and chemical
activation. Bentonite activation has been
conducted by using two-step activation,
thermal activation followed by acid activation.
Herein, the activated bentonite result is used
to remove methylene blue contamination in
aqueous solution. Methylene blue adsorption
properties, kinetic and thermodynamic,
were studied by batch equilibrium methods.

2. MATERIALS AND METHODS

2.1 Chemicals and Instrumentation
Sulfuric acid (Merck) used in this study

was reagent grade 96%. Natural bentonite
used in this study was obtained commercially
from Sarolangun District, Jambi Province,
Indonesia. Bentonite sample then washed
using deionized water three times and
then dried at 90°C for 8 hours in an oven.
Prior to use, bentonite sample was crushed

and sieved through 200 mesh ASTM standard
sieve. Methylene blue M9140 dye used as a
surrogate of the dye pollutant was obtained
from Sigma-Aldrich Chemicals without
further purification.

The chemical analysis of natural bentonite
before and after activation was carried
out using X-Ray Diffractometer Lab-X
type 6000 with Cu-Kα radiation and
one deg.min-1 scanning speed from 4° to 18°.
The element content of the bentonite sample
was analyzed by using X-ray Florescence
instrument from PANanalytical type Minipal
4 under room and helium atmosphere.
The functional group of natural bentonites
and activated bentonite was analyzed using
FTIR spectroscopy. The FTIR spectra were
measured in 4000-400 cm-1 wave number
using Shimadzu FTIR Prestige-21 with KBr
pellet. The surface area of the natural
bentonite and TAA bentonite sample were
measured based on BET method using N

2

physisorption isotherm in a Micromeretic
apparatus. Thermal activation of  the natural
bentonite was conducted using Thermolyne
muffle furnace from Thermo Scientific
at 400 °C for 3 hours. The remaining
concentration of methylene blue after
adsorption was calculated using
spectrophotometry technique (calibration
curve method). The methylene blue
absorbance measured using Uv-Vis
spectrophotometer GenesysTM 20
from Thermo Scientific at 665 nm.

2.2 Methods
2.2.1 Natural bentonite activation

Natural bentonite activation was
performed by a two-step procedure based
on the work done by Toor et al. [28], thermal
activation followed by acid activation.
Thermal activation was conducted by
heating the sample using muffle furnace at
400 °C for 3 hours then cooled and stored
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in a desiccator for one night. The acid
activation was performed using H

2
SO

4
 0.1 M

with bentonite to acid ratio was 1:5 (g mL-1).
The activation process was conducted in
500 mL beaker glass equipped with magnetic
stirrer. The mixture was stirred vigorously
at 80 °C for 3 hours. The mixture then filtered
and washed several times using deionized
water to remove the acid exceed. Activated
bentonite then dried at 80 °C for 5 hours in
a laboratory oven. Dried activated bentonite
was analyzed using XRF, XRD and FTIR
and ready to use as an adsorbent.

2.2.2 Methylene blue solution preparation
Methylene blue stock solution

(1000 mg L-1) was prepared by diluting
1 g (weighed analytically) of methylene
blue powder into 1000 mL of deionized
water. Methylene blue standard solution
(5-200 mg L-1) was prepared by diluting the
stock solution with desired concentration
using deionized water. The absorbance of  the
standard solution was measured to make a
calibration curve for measuring the methylene
blue concentration after adsorption process.

2.2.3 Adsorption experiments
The adsorption experiment was

performed in the batch system. All the
adsorption experiments were carried out in
normal pH condition, and volume of  the
dye solution was 50 mL. A known amount
of activated bentonite adsorbent was added
into methylene blue solution in 250 mL
Erlenmeyer flask equipped with a magnetic
stirrer. The mixture was agitated with constant
speed (180 rpm) with a predetermined time.
As soon as agitation process has stopped,
the dye solution was separated using filtration
paper. The dye concentration remained in
the supernatant was calculated by using
UV-Vis spectrophotometer.

The adsorption parameters that affected

the adsorption process were studied.
Effect of the initial dye concentration was
investigated by varying the initial dye
concentration (50, 100, 150 mg L-1). Effect
of adsorption time was examined by
varying the time of adsorption (5, 10, 15, 20,
25, 30, 45, and 60 minutes). Effect of the
adsorption temperature was studied by
varying the adsorption temperature at
room temperature at 30, 40, and 60 °C.

The amount of methylene blue adsorbed
onto activated bentonite was calculated
using following equation:

q
t
 = (1)

Where q
t 
, C

0 
, C

t 
, V, and m are amount

of mehtylene blue adsorbed per gram of
activated bentonite at any time t (mg L-1),
initial methylene blue concentration (mg L-1),
concentration of methylene blue at t time
adsorption (mg L-1), Volume of  methylene
blue used (L), and amount of adsorbent
used (g).

3. RESULT AND DISCUSSION

3.1 Activated Bentonite Characterization
3.1.1 X-ray florescence (XRF) analysis

X-ray fluorescence (XRF) spectrometer
is one of the X-Ray instrument that commonly
used to analyze the chemical composition
of the inorganic minerals such as rock,
sediment, and also clays materials [29].
The XRF analysis result of the natural
bentonite sample and TAA bentonite sample
were shown in Table 1. The major constituent
of the natural bentonite used in this study
was SiO2

 and Al
2
O

3 
and other impurities oxide

such as Fe
2
O

3
. The ratio of  SiO

2
:Al

2
O

3

was found as 2.56 indicate that the natural
bentonite used in this study contain
montmorillonite mineral [19]. After the
thermal and acid activation, the fraction of
Al

2
O

3
 was decrease but otherwise, the SiO

2

(C
o
 - C

t 
)V

m
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was increased. The decreasing of the Al3+

content during the activation process due to
the dissolution of the minerals by acid
activation [21]. The Ti4+ fraction after
activation process also relatively increased.
The increasing of the TiO

2
 due to the location

Ti4+ fraction was on either octahedral or
tetrahedral site [30].

3.1.2 BET surface area analysis
The surface area of natural bentonite

and TAA bentonite has been measured
based on the N

2
 physisorption isotherm

studies. Figure 2 shows the N
2
 physisorption

isotherm properties of  natural and TAA
bentonite sample. All the curve presented
indicated that the isotherm properties of
the sample were type II isotherm [31].
The measurement of the specific BET
surface area, total pore volume, and average
pore diameter was conducted using standard
BET method and the BJH equation.
Table 2 show that the TAA bentonite has
lager surface area than natural bentonite.
As reported by Pawar et al. [32], the increase
of the surface area of the TAA bentonite due
to the particles within dissolved octahedral
sheet were splitted.

Table 1. Chemical composition of  natural
bentonite and TAA bentonite based on XRF
analysis.

Composition

SiO
2

Al
2
O

3

TiO
2

Fe
2
O

3

NiO
CaO
P

2
O

5

K
2
O

MnO

Natural
bentonite
(%mass)

43.6
17

1.87
33.39
0.87
0.99
0.71
0.2

0.12

TAA
Bentonite
(%mass)

47.5
14

1.96
34.28
0.86
0.44
0.67
0.09
0.14

Figure 2. N
2
 Physisorption isotherm of

natural bentonite and TAA bentonite.

Table 2. Surface area, total pore volume, and
pore diameter of natural and TAA bentonite.

Materials

Natural Bentonite
TAA Bentonite

BET
surface

area
(m2/g)
55.635
75.671

Total
pore

volume
(cm3/g)
0.0959
0.1118

Average
pore

diameter
(nm)
6.871
5.911

3.1.2 X-ray diffraction (XRD) analysis
X-ray powder diffraction (XRD) is a

well-known technique used in order to
monitor the change of layer spacing of clay
minerals [33]. In this study, the change of
bentonite structure during the thermal and
acid activation was overseen by using XRD
powder technique. The XRD powder pattern
of natural bentonite and activated bentonite
samples were illustrated in Figure 3. Bentonite
is the one of the smectite group that mainly
constructed by montmorillonite mineral
[34]. Based on Figure 3, the main characteristic
of the smectite  (montmorillonite) peak was
recorded at 2θ value at about 5°, 20° and
35°[35]. The other constituent of the smectite
phase including quartz recorded at 2θ  about
22° and 26° and feldspar was also recorded
at 2θ value about 28° [22].
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The thermal activation bentonite XRD
pattern was not different significantly
according to natural bentonite pattern.
The appearance of these pattern differs
only at the montmorillonite pattern at
2θ value about 5°. The decrease of the
montmorillonite peak of  the thermal
activated bentonite due to the removal of
the water content in the interlayer of the
montmorillonite during the calcination
process. The XRD powder pattern of  the
TAA bentonite appeared an increasing of
the montmorillonite peak at 2θ about 5°
compared with thermal activated bentonite
pattern. That phenomenon due to the
impurities in the layered structure of the
smectite was partially destructed [30].
The increasing of the montmorillonite
peak also indicated that the crystallinity of
TAA bentonite was excessively affected
during the acid activation process [21].

As depicted in Figure 3, the diffraction
peak at 22° was disappeared after acid
activation process. Based on the work
reported by nal et al., [21] the diffraction
peak at about 22° was indicated the present
of  the Opal-CT (OCT) as the impurities.
In this case, Opal-CT is paracrystalline silica

Figure 3. XRD Pattern of natural bentonite
(A), thermal activated bentonite (B), and
thermal and acid activated (TAA) bentonite
(C) where S = smectite, Q = Quartz, and F =
feldspar.

(SiO
2
⋅nH

2
O) or semicrystalline minerals that

not exactly crystallized. After the activation
process, the diffraction peak of the opal-CT
was disappeared indicate that the acid
activation process dissolved paracrystalline
silica impurities.

3.1.3 FT-IR analysis
To assist the identification of  contained

mineral in natural bentonite and its change
after thermal and acid activation, the FTIR
analysis was conducted in the range of
4000 cm-1 to 400 cm-1. The FTIR spectrum
as the result of FTIR analysis of natural
bentonite and activated bentonite were
illustrated in Figure 4. As was described in
XRF analysis result, the main fraction of the
natural bentonite used was Al

2
O

3
 and SiO

2
.

The main characteristic band of the natural
bentonite spectrum (Figure 4A) indicates the
present of Al-OH-Al stretching and Al-OH-
Al bending at wavenumber 3626 cm-1 and
910 cm-1 respectively. The existing of  the
Si-O-Si stretching vibration observed
as strong band at wavenumber 1033 cm-1.
The strong band at 3448 cm-1 and 1635 cm-1

indicate the existence of the H-O-H stretching
and H-O-H bending respectively [36–38].

Figure 4. FTIR spectra of natural bentonite
(A), thermal activated bentonite (B), and
thermal and acid activated bentonite (C).
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3.2 Adsorption Studies
3.2.1 Adsorption kinetic studies

The effect of contact time to the
adsorption of methylene blue onto TAA
bentonite was describe Figure 5. The graphic
showed that the adsorption process was
fast adsorption in first 10 minutes’ adsorption
times and then gradually slower until
approached the equilibrium at 40 minutes.
That phenomenon indicates that in the early
stages adsorption, the numerous active site of
TAA bentonite were available and by time
increasing the available site to accommodate
the methylene blue molecule was decreased.
Similar to the contact time, by increasing the
initial dye concentration the adsorption
capacity of the methylene blue on TAA
bentonite was gradually increased due to the
increasing the driving force of the methylene
blue concentration gradient to occupied the
TAA bentonite active site [39].

Figure 5. Effect of contact time to the
adsorption capacity of methylene blue onto
TAA bentonite.

Kinetics parameter is one of the
important aspects in the study of dye
removal by adsorption technique. The kinetic
parameter is used to describe the adsorption
process pathway. Kinetic parameter also
reveals the dependence of physical and
or chemical adsorption characteristics.
Several kinetic models have been applied
in order to investigate the adsorption

mechanism including, chemical reaction,
diffusion control and also mass transfer [40].

Pseudo-first order model
Kinetic adsorption model by Pseudo-

first order model is determined by following
equation[41]:

log(q
t
 - q

e 
) = log q

e
 -         t (2)

Where q
t
 and q

e
 are the amount of

methylene blue adsorbed onto TAA bentonite
at time t and at equilibrium. k

1
 is the rate

constant of methylene blue adsorption
(min-1). Adsorption rate constant can be
determined as slop value from plot of
log(q

t
 - q

e 
) versus t.  If plot of  versus t provide

a straight line, its mean that the adsorption
process is obeyed the pseudo-first order
kinetic models.

Pseudo-second order model
The pseudo-second order of kinetic

model is used if the pseudo-first order kinetic
model was not fit enough to modeling the
adsorption process. The pseudo-second-order
kinetic model is represented as follows:

     =       +    t (3)

Where k
2
 is the rate constant of pseudo-

second order (g/mg.min). By plotting t/q
against t, the rate constant of pseudo-second
order kinetic model is obtained by its slope
value. The pseudo-second-order kinetic
model is applicable to the adsorption of
methylene blue onto TAA bentonite if the
plot provides the straight line.

The plot of log (q
e
-q

t
) vs t for the first-

order adsorption kinetic and the plot of t/qt
against t for the second-order kitetics model
were ilustrated in Figure 6 and Figure 7
respectively. These pictures describe that
the adsorption kinetics of the methylene blue

k
1

2.303

t
q

t

1
k

2
q

e
2

1
q

e
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onto TAA bentonite was following the
pseudo-second ordet kinetis model.
It showed by the R2 value of the linear
regresion equation of both kinetic model.
R2 value of the first-order kinetic deviate
from the unity value whereas the R2 value of
the second-order kinetic model fit enough
to the unity value and prove straigh line.

The kinetic parameter including rate
constant (K) and R2 value of both kinetic
model were described in Table 3. Based
on the table data, by increasing the initial
methylene blue concentration, the adsorption
rate constants were reduced gradually.
This phenomenon can be described due to
the increase of the dye concentration,
the solution condition was automatically

Figure 6. The first order Pseudo kinetics
adsorption of congo red onto TAA bentonite
in various intitial dye concentration.

Figure 7. The second order Pseudo kinetics
adsoption of methyle blue onto TAA
bentonite in various initial dye concentration.

saturated with the methylene blue molecule
that can decrease the reactivity of the TAA
bentonite active site [42].

Table 3. Kinetics parameter for adsorption
of methylene blue on TAA bentonite.

Initial Dye
Concentration

(mg/L)
50
75
100

K
1

(min-1)

0.245
0.171
0.073

R
1
2

0.9057
0.896
0.864

K2

(g/
(mg.min)

0.044
0.013
0.005

R
2
2

0.999
0.9992
0.999

3.2.2 Adsorption thermodynamic
During the adsorption process,

adsorption mechanism is one of the common
parameter that essential to be studied.
Either the adsorption process is physical
adsorption or chemical adsorption. In physical
adsorption process, the interaction between
the molecules relatively weak such as Van
der Waals force, whereas in chemical
adsorption the transfer electron mechanism
might be occurred between the adsorbent
and adsorbate to produce a strong chemical
bond [43]. Both adsorption mechanism can
be recognized based on thermodynamic
parameter including the change of Gibbs
free energy (ΔG°), enthalpy change (ΔH°), and
entropy change (ΔS°).

These thermodynamic parameters can be
measured based on the thermodynamic
laws by using the following equations:

ΔG° = -RTlnKd (4)

lnKd =         + (5)

Kd = (6)

Where Kd
 was the equilibrium constant,

C
e
 was the equilibrium concentration

ΔH°
RT

ΔS°
R

q
e

C
e
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(mgL-1), q
e
 was equilibrium concentration of

solid phase (mg. g-1). R and T were the
universal gas constant and absolute
temperature (K) respectively. The value of
the thermodynamic parameter, ΔH° and ΔS°,
can be obtained as slope and intercept value
from the plot lnK

d
 against 1/T respectively.

The plot of lnK
d
 against 1/T from the

experiment result produced a straight
enough line with R2 value 0.911 (Figure 8).
The ΔGo and ΔSo value as the slope and
intercept from the linier equation obtained
were computed in Table 4. It was reported
that in physical adsorption, the heat involved
during the adsorption process is basically at
the same level with the heat of condensation
process that equal to 2-20 kJ mol-1. Whereas
in chemical adsorption the heat involved
during the adsorption process is in the range
of  80 - 200 kJ mol-1. In this study, the ΔH

value of the methylene blue adsorption into
TAA bentonite was about 70 kJ mol-1.
It value are greater than 20 kJ mol-1 but less
than 80 kJ mol-1. From this point, we assume
that the adsorption process of methylene
blue onto TAA bentonite was physical
adsorption but tend toward chemical
adsorption. In term of  spontaneity, the value
of ΔG° was negative in all temperature
conditions but the ΔH° value was positive.
It indicates that the adsorption process of
methylene blue on TAA bentonite was
spontaneous in the range of temperature
used with endothermic characteristic [44].
Furthermore, by increasing the adsorption
temperature from 303 K to 323 K, the ΔG°
value was reduced, showing that the
adsorption process would be favorable in
higher temperature conditions.

Figure 8. Plot ln K
d
 vs 1/T.

Table 4. Thermodynamic adsorption parameter of  methylene blue onto TAA bentonite.

ΔHo (kJ mol-1)

70.792

ΔSo (kJ (mol K)-1)

0.254

ΔGo (kJ mol-1)
303 K
-6.393

313 K
-8.941

323 K
-11.488
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4. CONCLUSION

The activation of natural bentonite by
thermal and acid activation was successfully
applied as an adsorbent material for removal
of methylene blue in aqueous solution.
The kinetics study of the methylene blue onto
TAA bentonite show that the process follows
the second-pseudo kinetics model rather than
first-order kinetic model. The thermodynamic
adsorption study revealed that the adsorption
mechanism of the methylene blue onto TAA
bentonite was physical adsorption with
endothermic properties.
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