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ABSTRACT

This work reports the application of a natural clay and an alumina-pillared clay as adsorbents
for the removal of a basic dye, Methylene Blue, from aqueous solutions. The intercalation and
pillaring processes improve the adsorption capacity of the montmorillonite. The adsorption
kinetics of the dye has been studied in terms of pseudo-first-order and pseudo-second-order
models. The equilibrium data are mathematically modelled using Freundlich, Langmuir and

Sips isotherm adsorption models.
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1. Introduction

The quality of industrial effluents has a substantial
influence on the quality of surface water. Most industrial
effluents require treatment before their direct discharge
into surface waters or their delivery to municipal treat-
ment plants. There are numerous industries that con-
sume large volumes of water and use organic chemicals:
textile, paper and pulp, printing, iron-steel, coke, petro-
leum, pesticide, paint, solvent, pharmaceutics, wood
preserving chemical or food industry are some examples.
Pollutants from these industries can be a serious problem
to the environment and to the human health [1].

Textile industries in particular are responsible for
the discharge of dyes into natural waterways due to

*Corresponding author.

inefficiencies in dyeing techniques: when reactive dyes
are used, up to 50% may be lost directly into waterways.
The presence of dyes, even at very low concentrations,
is highly visible and undesirable in an effluent. In addi-
tion, some dyes are toxic, mutagenic or carcinogenic [2].
Adsorption is an attractive method for the removal
of contaminants from effluents since if the adsorption
system is designed correctly; it will produce a high-
quality treated effluent [3]. The adsorption process, in
comparison with other processes for the treatment of
polluted aqueous effluents, allows flexibility in design
and operation, and produces effluents suitable for reuse,
free of pollutants [4]. Additionally, as the adsorption is
sometimes reversible, the regeneration of the sorbent
with resultant economy of operation can be possible.
Interesting opportunities in the field of the synthesis
and applications of clay-based materials have been
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opened with the development of pillared interlay-
ered clays, in short PILCs [5,6]. The structure of PILCs
is simple. Their pore network consists of rigid polyca-
tions inserted among the clay layers, resulting to a two-
dimensional porous structure of molecular dimensions.
The chemical nature of the surface of PILCs is more com-
plex. Their properties depend on many factors, as the
clay nature and the intercalation and pillaring steps [6].

The aim of this work is to study the performance
of a montmorillonite and an alumina pillared clay as
adsorbents of Methylene Blue from aqueous solutions.
To this end, various kinetics and equilibrium models are
applied to the experimental data of adsorption.

2. Experimental
2.1. Preparation of the adsorbents

The purified natural clay mineral used in this work
was a montmorillonite from Tsukinuno, supplied by
The Clay Science Society of Japan. The clay was interca-
lated with aluminium hydroxyl-polycations following a
standard procedure [7]. The aluminium hydroxyl-poly-
cation solution [8,9] has been prepared by slow addition
of a 1.5 mol/dm? solution of NaOH (Aldrich, 97%) to a
0.5 mol/dm? solution of AICL, 6H,O (Merck, 97%) under
vigorous stirring, with an OH / AI** mole ratio equal to 2.
The hydrolysed solution was allowed to age for 48 h at
323 K under continuous stirring. An Al/clay ratio of 10
mmol,,/ dn’13~gClay was used in the intercalation process.
The clay suspensions were kept in contact with the solu-
tion for 24 h at room temperature, washed by centrifuga-
tion, dried for 16 h at 373 K. The solids are designated
hereafter as Tsu-Mont and AIl-PILC, which refers to the
Tsukinuno montmorillonite used in the intercalation
process and to the pillared montmorillonite.

2.2. Characterization of clays

Textural analyses were carried out from the corre-
sponding nitrogen (Air Liquide, 99.999%) adsorption
at 77 K, obtained from a static volumetric apparatus
(Micromeritics ASAP 2010 adsorption analyser). 0.1 g of
the samples were degassed for 24 h at 473 K at a pressure
lower than 0.133 Pa.

2.3. Adsorption experiments

For all adsorption experiments, the concentration of
Methylene Blue (Merck, Basic blue 9, C,,H (CIN,S) in
the supernatant was determined by UV-visible spectros-
copy at the wavelength of 660 nm. A Hewlett-Packard
8453, Diode Array UV-vis spectrophotometer was used
for these analyses.

To measure the adsorption kinetics of the dye onto
the clays, 10 cm® of a Methylene Blue solution with an
initial concentration in the range of 150-800 ppm was
introduced into the glass vials and mixed with 0.1 g of
the adsorbents. The suspension was stirred continu-
ously at room temperature and the pH was maintained
at a value of 5.0 = 0.3. At pre-determined time intervals
between 0.5 and 40 min, the solutions were separated
from the adsorbent by centrifugation for 10 min at 3500
r.p.m. and the dye concentration in the supernatant was
determined. The amount of dye adsorbed on clay was
calculated as the change in the aqueous-phase concen-
tration from the initial value, according to the following
equation:

-C)-V
qt:(CO Ct} (1)

m

where C; = the initial concentration (mg/dm’); C, is the
concentration (mg/dm?®) at a certain adsorption time
t (min), V is the solution volume (dm?®); and m is the
amount of clay (g).

Several solutions of Methylene Blue with various
concentrations were prepared in order to determine the
equilibrium adsorption capacity of the two clay mineral
samples. Typically, 0.1 g of the adsorbent was poured
into the glass vials with 10 cm® of the dye solutions, rang-
ing from 50 to 700 mg/dm?, and the mix was kept under
constant stirring for the time determined in the previous
procedure to reach the equilibrium. The pH was main-
tained at a value of 5.0 + 0.3. The solutions were sepa-
rated from the adsorbent by centrifugation for 10 min at
3500 r.p.m. and the dye concentration in the supernatant
was determined. The amount of dye adsorbed on clay
was calculated as the change in the aqueous-phase con-
centration from the initial value, according to the follow-
ing equation:

Co—C)-V
qe:( 0 ) o)
m

where C, = the initial concentration (mg/dm?); C, = the
equilibrium concentration (mg/dm?); V = the solution
volume (dm?®); and m = the amount of clay (g).

3. Theoretical approach
3.1. Kinetic modeling

Several isotherm equations have been proposed to
describe the experimental data from adsorption proce-
dures [10]. The models that show how the g, changes
with the adsorption time are simple and easy to apply
for practical operations. Some models in this category
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are: the pseudo-first-order and the pseudo-second-order
rate equations.

In first order decay, the amount of material decaying
in a given period of time is directly proportional to the
amount of material remaining. The first-order rate equa-
tion or the so-called Langergren equation is commonly
expressed as Eq. (3) [11]. The first-order rate equation
indeed is in line with the concept of linear driving force.

;= k(g - a) )

which can be integrated for boundary conditions
(t=0-tand g=0-g,), leading to:

G = ge-[1 — exp(=ki1)] (4)

where k, (1/min) = the first order rate constant;
g, (mg/g) = the amount of adsorbate adsorbed at time
t (min); and g, (mg/g) = its value at equilibrium.

The second-order rate equation was first proposed
by Blanchard et al. [12], and it has been frequently
employed to analyse adsorption data obtained from
various experiments with several types of adsorbates
and adsorbents as reviewed by Ho et al. [13]:

Tty (ge—q) 5)

which can be integrated for boundary conditions
(t=0-tand g=0-g,), leading to:

ky-ge-t
Qt_—zq

B 1+ kZ'qe't (6)

where k, (g'mg/min) = the rate constant of the pseudo-
second-order adsorption; g, (mg/g) = the amount of
adsorbate adsorbed at time ¢ (min); and g, (mg/g) is its
value at equilibrium.

According to Liu and Shen in nearly all kinetic stud-
ies of adsorption, both first- and second-order rate equa-
tions have been commonly employed in parallel, and
one is often claimed to be better than another according
to a marginal difference in correlation coefficient [11].

3.2. Equilibrium modeling

The most common representation of the adsorbate
concentration and quantity of material adsorbed is
the adsorption isotherm. The equilibrium adsorption
isotherm is fundamental in describing the interactive
behaviour between solutes and adsorbent, and is impor-
tant for the design of the adsorption system [14]. In this

study the Langmuir, Freundlich and Sips isotherms
equations were used for modeling of experimental data.

3.2.1. Langmuir equation

Langmuir suggested a theory to describe the mono-
layer coverage of adsorbate over a homogeneous adsor-
bent surface. The adsorption isotherm is based on the
assumption that sorption takes place at specific homo-
geneous sites within the adsorbent. Once an adsorbent
molecule occupies a site, no further adsorption can take
place at that site [15]. Thus, an equilibrium value can
be reached and the saturated monolayer curve can be
expressed as:

_ kL i Ce

715k G @
where g, (mg/g) = the solid phase concentration of
adsorbed species at equilibrium; C, (mg/dm®) = the equi-
librium concentration of the adsorbate in the solution at
equilibrium; g, (mg/g) and k (dm’/mg) = Langmuir
constants, which represent the monolayer adsorption
capacity and the adsorption energy.

3.2.2. Freundlich equation

In 1906, Freundlich suggested a model to describe
the properties of heterogeneous systems [16]. This model
has been widely applied in heterogeneous adsorption
systems especially for organic compounds and high
interactive species on activated carbon. The studies from
Freundlich showed that the ratio of the amount of solute
adsorbed onto a given mass of adsorbent to the concen-
tration of the solute in the solution was not a constant at
different solution concentrations; the author proposed
this multi-site adsorption isotherm for heterogeneous
surfaces [15]. The Freundlich isotherm equation can be
expressed as follows:

7o = ke -CU™ ®)

where g (mg/g) = the solid phase concentration of
adsorbed species at equilibrium; C, (mg/dm’) = the
equilibrium concentration of the adsorbate in the solu-
tion at equilibrium; k, and m,_ = empirical constants and
indicate the adsorption magnitude and effectiveness.

3.2.3. Sips equation

The model is a combination of the Langmuir and
Freundlich isotherm type models. At low sorbate con-
centrations it effectively reduces to a Freundlich iso-
therm, while at high sorbate concentrations it predicts
a monolayer adsorption capacity characteristic of the



F.C.C. Assis et al. / Desalination and Water Treatment 39 (2012) 316-322 319

Langmuir isotherm [17]. The Sips equation isotherm can
be expressed as:

_ gs ks - Cls

1+kS~Cg’S (9)
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where g, (mg/g) = the solid phase concentration of
adsorbed species at equilibrium; C, (mg/dm’) = the
equilibrium concentration of the adsorbate in the solu-
tion at equilibrium; g, (mg/g) and k, (cm*/mg) = the Sips
constants and they represent the monolayer adsorption
capacity and the adsorption energy, respectively; m, is
an empirical constant.

4. Results and discussion
4.1. Characterization of the clays

The textural properties of the clays were summarized
in Table 1, indicating that the intercalation and pillaring
processes produced an important increase of the surface
area and pore volume in comparison with the mont-
morillonite. The Langmuir surface area (SLang) was cal-
culated from adsorption data over the relative pressure
rang between 0.01 and 0.05, taking the cross-sectional
area of the nitrogen molecule as 0.162 nm? [18]. The total
pore volume (VP) was estimated from the amount of
nitrogen adsorbed at a relative pressure of 0.99, assum-
ing the density of the nitrogen condensed in the pores is
equal to that of liquid nitrogen at 77 K (0.81 g/cm?) [18].
The external surface area (S,,) and the micropore vol-
ume (V) have been estimated by the t-plot method [18].

The pillared clay of this work exhibit high spe-
cific surface area, reaching a value of 406 m?/g, value
higher than that of the natural clay, 9 m*/g. An impor-
tant increase of the volume adsorbed by the micropores
takes place as a result of the pillaring process, from
0.002 cm?®/g for the natural clay to 0.149 cm?®/g for the
Al-PILC (see Table 1). The mesoporous region was
characterized using the Barrett-Joyner-Halenda (BJH)
method [19]. The comparisons of the mesopore volumes
(V) for pores in the range of 1.5-50 nm, as determined
by the BJH analysis, are also given in Table 1. The pillar-
ing process does not influence the mesopore size range.
An increase of the external surface area with the pillar-
ing process is also observed.

Table 1
Specific surface areas and pore volumes of the adsorbents
S, S \%4 Vv Vv
ang ext P up mp
(m*/g)  (m*/g) (cm?/g) (cm’/g) (cm’/g)
Tsu-Mont 9 3 0.047 0.002 0.020

Al-PILC 406 13 0.185 0.149 0.027

4.2. Adsorption experiments

The adsorption of pollutants from aqueous solu-
tions plays a significant role in water pollution control.
It is therefore important to be able to predict the rate at
which the contaminant is removed from aqueous solu-
tions in order to design an appropriate adsorption treat-
ment plant [20].

The evaluation of the amount of adsorbed Methylene
Blue, g, as a function of the adsorption time is presented
in Fig. 1. The adsorption kinetics parameters are esti-
mated by non-linear regression and the values are listed
in Table 2. The adsorption kinetics for the two clays does
not show a significant difference. However, the pillared
clay has a higher adsorption capacity than the montmo-
rillonite. It can be related to the pillaring process which
results in materials with altered chemical composition,
surface acidity and structure. In particular, surface areas
and pore volumes are significantly increased following
pillaring processes [21].

It seems that the effect of the adsorbate concentra-
tion is an interesting parameter to be considered in the
kinetics experiments [20,22]. The results show that the
amount of Methylene Blue adsorbed at equilibrium
increases with an increase in initial adsorbate concentra-
tion. The increase in the initial dye concentration from
150 to 800 ppm causes an increasing in the removal of
dye from 13 to 30 mg/g and from 15 to 70 mg/g for Tsu-
Mont and AI-PILC, respectively. It can also be observed
that at 150 ppm concentration there is a faster increase
in the amount of dye adsorbed at the beginning of the
experiment. At 800 ppm concentration, the system
needs more time to reach the equilibrium concentration.
A similar effect has been observed in a study of copper
(IT) sorption by chitosan [23]. At low initial adsorbate
concentration, the adsorbate will bind preferentially to
high-energy sites. The sites of higher energy are usu-
ally taken up by adsorbate molecules first, with sites of
lower energy progressively filled as adsorbate loading
is increased. It follows that the adsorbate bond in low
adsorbate loading situations will result in faster reaction
kinetics, as it is possible to see by the high values of k,
(see Table 2). Adsorption on sites of lower energy, as in
the case of high loading, will subsequently result in a
decrease in the k, value (see also Table 2).

The adsorption equilibrium data were fitted to the
Freundlich, Langmuir and Sips isotherm models. Each
model constants are used for predicting the adsorption
capacities and also for incorporating into mass transfer
relationship to predict the design of contacting experi-
ments [24]. The experimental data and the three modelled
isotherms are presented in Fig. 2. The best fitting results
were obtained with the Sips isotherm model, therefore
this isotherm is the one selected to be presented together
with the experimental data in Fig. 2. The parameters were
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Table 2
Pseudo-first and pseudo-second-order rate parameters for the Methylene Blue adsorption by Tsu-Mont and AI-PILC
Tsu-Mont AlI-PILC
150 ppm 300 ppm 800 ppm 150 ppm 300 ppm 800 ppm
First-order
k, (1/min) 1.66 0.58 0.80 1.03 0.60 0.32
e 2 33 495 53 116 543
R 0.88 0.84 0.49 0.85 0.73 091
Second-order
k, (mg/g-min) 0.556 0.047 0.061 0.136 0.045 0.008
e 6 8 463 81 35 394
R 0.65 0.96 0.54 0.76 0.93 094
100 50
| A pseudo-second order
5 pseudo-first order 5 Al-PILC N
2 80 =
2 £
& o
3 60 3 Tsu-Mont
2 2
o [e]
(%] (%]
g 40- g
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B pseudo-second order Fig. 2. Equilibrium adsorption data of Methylene Blue on
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Amount adsorbed, g,(mg/g)

45

time,t (min)

Fig. 1. Effect of the initial concentration on the adsorption of
Methylene Blue on Tsu-Mont (a) and AI-PILC (b).

estimated by non-linear regression and the values are
summarized in Table 3. For comparison, results obtained
from the literature on Methylene Blue adsorption by sev-
eral adsorbents are summarized in Table 4.

Tsu-Mont and AI-PILC.

5. Summary and conclusions

In the present study, the removal of Methylene
Blue from water solutions was investigated by using
as adsorbents a natural Montmorillonite (Tsu-Mont)
and its aluminium pillared form (AI-PILC). The kinetic
studies showed that 10 min of agitation is sufficient to
reach a complete equilibrium for the low-dye-concen-
tration/clay system. The adsorption of Methylene Blue
onto both clays obeyed pseudo-second-order kinetics.
The best equilibrium adsorption isotherm fit was
obtained with the Sips model, although Freundlich
model had the same good behaviour in the Methylene
Blue adsorption onto Al-PILC. The natural clay and its
pillared form have a similar adsorption capacity. How-
ever, it is possible to verify that AI-PILC has a higher
adsorption capacity, especially at initial concentrations
of dye in the solution.
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Table 3
Freundlich, Langmuir and Sips equation parameters for the
Methylene Blue adsorption by Tsu-Mont and Al-PILC

Tsu-Mont Al-PILC
Freundlich
k. 0.60 8.20
my 15 3.7
e 36 36
R 0.98 0.98
Langmuir
9, (mg/g) 73 40
k. (dm*/mg) 0.0018 0.061
e 10 145
R 0.996 0.95
Sips
qs (mg/g) 51 97
k,(dm?/mg) 0.00046 0.082
mg 14 0.4
e 2 32
R 0.9993 0.98
Table 4

Adsorption capacity (q,) of Methylene Blue and comparison
with other adsorbents

Adsorbent q, (mg/g) Reference
Activated Carbon F-400 409 [25]
Banana peels 181 [26]
Humic acid immobilized 195 [27]
zirconium pillared

montmorillonite

Kaolinite 77 [28]
Montmorillonite 110 [29]
Na-ghassoulite 135 [30]
Pansil 104 [31]

Peat 238 [32]
Sepiolite 110 [31]
Al-pillared clays 40-97 [This work]
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