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Sodic and Acidic Crystalline Lamellar Magadiite Adsorbents
for the Removal of Methylene Blue from Aqueous
Solutions: Kinetic and Equilibrium Studies

Betina Royer,1 Natali F. Cardoso,! Eder C. Lima,'! Thais R. Macedo,” and

Claudio Airoldi?

Unstitute of Chemistry, Federal University of Rio Grande do Sul, Porto Alegre, RS, Brazil
2Institute of Chemistry, University of Campinas, Campinas, SP, Brazil

The present study reports the feasibility of two synthetic crystal-
line lamellar nano-silicates, sodic magadiite (Na-mag) and its
converted acidic form (H-mag), as alternative adsorbents for the
removal of the dye methylene blue (MB) from aqueous solutions.
The ability of these adsorbents for removing the dye was explored
through the batch adsorption procedure. Effects such as the pH
and the adsorbent dosage on the adsorption capacities were
explored. Four kinetic models were applied, the adsorption being
best fitted to a fractionary-order kinetic model. The Kkinetic data
were also adjusted to an intra-particle diffusion model to give two
linear regions, indicating that the kinetics of adsorption follows mul-
tiple sorption rates. The equilibrium data were fitted to Langmuir,
Freundlich, Sips, and Redlich-Peterson isotherm models. The
maxima adsorption capacities for MB of Na-mag and H-mag were
331 and 173mgg ", respectively.

Keywords adsorption; magadiite; methylene blue; nanomaterial,;
phyllosilicate

INTRODUCTION

Industrial activities are responsible for generating large
volumes of hazardous species in their wastewater effluents
(1). Among those species, dyes represent an undesirable
class of compounds that inevitably require special treat-
ment, due to the fact that the simple presence of these
compounds in water reduces light penetration, precluding
photosynthesis of aqueous flora (2). In addition, other
features associated with many dyes are those that affect
humans, such as allergies, dermatitis, skin irritations, can-
cers, and mutagenicity (3-5). On the other hand, colored
waters are aesthetically objectionable for drinking and
other normal purposes (6). As expected, when industrial
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effluents contain traces of dyes, a purification operation
before being released to the environment is required (2,6).

Several methods have been developed for synthetic dye
removal from waters and wastewaters in order to decrease
their impact on the environment. The most inexpensive and
efficient procedure for such operations is related to adsorp-
tion (7-11), because the dye species are transferred from
the water effluent to a solid phase, with a consequent
decrease in the effluent concentration to reach as close as
possible to a minimum amount (7-11). Subsequently, the
adsorbent could be regenerated or kept in a dry place
without direct contact with the environment (7-11).

From a series of inorganic natural (8,9) and synthetic
materials (10-12), layered silicates and silicic acids have
aroused enormous interest due to their exceptional adsorp-
tions, cation-exchange properties, intercalations, and
organofunctionalization abilities (12). All these properties
infer the use of these materials for valuable potential
applications as adsorbents, ion exchangers, catalysts, and
molecular sieves.

The layered silicic acid families constituted of kenyaite,
makatite, kanemite, octosilicate, and magadiite and com-
prise a defined class of compounds with distinct layered
arrangements. All these pure crystalline layered materials
are successfully synthesized in the laboratory by hydrother-
mal treatment, through controlled conditions of time,
temperature, pressure, stoichiometry, and reagent ratio,
to obtain these compounds principally in the sodic form,
which is the preferred operational procedure. With the
exception of octosilicate, all other polysilicates are also
found naturally, for example, in highly alkaline lakes (13).

Despite the great importance of this class of layered
compounds, the correct structure of magadiite still remains
unknown. Some studies consider it to be built up of regular
sheets of SiO, tetrahedra, with terminal oxygen atoms
neutralized by sodium ions (14). To obtain crystalline
magadiite in the acidic form, the original sodium cations
must be ion-exchanged with hydrochloric acid (15).
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Similarly, to derivatize the silica surfaces (16), a large num-
ber of silanol groups are available, which hydrogen bond to
a large number of organic polar basic compounds (17) to
aid the adsorptive process or favor interaction as inter-
calation reactions take place (18).

The present investigation deals with the crystalline
lamellar silicate sodic magadiite (Na-mag) and its con-
verted acidic form (H-mag), as alternative adsorbents for
removal of methylene blue (MB) from aqueous solutions,
using a batch adsorption procedure. Methylene blue is an
organic dye belonging to the phenothiazine family. It is
mainly used for coloring bast (soft vegetable fibers such
as jute, flax, and hemp), paper, leather, mordant cotton,
silk, and wool (19). Due to its large application for coloring
different industrial materials, there is a constant interest in
removing it from aqueous solutions.

MATERIALS AND METHODS
Synthesis of Magadiite Material

Sodium magadiite (Na-mag) was synthesized using
hydrothermal conditions as described previously (20).
Briefly, a suspension of silica gel (Merck) and sodium
hydroxide (Vetec) in an aqueous solution, with a molar
ratio of SiO,:NaOH:H,O equal to 9:1:75, was heated at
420K for 72h in a sealed Teflon-lined vessel. The white
product was then washed with water until the pH reached
near neutral conditions, in order to remove the excess of
hydroxide. The solid was centrifuged and dried at 320K
for 24h. The acidic form (H-mag) was prepared at room
temperature, over 24h, by suspending the precursor
Na-mag in 0.20 moldm > hydrochloric acid (20).

Characterization

The X-ray diffraction patterns were obtained on a Shi-
madzu model XD3A diffractometer, with 20 varying from
1.4 to 55°, using nickel filtered Cu K, (1.54 nm) radiation.
Infrared vibrational spectra were obtained on a
MB-Bomem FTIR spectrometer, after pressing with KBr,
accumulating 32 scans in the 4000 to 400cm ™' region at
a resolution of 4cm™'(21).

The NMR spectra were obtained on a Bruker AC300/P
solid-state high-resolution spectrometer, using cross-polari-
zation and magic angle spinning (CPMAS), at a frequency
of 59.6 MHz with a rotational frequency of 15kHz, acquisi-
tion time of 6ms, and contact time of 5ms for the >°Si
nucleus. Chemical shifts were referenced to tetramethylsilane.

SEM images were recorded using a Jeol model JISM-6360
LV scanning electron microscope, equipped with a field
emission electron gun operated at 77 K and 5kV. The sam-
ples were deposited under a thin layer of a vitreous support
and dried with an acetone solution, sputter deposited prior
to SEM analyses, and the resolution achieved was <5nm.

The specific surface areas for the samples were deter-
mined by the BET (Brunauer, Emmett, Teller) multipoint

technique using a volumetric apparatus (22) with a
nitrogen probe. Pore size distribution was obtained by
nitrogen adsorption—desorption isotherms, determined at
the liquid nitrogen boiling point, using a volumetric
apparatus connected to a turbo Edwards vacuum line sys-
tem, employing a mercury capillary barometer (22). The
data analyses were made by the BJH (Barret, Joyer,
Halenda) method.

Thermogravimetric curves were obtained with a thermo-
balance from TA instruments 5100, TGA 2050 model,
under a flow of dry nitrogen 30cm’s™' and at heating rate
of 0.17Ks .

The point of zero charge (pHp,.) for both adsorbents
was measured through mass titration (23) methods.

Solutions and Reagents

Deionized water was used throughout the experiments
for all solution preparations.

The analytical grade cationic dye, methylene blue (MB)
(C.I. 52030, basic blue 9, C;cH;gN3SCI, as shown in
Scheme 1) was obtained from Sigma and was used without
further purification. The stock solution was prepared by
dissolving accurately weighed dye in deionized water to
obtain a concentration of 5000 mgdm 3. Other solutions
were obtained by diluting the stock dye solution to the
required concentration. To adjust the pH of the solutions,
0.10moldm— sodium hydroxide or hydrochloric acid
solutions were used. The pH of the solutions was measured
using a Hanna (HI 255) pH meter.

Batchwise Procedure

The adsorption studies to evaluate the magadiite adsor-
bents in sodic (Na-mag) and acidic (H-mag) forms for MB
dye removal from aqueous solutions were carried-out in
triplicate using the batch adsorption procedure. For these
experiments, fixed amounts of adsorbents varying from
20.0 to 200.0 mg were suspended in a series of 20.0 cm® of
dye solution with concentrations that varied from 2.00 to
1000.0mgdm > using 50cm® glass flasks. These suspen-
sions were stirred for suitable times from 5 to 360 min for
kinetic experiments. The isotherms clearly demonstrated
that a well-established plateau was obtained. The equili-
brium studies were carried out using the optimized condi-
tion of 210 min at 298 + 1 K. The pH of the dye solutions
ranged from 2.0 to 10.0. Subsequently, in order to separate
the adsorbents from the aqueous solutions, the flasks were
centrifuged at 3600 rpm for 10 min, and aliquots of 1.0 to

N
Y Cl
(CHa), S “SN*(CHa),

Methylene blue

SCH. 1. Structural formula of methylene blue.
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10.0 cm® of the supernatant were properly diluted. The final
concentrations of the dye that remained in the solution
were determined by visible spectrophotometry, using a
Femto spectrophotometer provided with 1.0cm path
length optical-glass cells. Absorbance measurements were
made at the maximum wavelength of MB dye of 660 nm.
The MB detection limit using the spectrophotometric
method, determined according to IUPAC (24), was
0.09 mgdm .

Batch desorption studies were carried out by agitating
20.0cm® of 200.0mgdm™> MB solutions (pH 8.5) with
60.0mg of Na-mag and H-mag adsorbents for 60 min.
The remaining liquid phase was separated from the solid
phase, and the dye loaded adsorbents, were first washed
with water for removing the non-adsorbed dye. Then, the
dye loaded adsorbents were agitated with 25.0ml of
aqueous solutions (0.01-0.25moldm > NaOH; 0.01-
0.50moldm > KCI; and 0.01-0.25moldm > HCI) up to
1h. The desorbed dye was separated and estimated as
described above.

The amount of dye uptake by and the percentage of dye
removal from the adsorbents were calculated by applying
Eqgs. (1) and (2), respectively:

q=(Co—Cp)-V]/m (1)
%Removal = [100 - (C, — Cy)/(C,)] (2)

where q is the amount of dye uptake by the adsorbents
(mgg"); C, is the initial MB concentration in contact with
the adsorbent (mgdm~™%), C; is the dye concentration
(mgdm ) after the batch adsorption procedure, V is the
volume of dye solution (dm®) in contact with the
adsorbent, and m is the mass (g) of adsorbent.

Kinetic and Equilibrium Models

Kinetic equations corresponding to Avrami (25), pseudo
first-order (26), pseudo second-order (27), Elovich (28),
and the intra-particle diffusion model (29) are given in
Table 1.

TABLE 1
Kinetic adsorption models
Kinetic model Non-linear equation Ref.
Avrami Qi =qetl —exp[—(kav)]"*Y}  (25)
Pseudo-first order gy = qe[1 — exp(—kgt)] (26)
Pseudo second order ¢, = (ky-q> - £)/(1 + qe - ks-1) (27)
ho = kyq?

initial sorption rate

Elovich qc=(1/p)Ln(af) + (1/)Ln(t) (28)
Intra-particle qt =kig- vVt +C (29)
diffusion

TABLE 2
Isotherm models
Isotherm model Equation Ref.
Langmuir Je =(Qmax - K- Ce/1 + Ky - Cy) (30)
Freundlich q. = Kg - Cl/nF (31)
Sips de = (Quax - Ks - CI/™ /1 4+ Kg - CV/™) (32)
Redlich- de = (Kgp - C¢/1 4+ aRP - C¥) (33)
Peterson

where 0<g<1

The isotherm equations corresponding to Langmuir
(30), Freundlich (31), Sips (32), and Redlich-Peterson
models (33) are listed in Table 2.

Statistical Evaluation of the Kinetic and
Isotherm Parameters

The kinetic and equilibrium models were fitted by
employing the nonlinear method, using the nonlinear
fitting facilities of the software Microcal Origin 7.0. In
addition, the models were also evaluated by an error
function, which measures the differences in the amount
of dye uptake by the adsorbent predicted by the models
and the actual q measured experimentally (34).

i

p
2
Ferror= \J Z(qimodel - qiexperimental/qi experimental) : (l/p - 1)

3)

where ¢; model 1S the value of q predicted by the fitted
model, q; experimental 1S the value of q measured experimen-
tally and p is the number of experiments performed.

RESULTS AND DISCUSSION
Adsorbent Characterization

The synthesized crystalline compounds Na-mag and
H-mag (20) were characterized through X-ray diffraction
(XRD) patterns, as shown in Fig. 1a. The expected lamellar
structure for Na-mag is in agreement with the signals at 20
5.7, 11.4 and 17.1°, to give 1.55, 0.78, and 0.52 nm, which
correspond to the indexed (001), (002), and (003) diffrac-
tion planes, respectively (13). Additional signals at 26 of
23 to 30° to give the 3.83 to 2.94 nm range are also charac-
teristic features related to the crystalline layered com-
pound. When the precursor material is acidified to
prepare H-mag, the corresponding signal due to the inter-
layer distance changes to 26 7.3° that corresponds to
1.17nm, as shown in Fig. 1a, clearly indicating a decrease
of the interlayer distance, as the sodium cation is
exchanged by a proton, not only due to the difference in
size, but also to the large hydration of the sodium ion (12).
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FIG. 1. A- X-ray diffraction patterns (XRD); B- IR spectroscopy; C-
curves, F- derivative thermogravimetric curves, for Na-mag and H-mag.

The infrared spectrum of Na-mag presents a wide band
due to O—H stretching vibrations, which is attributed to
the interlayer water bonded to the acidic centers on the
inorganic layers and reinforced by the silanol groups in
the 3640 to 3590 cm ™' range, followed by the out of plane
vibration in the 1660 to 1628 cm ™! interval (15) as shown in
Fig. 1b. The absorption bands of the layered silicate frame-
work are located in the 1400 to 500 cm ™' region. The bands
at 1000 to 1250cm™" are attributed to SiO4 group vibra-
tions with strong asymmetric stretching at 1075cm ™',
assigned to Si-O-Si (v,s Si—O—Si) and also to the terminal
Si—O— (v Si—O-) bonds. The symmetric Si—O-Si

H-mag

Na-mag

Transmittance / a. u.

10%

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wave number/cm’'

(b)

Viem’g'

%)

Derivative mass loss / a.u.

Temperature/K

)

2Si NMR; D- N, adsorption/desorption isotherms; E- thermogravimetric

(vs Si—O—Si) stretching vibrations are located in the 700
to 950cm ™! region and the corresponding deformation
bands for Si—O—Si and O—Si—O (¢ SiO) are sited in the
400 to 700cm ™! interval (35). When sodium ions are
exchanged by protons, the same bands for the inorganic
framework are maintained, with a highly intense peak at
701cm™' in agreement with sodium replacement. Pro-
nounced bands related to silanol groups occurred in the
3200 to 3750 cm ™' range (12,35), as shown in Fig. 1b.
29Si NMR spectra in the solid state for sodic and acidic
magadiites are shown in Fig. 1c. Through the distribution
of groups containing silicon atoms on the surface it is
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possible to understand the characteristic structure of the
inorganic layered matrices. For the sodium magadiite
(Na-mag) spectrum a Qjz signal at —99.2ppm was
observed, which is related to the HOSIi(OSi); species in
the silicate sheet; however, the strongly hydrogen bonded
water molecules result in a broad peak, and for the acidic
form (H-mag) this signal is located at —101.1 ppm. For
Q, signal, Si(OSi),, three peaks are observed in sodium
magadiites at —109.2, —111.2, and —114.3 ppm respectively
(15), while for acidic magadiite, those Q* signals were
located at 110.9, —113.5, and —114.1 ppm. Each magadiite
layer presented equal numbers of sodium cations or pro-
tons to counter the negative charge on the oxygen atoms,
being as a result, neutral structures. For acidic magadiite
distinguishable siloxane and silanol groups can be defined
(12), which were identified by the signal displacement of
the peaks.

The BET surface area results for sodic and acidic maga-
diites were 25.1+0.1 and 16.94+0.1m?g ™', respectively.
Those crystalline layered materials present a smooth
hysteresis that corresponds to the H3 type, which are asso-
ciated with split-shape pores between parallel plaques.
From the BJH method average pore diameters for sodic
and acidic magadiites of 25+1 and 19+ 1nm were
obtained, respectively, showing a non-homogeneous pore
distribution. After matrix acidification, the lamella are
going to be closer together as was confirmed by X-ray dif-
fraction patterns and, consequently, a decrease in surface
area and average pore diameter for acidic magadiite is
expected (20). These adsorption/desorption isotherms are
shown in Fig. 1d for sodic and acidic magadiites.

The thermogravimetric and derivative curves for sodium
and acidic forms for both magadiites are shown in Figs. le

and 1f, respectively. When sodic and acidic magadiites are
heated distinct masses are lost, as clearly demonstrated
through the derivative curves. Thus, from the curve for
Na-mag (Fig. 1e), the highest loss, shown through the deri-
vative curve (Fig. 1f), presents two peaks at 339 and 382 K.
These inflections could be interpreted as related to loss of
water molecules bonded through hydrogen bonds to other
similar molecules, as well as those bonded to inorganic sila-
nol groups on the surface and finally to those bonded to the
sodium ions located in the interlayer cavity, to give a total
of 15.6% that corresponds to 9.2moles of water (20).
Although the general appearance of the thermogravimetric
curves is similar, differences in the amount of water and in
the temperatures of water release could be related to mea-
surement conditions, when compared with other reports
(15,36). Two other not well-defined mass losses were also
observed for the sodium matrix at 565 and 855K, which
were attributed to inorganic framework silanol dehydroxy-
lations to form siloxane bonds. The replacement of sodium
by proton ions causes a modification of hydration capabil-
ity of the sample. The thermogravimetric curves present a
much lower mass loss for H-mag, as shown in Fig. le,
which reflects in the respective derivative curve, as shown
in Fig. If, by presenting a value of 1.6%, to give only
0.80moles of water, as expected from the absence of Na*t
ions in the interlayer space. Very weak signals are present
at 628 K, as was also previously observed (20).

The micrographs for sodic and acidic matrices are
shown in Fig. 2. By comparing these images, it is possible
to observe that the general morphology of the precursor
Na-mag matrix is maintained even after acidic treatment
to obtain H-mag. The existence of plaques (12) is clearly
viewed, as expected for such layered materials.

FIG. 2. SEM for Na-mag (A) and H-mag (B).
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Effects of Acidity on Adsorption

One of the most important factors in adsorption studies is
the effect of the acidity of the medium (37). Different species
will present divergent ranges of suitable pH depending on
which adsorbent is used. The effects of initial pH on MB
dye adsorption capacity using sodic and acidic magadiite
were evaluated within the pH range of 2 to 10, as shown in
Fig. 3a. Dye removal increased significantly with the pH, ran-
ging from 2.0 to 8.0 and 2.0 to 8.5 for sodic and acidic maga-
diites, respectively. For Na-mag, the variation of the amount
of MB removal was lower than 0.3% for pH values ranging
from 8.0 to 10.0. For H-mag in the pH 8.5 to 10.0 interval
the variation in the percentage of removal was lower than
0.8%. Therefore, the best pH interval for MB adsorption
on both sodic and acidic magadiite was from 8.5 to 10.0.

The point of zero charge (pHpzc) obtained for Na-mag
and H-mag were 4.5 and 3.7, respectively. For pH values
higher than pHpzc the adsorbent presents a negative sur-
face charge. The higher amount of MB dye adsorbed by
the two adsorbents at pH values higher than 8.5 can be
explained by considering the electrostatic interactions
between the surface charge of the adsorbents, which

100 -
Na-mag
80
H-mag

60

40 4

Removal / %

20

@

became negatively charged at pH>4.5 and >3.7, for
Na-mag and H-mag, respectively (pH >pHpzc), with the
positively charged MB dye. Based on these data, for both
adsorbents, the pH value was fixed at 8.5.

Adsorbent Dosage

The adsorbent dosage investigation for dye removal
from aqueous solution was carried out using masses of
both adsorbents ranging from 20.0 to 200.0 mg, by fixing
the initial concentration and volume of MB solutions at
500.0 mgdm ™~ and 20.0 cm®, respectively. It was observed
that higher amounts of dye removal were attained for
adsorbent masses of at least 60.0mg of each adsorbent,
as shown in Fig. 3b. For adsorbent masses higher than
these values, the dye removal remained almost constant.
The increase in the percentage of dye removal with the
adsorbent mass can be attributed to the increase in the
adsorbent surface areas, augmenting the number of
adsorption sites available for adsorption (6,21,34). On the
other hand, the increase in the adsorbent mass promotes
a remarkable decrease in the amount of dye uptake per
gram of adsorbent (q), as shown in Fig. 3c, an effect that
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FIG. 3. Effect of pH on MB adsorption (200 mgdm~>); B- Effect of adsorbent mass on the percentage of MB removal (500 mgdm~>) from aqueous
effluents; C- Effect of adsorbent mass on the amount of dye adsorbed. Contact time was fixed at 240 min.
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can be mathematically explained by combining Eqgs. (1)
and (2) to give:

q = (%Removal - Co - V)/(100 - m) (4)

As observed from Eq. (4), the amount of dye uptake (q)
and the mass of adsorbent (m) are inversely proportional.
For a fixed dye percentage removal, the increase of adsor-
bent mass leads to a decrease in q values, since the volume
(V) and initial dye concentrations (C,) are always fixed.
These values clearly indicate that the adsorbent masses
must be fixed at 60.0mg for both sodic and acidic

magadiites, masses that correspond to the minimum
amount of adsorbent that leads to constant dye removal.

Kinetic Studies

Studies of adsorption kinetics are an important feature
to be considered in aqueous effluent treatments as they pro-
vide valuable information on the mechanism of adsorption
processes (21,34). In attempting to describe the dye adsorp-
tion by both adsorbents, four kinetic models were fitted, as
shown in Figs. 4a and 4b. The kinetic parameters for the
fitted models are listed in Table 3.

-3 -3
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w0 " Na-mag
100
o 20
120
"o 100 = Experimental point ‘o 1% = Experimental point
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FIG. 4. Kinetic models for MB adsorption.
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TABLE 3
Kinetic parameters for MB removal using Na-mag and H-mag adsorbents. Conditions: temperature 298 + 1 K at
pH 8.5 and mass of adsorbent 60.0 mg

Na-mag H-mag

500 mg dm™3 750 mg dm™3 500 mg dm™3 750 mg dm™3
Avrami
Kav (min~") 0.0149 0.0151 0.0157 0.0159
ge (mgg ™) 169 240 156 170
Nav 1.42 1.41 1.30 1.29
R? 0.9998 0.9997 0.9997 0.9998
Ferror 0.0685 0.0810 0.0721 0.0780
Pseudo-first order
ke (min~") 0.0125 0.0127 0.0137 0.0140
Qe (mgg ™) 180 254 163 177
R? 0.9852 0.9858 0.9911 0.9917
Ferror 0.424 0.366 0.216 0.185
Pseudo-second order
ks (gmg ' min~") 5.00-107° 3.00-107° 6.00-107° 6.00-107°
Qe (mgg™) 234 330 208 225
h, (mgg ' min~") 2.75 3.27 2.59 3.04
R? 0.9704 0.9709 0.9770 0.9773
Ferror 0.515 0.453 0.298 0.265
Elovich
« (mgg 'mint) 6.02 8.64 6.06 6.74
B (gmg") 0.0202 0.0143 0.0227 0.0210
R? 0.9564 0.9563 0.9618 0.9615
Ferror 1.41 1.23 0.829 0.745
Intra-particle diffusion
ki (mgg~ ' min~%) 19.3 25.9 16.5 18.0

*First stage.

The Avrami fractionary kinetic order was suitably fitted,
presenting low error function values and also high R?
values, for the two initial concentration levels of the dye
with both adsorbents. The lowest error function is followed
by similar differences in calculated q values, by considering
the experimentally measured model (34). It should be
stressed that only the analysis of R? values for the estab-
lishment of a given model is not enough, because the error
function evaluates the differences associated with each
individual point fitted by the model, in relation to each
measured experimental point. On the other hand, the R>
value measures the differences associated with each indivi-
dual point in relation to the average fitted curve (34).

Additionally, it was verified that the q. values found in
the fractionary-order were in good agreement with the
experimental data. For all other models, the q values were
not coincident with the q. experimental values. These
results indicate that the fractionary-order kinetic model
best explains the adsorption process of MB uptake by
Na-mag and H-mag adsorbents.

By analyzing the values of the kinetic parameters
depicted in Table 3, it should be mentioned that the kav
values showed a variation lower than 1.3%, when the initial
concentration of the adsorbate increased from 500 to
750 mg dm .

The Avrami kinetic equation has been successfully
employed to explain several kinetic processes of different
adsorbents and adsorbates. The Avrami exponent (navy)
is a fractionary number related with the possible changes
of the adsorption mechanism that take place during the
adsorption process (6,21,25,28,38-43). If the mechanism
of adsorption follows only an integer-kinetic order, the
adsorption could follow multiple kinetic orders that are
changed during the contact of the adsorbate with the
adsorbent (38-43). The navy is a result of multiple kinetic
orders for the adsorption procedure.

Taking into account that the kinetic results fit very well
into the Avrami fractionary kinetic model for the dye using
Na-mag and H-mag adsorbents, listed in Table 3 and
Figs. 4a and 4b, the intra-particle diffusion model (29),
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was plotted in order to verify the influence of mass transfer
resistance on the binding of MB to both adsorbents, as
indicated by the values listed in Table 3 and shown in
Figs. 4c and 4d.

The possibility of intra-particle diffusion resistance affect-
ing adsorption was explored using the appropriate model
(29). Thus, the diffusion constant, ki (mgg~' min~"?), can
be obtained from the slope of the plot of qt (uptake at any
time, mgg ") versus the square root of time. Figures 4c and
4d show the plots of qt versus t'/2, with multi-linearity for
the dye using Na-mag and H-mag adsorbents. These results
imply that the adsorption processes involve more than a sin-
gle kinetic stage or sorption rate (43). The adsorbents exhib-
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FIG. 5. Isotherm models for MB adsorption from aqueous solutions on
Na-mag and H-mag adsorbents using the batch adsorption procedure at
298 + 1K, adsorbent mass of 60 mg; pH fixed at 8.5 for contact time of
210 min. A- Na-mag and B- H-mag.

ited two stages, which can be attributed to two linear parts,
involving Figs. 4c and 4d. The first linear part can be attrib-
uted to intra-particle diffusion, which caused delay in the pro-
cess. However, the second stage may be regarded as the
diffusion through smaller pores, which is followed by the
establishment of equilibrium (43).

Equilibrium Studies

The adsorption isotherm describes the amount of adsor-
bate uptake by the adsorbent and the adsorbate concentra-
tion that should remain in solution. Therefore, a lot of
equations for analyzing experimental adsorption equili-
brium data are available. The equation parameters of these
equilibrium models often provide some insight into the
adsorption mechanism, the surface properties and the affi-
nity of the adsorbent. For this purpose the Langmuir (30),
the Freundlich (31), the Sips (32), and the Redlich-Peterson
(33) isotherm models were assayed.

The isotherms of MB adsorption on both adsorbents
were performed, by using the best experimental conditions,
as shown in Fig. 5, and the data of the fitted models are
presented in Table 4. Based on the F.., the equilibrium

TABLE 4
Isotherm parameters for MB adsorption using
Na-mag and H-mag as adsorbents. Conditions:
Temperature 298 + 1 K, contact time 210 min, at
pH 8.5 and mass of adsorbent 60.0 mg

Na-mag H-mag
Langmuir
Quax (mgg™") 331 173
K; (dm’mg ") 0.369 0.352
R’ 0.9952 0.9978
Ferror 0.0401 0.0236
Freudlich
Kr(mgg '(mgdm )~ 1/m) 145 88.7
ng 5.14 8.01
R’ 0.8848 0.8153
Ferror 0.185 0.194
Sips
Qmax(mgg ™) 335 174
Kg ((mgdm—3)~ /1) 0.381 0.379
ng 1.06 1.08
R? 0.9956 0.9988
Ferror 0.0421 0.0129
Redlich-Peterson
Kgp (dm?g™1) 129 62.8
agp (mgdm )78 0.410 0.373
g 0.987 0.995
R’ 0.9956 0.9980
Ferror 0.0410 0.0203
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SCH. 2. Mechanism of adsorption of methylene blue on Na-mag and H-mag.

data fit very well all the isotherm models for both adsor-
bents, with the exception of the Freundlich model. For
Na-mag, the results fit slightly better to the Langmuir iso-
therm model and for H-mag to the Sips isotherm model,
whose results were corroborated by the R? value.

Taking into account that the equilibrium results were
practically coincident for the Langmuir, the Sips, and the
Redlich-Peterson isotherm models, the maximum amounts
of MB uptake were 331 and 173mgg~" for Na-mag and
H-mag, respectively. From the viewpoint of the interacting
exchanger process at the solid/liquid interface, the adsorp-
tion of MB by the adsorbents should follow the mechanism
depicted in Scheme 2. For H-mag the adsorption follows
two steps and for Na-mag only one step is required.
For H-mag, in the first step, the lamellar silicate is
equilibrated with the aqueous solution (8.5 < pH < 10.0),
where the available silanol groups loose protons, to form
interchangeable sodium silicate. In the second step for both
H-mag and for Na-mag the MB is intercalated inside the
lamella of the silicate, with an ion-exchange process
between the positively charge of dye (MB) with the sodium
cation originally bound to the silicate matrix. The
ion-exchange of the dye with the lamellar silicate occurs
with an expansion of the basal space, as previously
observed (44). Taking into account that Na-mag presents
cationic sodium ions already bonded to the layered surface,
the ion-exchange mechanism is facilitated by the entrance
of the guest (MB), a fact that explains its higher adsorption
capacity for MB.

Desorption Experiments
Desorption experiments were carried-out in order to
verify the possible ion-exchange mechanism of adsorption

100
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8 8 8

PO LLL L O x@p &
> FIT NI AR
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FIG. 6. Desorption of MB loaded on Na-mag (a) and on H-mag (b)
adsorbents with solutions expressed by concentration in moldm~>. Deso-
rption experiments were carried out at 298 K during 1 h.
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of MB on Na-mag and H-mag adsorbents, as well as to test
the reusability of the adsorbents in industrial applications
(see Fig. 5). It was observed that NaOH did not lead to
any removal of the MB dye loaded adsorbents after 1h
of contact time (see Fig. 6). The desorption experiments
carried-out with KCIl promoted a fair regeneration of the
MB loaded Na-mag (<47%) and MB loaded H-mag adsor-
bents (<44%) after 1 h of contact (see Fig. 5). The immedi-
ate desorption (<10 min) of MB from Na-mag and H-mag
was achieved by using HCI solutions (see Fig. 5). These
results reinforce the ion-exchange mechanism of adsorp-
tion of MB on Na-mag and H-mag adsorbents, already
explained above. The recuperated adsorbents were again
employed for MB dye adsorption, after regeneration of
the adsorbents with 0.25moldm > of sodium hydroxide.
No significant losses of adsorption capacity (<1.5%), were
observed during the Scycles of adsorption/desorption
using both adsorbents.

These results are important from the economic point of
view, since industrial effluents contaminated with MB (19)
could be treated with the Na-mag and H-mag adsorbents,
using stirred tank reactors that were simulated by the batch
adsorption procedure described in this work.

Comparison of Different Inorganic Adsorbents
for MB Adsorption

A comparison of several inorganic adsorbents employed
for MB adsorption is listed in Table 5 (8,45-54). As
observed, the Na-mag and H-mag adsorbents employed
in this investigation present very high adsorption capacities
for the dye when compared with several other inorganic
adsorbents. By considering a set of eighteen adsorbents,
Na-mag presented higher sorption capacity than fifteen
of them (8,45-54), and H-mag showed to be more efficient
than eleven of this same series of adsorbents (8,45-54).
These outstanding sorption capacities place Na-mag as
one of the best adsorbents and H-mag in an intermediate
position in relation to the adsorption capacity for MB
dye removal from aqueous solutions.

CONCLUSION

The synthesized crystalline layered silicic sodic maga-
diite and its converted acidic form represent good alterna-
tive adsorbents for methylene blue removal from aqueous
solutions. Both inorganic matrices have the ability to inter-
calate the dye inside the free cavities of the matrix at the
solid/liquid interface, when the samples are suspended in
water, after establishing the best conditions of pH, in the
8.5 to 10.0 range, with a minimum shaking time of
210 min, a time necessary to saturate the available centers
located on the exchanger surface and to provide a
well-defined isotherm. Good regenerations of the MB
loaded Na-mag (95%) and H-mag (93%) adsorbents were
achieved using a 0.25 mol dm > hydrochloric acid solution,

TABLE 5
Comparison of maxima adsorption capacities (MAC) of
MB on different inorganic adsorbents (Ads)

MAC

Ads (mgg ')  Ref.

Natural zeolite 25 8
Pyrolyzed petrified sediment 2.39 45
Activated carbon 298 46
Activated carbon 345 46
Activated carbon 385 46
Activated carbon 588 46
Acid treated diatomite 126.6 47
Palygorskite clay 51.0 48
Ordered mesoporous carbon 100.0 49
Titania-silica mesoporous materials 96 50
Activated carbo-aluminosilicate 117.9 51
Activated carbo-aluminosilicate 212.5 51
Activated carbo-aluminosilicate 325.2 51
Activated spent diatomaceous earth 56.2 52
Titania nanotubes 290 53
Natural zeolite 18.3 54
Geopolymeric adsorbents from fly ash  32.0 54
H-mag 173 This work
Na-mag 331 This work

reinforcing the ion-exchange mechanism. Four defined
kinetic models were used to adjust the adsorption and the
best fit was the Avrami (fractionary-order) model. How-
ever, the intra-particle diffusion model gave two linear
regions, which suggested that the adsorption can be also
followed by multiple adsorption rates. The maximum
adsorption capacities were 331 and 173mgg~" for sodic
and acidic magadiite, respectively. The proposed mechan-
ism for this process can be related to the highest value
obtained for the sodic form, that is caused by the facility
of the dye to exchange, not only due to the ionic bonding
character of this cation, but also because the process
occurred in a favorable expanded basal space.
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NOTATIONS

o the initial adsorption rate (mgg 'min~") of the
Elovich equation.

p Elovich constant related to the extent of surface

coverage and also to the activation energy involved
in chemisorption (gmg ).
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aRrp the Redlich-Peterson constant (mgdm ) €.

C constant related with the thickness of boundary
layer (mgg ).

Ce dye concentration at the end of the adsorption
(mgdm ).

Ce dye concentration at equilibrium (mgdm ).

G initial dye concentration in contact with the adsor-
bent (mgdm ).

dq differential of q.

g dimensionless exponent of the Redlich-Peterson
equation.

h, the initial sorption rate (mg g{1 minfl) of the
pseudo-second order equation.

kay  the Avrami kinetic constant (min~').

k¢ pseudo-first order rate constant (min~").

Kg the Freundlich constant related to adsorption
capacity [mgg™! (mgdm—>)"1/2F].

kiq intra-particle diffusion rate constant
(mgg~ ' min~"7),

Ky Langmuir affinity constant (dm> mg™").

Krp  Redlich-Peterson constant (dm’g™).

Kg the Sips constant related to the affinity constant
(mg dm—S)—l/ns.

ks the pseudo-second order rate constant
(gmg 'min~").

m mass of adsorbent (g).

nay fractionary reaction order (Avrami) which is
related to the adsorption mechanism.

ng dimensionless exponent of Freundlich equation.

ng dimensionless exponent of Sips equation.

q amount of the dye adsorbed by the adsorbent
(mgg ).

de amount of dye adsorbed at the equilibrium
(mgg ™).

Qmax  the maximum adsorption capacity of the adsorbent
(mgg ™).

ot amount of adsorbate adsorbed at time t (mgg ™).

t time of contact (min).

A% volume of dye in contact with the adsorbent (dm?).
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