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A study has been performed on the removal of representative cationic and anionic dyes, methylene blue and
metanil yellow, from aqueous solutions using fibrous clay minerals grafted with amine groups using (3-
aminopropyl)triethoxysilane as functionalizing agent. Parameters affecting dye uptake, including contact time
and dye concentration, the desorption process, pH and the recovery of both the dyes and the adsorbents, were
evaluated. The adsorption capacities were 49.48 and 47.03 mg/g for grafted palygorskite and 60.00 and
59.78 mg/g for grafted sepiolite, for methylene blue and metanil yellow dyes, respectively. Adsorption of the an-

Iég;‘smrds' ionic dye was enhanced by the grafting process. Grafted clay mineral adsorbents proved to be efficient to remove
Chemical modification the contaminants from a real wastewater from textile industry within 30 min. Both adsorbents showed good re-
Aminosilane usability and the maximum adsorption capacity was maintained stable after a 2-cycle test. Thus, hybrid adsor-
Adsorption of dyes bents based on fibrous clay minerals can efficiently be applied in adsorption/desorption cycles for removal of

dyes.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Water pollution, mainly due to industrial processes, is one of the
most serious environmental problems in modern society
(Anandkumar and Mandal, 2011). Many industries, such as paper and
pulp, cosmetics, paints and pigments, plastics, leather tanning and tex-
tile, generate huge amounts of colored effluents which contain consider-
able amounts of toxic substances (Ozer et al., 2007; Demirbas et al.,
2008).

Palygorskite (Pal) and sepiolite (Sep) are fibrous clay minerals
whose basic structure can be described as 2:1 ribbons laterally linked
to each other by single basal oxygens (Galan and Singer, 2011). The
structure of Pal is similar to that of Sep except that a shorter b dimension
incorporates only two linked pyroxene-like chains in the ribbon width,
instead of three for Sep. This unique structural arrangement results in a
large specific surface area (higher than 200 m?/g) and good adsorption
capacity for several organic compounds (Onal and Sarikaya, 2009; Galan
and Singer, 2011).

Grafting of organo-alkoxides containing various groups, such as
amine, mercapto or chlorine, among others, on different matrices has
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been recently reported by several authors, e.g., on silica (Linneen et al.,
2014; Tiozzo et al., 2014), alumina (Afkhami et al., 2011; Saha and
Sarkar, 2012), or zeolites (Bezerra et al., 2014), as well as layered
(Tonlé et al., 2007; Onal and Sarikaya, 2009; Letaief et al., 2011;
Wayde et al., 2011) or fibrous clay minerals (Letaief et al., 2011). The
functionalizing molecules promote specific properties of the inorganic
matrices providing or enhancing interesting properties to the grafted
materials, making them potentially applicable in environmental reme-
diation of various pollutants such as dyes, pesticides, heavy metals
and drugs.

As indicated above, dyes are released into effluents from textile,
leather, shoes polish, wood stain, paper, food and cosmetic industries,
among others (Ozer et al., 2007; Demirbas et al., 2008; Anandkumar
and Mandal, 2011). Metanil yellow, MY (monosodium salt of 3-(4-
anilinophenylazo)benzenesulfonic acid, Fig. S1) is manufactured for
textile industries and other purposes, and although it is non-permitted
for coloration of food, it is extensively used in India and other countries
(Nagaraja and Desirajut, 1993; El-Rehim et al., 2012). The environmen-
tal damage due to synthetic azo dyes is of increasing concern due to
their serious health effects on animals and human beings. MY has carci-
nogenic effects due to the changes that can promote in the DNA synthe-
sis (Nagaraja and Desirajut, 1993; Jain et al., 2003). Methylene blue, MB
(3,7-bis(dimethylamino)-phenothiazin-5-ium chloride, Fig. S1), has
practical application in the textile industry and has been used in a
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large number of studies as model of cationic dyes (Jain et al., 2003; Ozer
et al., 2007; Demirbas et al., 2008; Anandkumar and Mandal, 2011).

Several methods for treatment of dye-containing wastewater have
been developed recently, including adsorption on various matrices
(Jain et al., 2003; Ozer et al., 2007; Demirbas et al., 2008; Anandkumar
and Mandal, 2011), advanced oxidation processes (AOP) such as Fenton
and photo-Fenton (Sahoo and Gupta, 2012; Barbosa et al., 2015) or elec-
trochemical treatments (Gupta et al., 2007), among others. Removal
and recovery of dyes from solutions by a simple and versatile adsorption
method is certainly an emerging field of research, because adsorption is
a clean operation and can completely remove the dyes even from dilute
solutions (Ozer et al., 2007; Demirbas et al., 2008; Anandkumar and
Mandal, 2011; Galan and Singer, 2011). The most commonly used ad-
sorbent is activated carbon, due to its very high specific surface area
and large amount of adsorption sites on the surface. However, commer-
cially available activated carbons are very expensive. Alternatively,
modification of natural clay minerals by organic groups can improve
their adsorption capacity and make them suitable for the adsorption
of various compounds. In fact, several issues related to the preparation
and application of hybrid materials based on fibrous clay minerals
have been addressed, as the use of long- or short-chain organic com-
pounds containing different functional groups, thus tailoring the hydro-
phobicity, the affinity of the functional groups for different organic and
inorganic pollutants, the mechanism of partitioning at the solid/solution
interface, etc. (Frost and Mendelovici, 2006; Frost et al., 2010; Galan and
Singer, 2011; Xue et al., 2011; Ruiz-Hitzky et al., 2013; Matusik and
Wiécisto, 2014).

The adsorption of cationic and anionic species on one single matrix
has attracted a great interest in recent years, and hybrid compounds
are good candidates for this purpose, as they show high versatility and
usability, as well as increased performance by combining the properties
of the matrix with the functionality of the organic compound. Taking
into account the importance of environmental studies based in natural
clay minerals, the adsorption of cationic and anionic dyes (methylene
blue, MB, and metanil yellow, MY) on two fibrous clay minerals, sepio-
lite and palygorskite, organofunctionalized with the alkoxide 3-
aminopropyltrietoxysilane (APTES), has been studied in the present
work. Our main purpose was to verify and to understand the effect of
chemical modification of these two fibrous natural clay minerals
(palygorskite and sepiolite) with aminosilanes on their adsorption
properties.

2. Experimental
2.1. Materials

The adsorbates MB (Cl: 52015, chemical formula:
Cy6H18CIN3S.xH,0, MW: 333.6 g/mol, maximum absorbance N =
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665 nm) and MY (C.L: 13065, chemical formula: C;gH4N3NaOsS,
MW: 375.38 g/mol, maximum absorbance N = 440 nm) were supplied
by Sigma-Aldrich.

2.2. Purification of fibrous clay minerals

The fibrous clay minerals used in this work were palygorskite from
Attapulgus, Georgia, USA (Clay Minerals Society), also known as
attapulgite, and sepiolite from Vallecas, Madrid, Spain, commercially
available as PANGEL, and kindly supplied by TOLSA, S.A. Both were pu-
rified according to the dispersion-decantation method (Bizaia et al.,
2009), obtaining very pure clay minerals (Fig. 1). In the formulation of
the samples, purified palygorskite and sepiolite are abbreviated as Pal
and Sep, respectively.

2.3. Synthesis of the amino-hybrid clay minerals

The hybrid organic-inorganic materials were obtained by keeping a
mass of 10.0 g of the precursor (Pal or Sep) in the presence of 50.0
cm? of (3-aminopropyl)triethoxysilane (APTES) for 48 h at 180 °C and
under nitrogen atmosphere (without using any solvent, as APTES is a
liquid). So, the clay mineral:APTES mass/volume ratio used was 1:5.
The resulting materials were washed twice with toluene, then 5 times
with ethanol and finally 5 times with water and oven-dried at 80 °C
for 24 h; they were named as Pal-APTES and Sep-APTES, respectively.

24. Adsorption experiments

24.1. Kinetic studies

The adsorption kinetics was determined by analyzing the adsorptive
uptake of the dyes from aqueous solutions at several time intervals. Vol-
umes of 5.0 cm? of solutions of each dye with an initial concentration of
25 mg/dm? were poured in glass tubes and mixed with 0.05 g of each
adsorbent, at room temperature, and with continuous magnetic stirring.
At predetermined time intervals, between 0.1 and 60 min, the solid
phase was separated by centrifugation at 3500 rpm. The dye concentra-
tion in the supernatant liquid was analyzed by UV-visible spectroscopy,
using a Hewlett-Packard Model 8453 diode array spectrometer, deter-
mining the absorption at 665 nm for MB and 440 nm for MY, these
being their respective maximum absorbance wavelengths. The amount
of MB and MY adsorbed by the functionalized hybrid fibrous clay min-
erals was calculated by Eq. (1):

g =V-(Co—C)/m (1)

where ¢, (mg/g) is the amount of dye adsorbed at time t (min), Co
(mg/dm?>) is the initial concentration of the dye in the solution, C;
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Fig. 1. X-ray powder diffraction patterns of parent clay minerals and of the APTES-functionalized solids.
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(mg/dm?) is the dye concentration in the solution at time t, V (dm?) is
the volume of the solution, and m (g) is the mass of adsorbent used.

2.4.2. Adsorption equilibrium studies

Adsorption equilibrium experiments were carried out in glass vials,
by shaking a known amount of the adsorbent, typically 0.05 g, with
5.0 cm? of dye solution at given concentration values, in the range of 1
to 600 mg/dm?>. The vials containing the dye solutions and the adsor-
bent were shaken for 30 min at 25 °C, and the solid phase was then sep-
arated from the supernatant by centrifugation at 3500 rpm. The
concentration of the dyes in the solution was immediately determined
by UV-vis spectroscopy as described above, and the amount of adsorbed
dyes were calculated using Eq. (2), where g, (mg/g) is the amount of
dye adsorbed at time t (min), Co and C, (mg/dm?) are the initial and
equilibrium dye concentrations, V (dm?) is the volume of the solution,
and m (g) is the mass of adsorbent employed.

ge =V (Co—Ce)/m (2)

2.4.3. Desorption experiments

The solids obtained from equilibrium studies, that is, containing MB
or MY adsorbed on Pal-APTES or Sep-APTES, were magnetically stirred
for 1440 min at 25 °C using the following solutions: water, sodium chlo-
ride (0.1 mol/dm?) in water, or sodium chloride (0.1 mol/dm?) in meth-
anol. After contacting with these extraction solutions, the samples were
centrifuged at 3500 rpm and the supernatant liquid analyzed by UV-vis
spectroscopy. All experiments were conducted in duplicate. The
amounts of desorbed dye were calculated as percentage of the amounts
adsorbed during the adsorption equilibrium process.

2.4.4. Reuse experiments

To evaluate the stability and reusability of the adsorbents, the solids
were recovered after the desorption experiments described in the pre-
vious section, and reused as adsorbents, under the same conditions as
for the equilibrium experiments (0.05 g of recovered adsorbent, 5.0
cm?® of 600 mg/dm?> dye solution, 30 min, 25 °C). After adsorption, the
solids were centrifuged at 3500 rpm and the supernatant liquid ana-
lyzed by UV-vis spectroscopy. The yield of adsorption was compared
to the first use of each adsorbent.

24.5. pH effect

The effect of pH on the adsorption of the dyes was studied in the
range of 2-10. The evaluation was based on the last point of the equilib-
rium isotherms, fixing the parameters of adsorption contact time and
concentration on the basis of kinetic and equilibrium studies. The initial
dye (MB and MY) concentration was 600 mg/dm? and the pH was ad-
justed adding 0.1 mol/dm> NaOH or HCl solutions.

2.4.6. Real dyestuff wastewater adsorption proof

10.0 cm® of two real wastewater samples A (before biological treat-
ment) and B (after biological treatment) were initially centrifuged at
3500 rpm for 10 min to remove the existing solid particles and fibers
from textile residues. Then, a portion of 5.0 cm? of each one of the real
wastewater samples was kept in contact with 50.0 mg of the hybrid ad-
sorbents Pal-APTES or Sep-APTES using vial glass flasks and maintained
under magnetic stirring for 60 min, at 25 °C. The specific conditions used
were based on the previous kinetic and equilibrium studies of the dyes
used as models. The amount of contaminant adsorbed was quantified by
UV-vis absorption spectroscopy, using the band at 256 nm. In the spe-
cific case of wastewater A, dilution of the sample before quantification
of the amount adsorbed was required; 1.0 cm? of the sample was dilut-
ed to 25.0 cm® with distilled water.

2.5. Characterization of the solids

The X-ray diffractograms of the solids were acquired in a Siemens D-
500 diffractometer operating at 40 kV and 30 mA (1200 W), using fil-
tered Cu Ko radiation and varying the 26 angle from 2° to 65°. All the
analyses were carried out at a scan speed of 2°/min.

The thermal analyses were carried out in a TA Instrument SDT Q600
Simultaneous DTA-TGA thermal analyzer, at temperatures ranging from
25 t0 900 °C, at a heating rate of 10 °C/min and air flow of 100 cm?/min.

The FTIR spectra were recorded in a Perkin-Elmer Spectrum One
spectrometer, using the KBr pellet technique. The spectra were recorded
between 400 and 4000 cm ™!, with a nominal resolution of 4 cm™".

Scanning electron microscopy (SEM) of the materials was per-
formed on a Zeiss DSM 960 digital scanning microscope at Servicio Gen-
eral de Microscopia Electrénica (NUCLEUS, Universidad de Salamanca,
Spain). The samples were previously coated with a thin gold layer by
evaporation using a Bio-Rad ES100 SEN coating system.

Textural analyses were carried out by nitrogen adsorption at
—196 °C using a static volumetric apparatus (Micromeritics ASAP
2020 adsorption analyzer). Prior to analysis, 0.2 g of sample was
degassed for 24 h at 150 °C at a pressure lower than 0.133 Pa. The spe-
cific surface area was obtained by the BET method (Sggr), and the total
pore volume was calculated from the amount of nitrogen adsorbed at
a relative pressure of 0.95.

The pH point of zero charge (pHpzc) was determined by using 12
flasks with 20 mg of each adsorbent, adding aliquots of 5 cm? of 0.1
mol/dm? NaCl at different initial pH between 1 and 12. Solutions of
HCI (0.1 mol/dm?) or NaOH (0.1 mol/dm?) were used to change the
pH. The pH was measured after shaking the suspensions for 24 h at
room temperature. The pHpzc value, determined by plotting the initial
pH versus final pH, that was assigned to the zone where the pH did
not change drastically, and did not depend of the initial pH, as the sur-
face of the material acted as a buffer. All these analysis were made in
triplicate.

3. Results and discussion
3.1. Characterization of the adsorbents

Pal and Sep contained low amount of impurities such as quartz and
illite, which were completely removed during the purification process,
yielding highly pure samples (Fig. 1). These purified clay minerals
were grafted with APTES without further treatments. The assignment
of the reflections for both clay minerals is given in Fig. S2.

The treatment with APTES did not give rise to significant changes in
the solids. There were not changes in the basal distances, as these clay
minerals are non-swellable, but a small decrease in the relative intensity
of the 011 reflection suggested that bonding of APTES on the surface of
the particles or within the channels induced a decrease of the stacking
order. The other diffraction effects did not change with the treatment,
indicating that grafting did not alter the structure of each individual
layer. So, Sep and Pal structures were preserved after grafting with the
aminosilane.

The thermal curves of Pal-APTES and Sep-APTES (Fig. 2) were similar
to those reported for other grafted compounds (de Faria et al., 2009;
Machado et al., 2013; Matusik and W5cisto, 2014), with the expected
differences due to the specific nature of the clay minerals and the
functionalizing molecule here used. Pal showed its first mass loss
(9.4%) at 97 °C, associated to an endothermic peak, and attributed to
the elimination of water molecules adsorbed on the clay mineral sur-
face. Its second mass loss step, at 216 °C (2.3%), can be assigned to re-
moval of zeolitic water from the channels and hydrogen-bonded to
Al—OH or Si—0—Si groups in the fibrous structure. The third step
was composed of two effects centered at 350 and 430 °C (9.7%), and
was due to dehydroxylation of Pal.
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Fig. 2. Thermal analysis (TG/DTG) of Pal-APTES and Sep-APTES solids.

Grafting with APTES led to significant differences with respect to the
original clay mineral. The first effect had a lower mass loss (7.9%), due to
partial removal of surface adsorbed water during grafting. The mass loss
associated to dehydroxylation of the clay mineral also decreased, in
agreement with the participation of hydroxyl groups in the grafting pro-
cess, while new mass losses at 350 and 430 °C were assigned to decom-
position of grafted alkoxides. Sep-APTES had five mass loss steps. The
first one, at 94 °C (7.8%), was assigned to water elimination. The second
and third ones, at 203 (2.6%) and 267 °C (1.8%), were assigned to remov-
al of zeolitic water and to the beginning of decomposition of APTES moi-
eties, respectively. The fourth and fifth steps, at 427 (5.5%) and 515 °C
(7.0%), were assigned to decomposition of organic matter from APTES,
to the dehydroxylation of Sep and to removal of residual carbon content.
The total mass loss was similar in both treated solids, close to 25%. The
functionalizing molecules were not completely removed during
heating, as a portion remained in the solid phase by forming amorphous
silica from their Si atoms.

The amount of APTES fixed by unit cell of the clay minerals was cal-
culated from the mass loss between 260 and 400 °C, considering the hy-
drolysis and condensation of one, two or three silanol groups onto the
fibrous clay minerals; the average stoichiometries were Pal-APTES 249
and Sep-APTESy 337 (formula of Pal referred to 4 Si atoms, and formula
of Sep referred to 6 Si atoms). A plausible mechanism for the grafting re-
action is proposed in Fig. S3.

The morphological changes induced by functionalization with the
alkoxide molecule were evident in the SEM micrographs of the hybrid
solids (Fig. 3). Natural clay minerals showed typical packed fibers
(Neaman and Singer, 2000) or mats of tightly interwoven fibers
(Cagatay, 1990; Frost et al.,, 2010), with variable thickness and length.
These fibers had flat or straight shapes and were randomly oriented in
aggregates. After grafting, larger aggregates with preferential orienta-
tion were formed, probably favored by the presence of amine groups
that maintained the fibers together by hydrogen bonding between

siloxane (Si—0—Si) or hydroxyl (Mg—OH) and amine (NH,) groups.
A similar behavior had been previously reported for grafting of various
organosilanes into Pal or Sep (Cagatay, 1990; Frost et al., 2010;
Neaman and Singer, 2000).

FTIR spectrum of Pal (Fig. 4) displayed the characteristic vibrations
of the tetrahedral (Si—0—Si, 950-1250 cm~') and the octahedral
(Al—AI—OH, 913 cm~'; Al—Fe—OH, 865 cm~ ! and Mg—Mg—OH,
650 cm™ ') sheets, with bands due to hydroxyls and water molecules
at ca. 3200-3400 and 1652 cm ™', respectively. The region between
1200 and 2000 cm™ ! has been commonly used to identify organic mol-
ecules interacting with fibrous silicates (Frost and Mendelovici, 2006).
The typical bands of amine groups were recorded at 1600 cm™ !,
confirming the grafting on both fibrous clay minerals. The intensities
of the bands in the high wavenumber region decreased as a result of
the condensation of silanes with Mg—OH or Al—OH groups from the fi-
brous structures. In addition, new bands at 3479 and 3410 cm™ ! in Pal-
APTES were due to the amino groups. The absorption band at 2930
cm~! corresponded to the C—H stretching vibration of APTES CH,
groups. All these observations agreed with the grafting of APTES on
the surface of Pal (Xue et al., 2011). Similar results were observed for
grafted Sep.

The nitrogen adsorption-desorption isotherms for the natural and
functionalized fibrous clay minerals (Fig. 5) belonged to Type II, with
the presence of a H3-type hysteresis loop, typical of the mesoporous
structure of these clay minerals (IUPAC Classification, Sing et al.,
1985). The initial part of the isotherm was attributed to monolayer-
multilayer adsorption, while H3-type loops evidenced that the solids
did not exhibit any limiting adsorption at high relative pressure; this
hysteresis loops are generally observed in adsorbents with aggregates
of plate-like particles, such as fibrous or layered and also pillared clay
minerals, giving rise to slit-shaped pores.

The presence of the alkoxide entities decreased in both cases the
specific surface area (Table 1), probably because the surface-anchored
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Fig. 3. SEM images of fibrous clay minerals: Pal (up) and Sep (down), natural (left) and modified with APTES (right).

APTES molecules partially blocked the nitrogen adsorption sites and the
access of N, molecules to the channel pores. Comparing both clay min-
erals, Sep showed more promising properties, due to the higher specific
surface area of the original solid, which was maintained in the grafted
solid. Although functionalization decreased the specific surface area,
the presence of amine groups could generate specific and selective ad-
sorption sites. As Sep had higher surface area, the organic molecules
may be more disperse, forming a wider framework that may not block
the access of nitrogen molecules to the surface. The shape of the iso-
therms did not vary, suggesting only quantitative differences in
porosity.

The APTES loading can be related to the decrease in specific surface
area (Eq. (3)), assuming that N, surface coverage changed due to
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Fig. 4. FTIR absorption spectra of natural and grafted fibrous clay minerals.
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functionalized palygorskite and sepiolite solids.

suggested that most of APTES was on the external surface area of the
clay mineral particles.

3.2. Adsorption experiments

3.2.1. Kinetic studies

To establish an optimum equilibrium time for the maximum uptake
of dyes and to evaluate the kinetics of the process, the adsorption capac-
ity of the adsorbents was measured as a function of contact time (Fig. 6).
The time required to reach the maximum adsorption was 30 min, some-
what shorter for MB, and this contact time was used in the equilibrium
adsorption experiments.

The knowledge of the adsorption kinetics is a fundamental point in
adsorption studies, giving valuable evidences of the possibility of tech-
nological application of an adsorbent for a particular separation process.

Table 1
Specific surface area and pore volume of natural and functionalized palygorskite and sepi-
olite solids.

Sample Sger (m?/g)  Pore volume (cm®/g)  APTES loading (1) (mol/g)
Pal 139 0.576 -

Pal-APTES 59 0.369 6.11-10"°

Sep 245 0.631 -

Sep-APTES 67 0.429 136 - 1074
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Fig. 6. Kinetic adsorption data of MB and MY using Pal-APTES and Sep-APTES as
adsorbents.

The first-order and the pseudo-second-order kinetic models were used
to elucidate the adsorption mechanism. The pseudo first-order kinetics
model (Lagergren, 1898) is given by Eq. (4):

e = qe - [1—exp(—k; - )] (4)

where ¢, and q; (mg/g) are the amounts of adsorbate adsorbed at equi-
librium and at time t, respectively, and k; is the rate constant (min~!) of
the first-order model.

The pseudo-second-order kinetic model (Ho and Ofomaja, 2006) is
expressed as:

kg2t
YT gt °

where ¢, is the maximum adsorption capacity (mg/g) for the pseudo-
second-order adsorption, g, is the amount of adsorbate (mg/g) adsorbed
at time t (min) and k; is the rate constant of the pseudo-second-order
adsorption (g~ !(mg-min)).

The kinetic parameters for the adsorption of MB and MY dyes on the
fibrous clay minerals were calculated from the corresponding plots
(Table 2). The data fitted much better to the pseudo second-order kinet-
ic model than for the pseudo first-order one, evidencing that the ad-
sorption process occurred by a chemisorption mechanism.

The fast removal of the dyes from solution, reaching the equilibrium
in a rather short time, gave evidence that both functionalized fibrous
clay minerals were efficient adsorbents. The simple forms of the kinetic
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Table 2
Pseudo-first- and -second-order parameters for methylene blue (MB) and metanil yellow
(MY) adsorption by modified clay minerals (Co, = 25 mg/dm?, T = 25 °C).

MB MY
Pal-APTES Sep-APTES Pal-APTES Sep-APTES
First-order
kq (1/min) 0.63 244 0.23 0.36
Ve 0.020 0.057 0.25 0.0024
R 0.998 0.994 0.92 0.998
Second-order
k> (g~ ! mg-min) 0.52 3.40 0.32 1.37
x> 0.22 0.021 0.12 0.0011
R 0.98 0.998 0.96 0.9990

curves suggested homogeneous adsorption, although in the case of MB
the curve shape was compatible with the possible occupation of two
distinct sites of adsorption, namely, inside the channels of the fibrous
hybrid clay minerals and on the grafted surface containing amine
groups. In fact, the size of the channels allowed to be occupied by MB
molecules, considering that MB molecules have a rigid structure consti-
tuted by interconnected benzene-like rings. The MY molecules showed
a better mobility, due to the connection between the benzene rings by
the azo group, but their size was larger and could not be inserted inside
the pores. The size of the channels of both clay minerals and of MB and
MY molecules are compared in Table 3 and Fig. S4. The behavior ob-
served with the two fibrous clay minerals against adsorption of the
two molecules dyes was different: MB was retained both in the natural
and the functionalized clay mineral, functionalization was not a decisive
factor. On the opposite, MY was not retained by the natural clay mineral
but only by the treated solid, functionalization being a key factor.

The MB kinetic study showed that organofunctionalization did not
alter the adsorption capacity (observed by the amount adsorbed, g, =
2.49 mg/g). Indeed, in the initial times (until 5 min), Pal-APTES and
Sep-APTES had lower adsorption capacities than the purified clay min-
erals, before this time all the samples reached the equilibrium and pre-
sented the same adsorption capacities. The presence of organic
molecules on the surface may promote a negative effect on the final ad-
sorption capacity for cationic dyes. This result is in agreement with the
previously study for saponite clays grafted with amine groups in pres-
ence of CTA" ions (Marcal et al., 2015), the presence of well-distributed
active sites favored the adsorption process; however, in excess these
sites could hinder the adsorption. However, an opposite effect was ob-
served for the anionic dye, the purified clay minerals were not able to
adsorb the MY and the solids Pal-APTES and Sep-APTES showed q, =
0.90 and 1.70 mg/g, respectively, proving that the adsorption of the an-
ionic species is favored by the presence of amine groups on the surface
of the fibrous clay minerals. To understand better this mechanism, the
pHpzc and the effect of the pH on the adsorption capacity were
discussed.

Conflicting reports exist regarding the nature of adsorption of large
molecules, such as dyes, onto Pal and Sep channels; two possible mech-
anisms have been proposed (Galan and Singer, 2011). The first mecha-
nism assumed that the large organic molecules can fully exchange and
replace cations and water molecules existing in the channels, a process
which required an ordered transfer through the linear geometry of the

Table 3

Structural characteristics of the adsorbents and adsorbates used.
Pal channels (A) Sep channels (A) MB? (A) MY? (A)
3.7 x 10.6° 3.7 x 6.4° 5.3 x 13.2° 6.1 x 17.3%

Effective internal - -
diameter <15 A
External pores > 15 A - -

Effective internal
diameter <15 A
External pores > 15 A

confined channels along the 100 direction. The second mechanism con-
siders that an efficient transport of large organic molecules and expul-
sion of the zeolitic water molecules through a fiber length was very
hard; the insertion of large organic molecules actually showed many
difficulties by steric hindrance, but the cationic environment and the ex-
cess of adsorbate in the solution promoted the mass transfer inside the
fibrous clay mineral channels. In our case, only the cationic dye (MB)
can be inserted inside the clay mineral channels, while the anionic/azo
dye was adsorbed only in the surface due to its molecular size and
chemical characteristics.

The yield of adsorption, defined as the percentage of dye existing in
the solution that was adsorbed by the solid, was also evaluated under
different dye concentrations (Fig. S5). For Pal-APTES, the affinity in-
creased when the concentration of MY increased. However, the yield
of adsorption of MB decreased drastically when the concentration was
higher than 100 mg/dm?>. This gave good evidence that the adsorption
of cationic MB occurred inside of Pal channels and the adsorption of
MY was promoted by the grafting process (Fig. S5). To verify this as-
sumption, adsorption was again studied, but using the original, un-
grafted, purified fibrous clay; it was found that only MB was adsorbed.
It has been previously reported that the adsorption of small dye mole-
cules inside the channels of fibrous clay minerals was feasible from di-
luted solutions (Ruiz-Hitzky et al.,, 2013).

Maximum g, values of 49.48 and 47.03 mg/g were achieved for Pal-
APTES and 60.00 and 59.78 mg/g for Sep-APTES, for MB and MY, respec-
tively (Table 4 and Fig. S5). Compared to other fibrous clay mineral ad-
sorbents reported in the literature (Table 4), the adsorbents prepared
with APTES had a very high affinity for both the anionic and cationic
dyes, confirming the multifunctionality towards various species of
these adsorbents.

3.2.2. Desorption and reuse

The uptake of the cationic dyes such as MB into clay minerals is gen-
erally attributed to a cation process, quantified by the cation exchange
capacity (CEC). However, the fibrous clay minerals such as Pal and Sep
show very low CEC values, merely from 10 to 20 mEq/100 g (Galan
and Singer, 2011), and thus it is not possible to justify the adsorption
process by cation exchange. For the fibrous aminofunctionalized clay
minerals previously reported in the literature (Giles and Smith, 1974;
Al-Futaisi et al., 2007; Dogan et al., 2007), adsorption generally oc-
curred via hydrophobic interactions between the dye and the function-
alized surface of the clay mineral. The desorption experiments were
useful to confirm this point: when more apolar media were used as ex-
traction solutions, desorption was favorable, while the presence of cat-
ionic species (concentrated sodium chloride solutions) did not
increase the desorption capacity (Fig. 7). These results were opposite
to those previously found for montmorillonite clay minerals with high

Table 4
Maximum adsorption capacities (q.) and comparison with other fibrous clays adsorbents.
Adsorbent  Modification Dye Maximum adsorption Reference
agent adsorbed?® capacity, g. (mg/g)
Pal-APTES ~ APTES MB 49.48 This work
MY 47.03
Sep-APTES  APTES MB 60.00
MY 59.78
Palygorskite - MB 48 Ozdemir et
v 33 al. (2006)
Palygorskite APTES RR 16.514 Xue et al.
RBK 16.582 (2011)
RKG 16.119
Sepiolite - MV 7.34-10.60
MB 52.13-87.31
MV Not shown Dogan et al.
MB (2007)

2 Data calculated using Chem Sketch 12.0 ACD/Labs Software.
b Data obtained from literature (Galan and Singer, 2011).

2 MB: methylene blue; MY: metanil yellow; CV: crystal violet; RR: reactive red 3BS;
RBK: reactive blue KE-R; RKG: reactive black GR; MV: methyl violet.
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Fig. 7. Desorption of MB and MY dyes from the hybrid adsorbents.

CEC (Berhane et al., 2015), where cation exchange was the main adsorp-
tion mechanism. For MB, the methanol solution of sodium chloride was
the best extraction medium, but for the anionic dye, maximum desorp-
tion was observed for the aqueous solutions. This is a key point regard-
ing the regeneration of the adsorbents from a Green Chemistry
viewpoint. Desorption experiments proved the higher affinity of cation-
ic MB for the aminofunctionalized clay minerals; however, the major
contribution to the adsorption mechanism occurred via hydrophobic in-
teraction and/or hydrogen bonds (Fig. S6). As previously discussed
(Ruiz-Hitzky et al., 2013), due to the natural tendency of MB to form
molecular aggregates, it cannot be inserted inside the Sep channels
from a concentrated medium (>10~3 mol/dm?), but it can be adsorbed
inside the fibrous channels from diluted solutions. In the equilibrium
experiments, the higher efficiencies were obtained for concentrations
lower than 100 mg/g when using Pal, and 600 mg/g when using Sep
(Giles and Smith, 1974; Al-Futaisi et al., 2007; Dogan et al., 2007).
Thus, the insertion of the cationic dye inside the clay mineral pores
made difficult further desorption.

Evaluation of adsorbent reusing is a very important factor, although
it is scarcely studied, as generally only adsorption experiments are car-
ried out. The solids were washed after desorption experiments, dried
and used in new adsorption experiments. In the case of MB, comparable
efficiencies were obtained in the second cycle for both adsorbents,
while for MY a strong decrease in the adsorption capacity was observed,
especially when using hybrid Pal (Fig. S7). This decrease in the adsorp-
tion ability may be due to the presence of remaining adsorbed MY, not
removed by washing; so, the main difference could be tentatively relat-
ed to the easier washing of cationic MB than anionic MY from the sur-
face of the hybrid adsorbents. The physicochemical characterization of
the solids by PXRD and FTIR did not show significant changes after the
adsorption-desorption cycle, confirming their high stability and their
reuse ability.

3.2.3. pH effect

The batch equilibrium method was applied to determine the pHpyc
of the purified fibrous clay minerals and the hybrid materials used
here as adsorbents. pHgp, readings were plotted as a function of pHiptial
in Fig. 8. The pHgpa value of the resulting plateau was assigned to the pH
at which there was not net OH™ or H adsorption. At this pH, the differ-
ence between the initial and the final [H"] or [OH ] is zero. The calcu-
lated pHpzc were 3.9 and 7.2 for Pal and Sep, respectively; and 9.8 for
both hybrid materials. After grafting of APTES, the presence of basic
NH, groups changed the charge of the surface to basic character, as sug-
gested by the pHpyc values obtained for the two hybrid materials.

Dogan et al. (2007) reported pHpzc close to 6.7 for fibrous clay min-
erals. At lower pH values, the association of anionic dyes such as MY
with the surface of sepiolite, positively charged by the presence of Clay-
OHJ groups, can take place easily. However, the increase in pH charges
negatively the clay surface and the interaction with anionic dyes is no
longer favored. Thus, at pH above the pHpzc of the adsorbent, i.e., 6.7,
the adsorbent surface will be more easily associated to cationic dyes.

pH is an important factor controlling the extent of dye adsorption in
aqueous suspensions of layered or fibrous clay minerals (Alkan et al.,
2005). Adsorption generally depends on the electrokinetic behavior of
the solid, as determined by the amount of H*/OH ™ adsorbed on the
clay surface. Alkan et al. (2005) reported that in natural and
aminofunctionalized fibrous clay minerals the surface is positively
charged at low pH where reaction (Fig. 9-A) predominates, and is neg-
atively charged at higher pH when reaction (Fig. 9-B) takes over. We ob-
served the same effect after grafting, as the —NH, groups could be
protonated generating — NH3 cations and the residual hydroxyl sur-
faces generating negative charges induced by the OH™ ions from the
aqueous solution.

The amounts of MB and MY adsorbed by the solids changed drasti-
cally as a function of pH, showing an opposite trend (Fig. 10). In the
case of MB, the adsorption capacity decreased upon increasing the pH
solution, probably by the progressive deprotonation of the —NH3
groups, which may decrease the electrostatic attraction between the
surface and the dye anions (Selvam et al., 2001; Alkan et al., 2005;
Dogan et al., 2007). Very similar results have been also reported for
the adsorption of anionic dyes on ammonium-functionalized MCM-41
(Qin et al., 2009). The opposite trend was observed for the adsorption
of MY, which can be explained in a similar way.

3.2.4. Real dyestuff wastewater adsorption proof
A simple qualitative test of adsorption was carried out with a real ef-
fluent from a textile industry before and after biological treatment. The
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Fig. 8. pHp;c obtained from batch equilibrium method of the purified fibrous clay minerals
(Pal and Sep) and hybrid materials (Pal-APTES and Sep-APTES).
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Fig. 9. Schematic representation of charges generated on clay mineral surfaces at different pH.
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Fig. 10. Adsorption capacity of Pal-APTES and Sep-APTES as a function of pH.

effluent contained a complex mixture of dyes and sulfate, nitrate, car-
bonate and chloride, among other species. Both Pal-APTES and Sep-
APTES adsorbents were effective for adsorption (color removal higher
than 50%) and desorption cycles under real conditions without change
of pH.

Wastewater A was composed of a complex mixture; the band at
256 nm was very intense proving the presence of high amount of con-
taminants. However, the band at 256 nm for wastewater B had a
lower intensity, as the amount of contaminants after the biological

A B

treatment was lower. The color of the wastewater before and after cen-
trifugation can be seen in Fig. 11.

In the case of wastewater A (before biological treatment), similar ef-
ficiencies were observed for both materials; the highest removal effi-
ciency was obtained for Sep-APTES solid, 55% after 60 min, and 48%
when using Pal-APTES as adsorbent (Fig. 12). The lower contaminant
removal by Pal-APTES was assigned to the lower specific surface area
for the hybrid material based on palygorskite. The important conclusion
was the possibility of using hybrid-fibrous clay minerals as efficient ad-
sorbents for real wastewaters. The same profile was obtained for waste-
water B (after biological treatment) under lower concentrations of the
contaminants, confirming the efficiency of both adsorbents (Fig. 13). It
is very important to remark that the adsorption experiments were car-
ried out without any previously preparation or dilution, only filtration.
The adsorption process occurred with high efficiency, without loss of
the adsorption capacity, using simple conditions without changes in
pH or temperature, and for sample A without any other primary treat-
ments (for sample B, as indicated, biological treatment was carried out).

Although the optimum adsorption parameters deduced for the
model dyes (MB and MY) study were applied, the results for the real
textile effluent were not consistent in some cases, probably because
each wastewater was composed of a complex admixture of various con-
taminants. Adsorption was efficient, but the number of contaminants
such as another cationic or anionic species made the adsorption and re-
moval processes more complicated to understand. Thus, more research

A

Fig. 11. Photograph of initial wastewater samples (A: without biological treatment and B: post-biological treatment, respectively), left: non-centrifuged and right: centrifuged.



M.A. Moreira et al. / Applied Clay Science 135 (2017) 394-404 403

0,6
| —— Wastewater A
—— Wastewater A - Pal-APTES
0,5 —— Wastewater A - Sep-APTES

(Diluted 1/25 (VIV)

0,4 E 3
0,3 256 nm W. Pa-arm
0,2 '
1 Pal-APTES = 48.1 % adsorption
0,14 Sep-APTES = 55.1 % adsorption
- . .

Absorbance (a.u.)

0,0

T T T T T
300 400 500 600
Wavelength (nm)

20

Fig. 12. UV-vis absorption spectra of wastewater A before and after adsorption
experiments.

should be carried out for understanding the complexity of the system
before further application.

4. Conclusions

Surface silanization of fibrous clay minerals by APTES was effective,
the infrared spectra of the treated solids displayed the characteristic
bands of amine groups (3350 and 1610 cm™!) confirming that the alk-
oxide was grafted onto the fibrous clay minerals. The presence of the
typical reflections of clay minerals in the PXRD evidenced that solids
maintained unaltered after grafting.

Both fibrous hybrid clay minerals were effectively used as adsor-
bents for removing cationic (MB) and anionic (MY) dyes. The time re-
quired for reaching the equilibrium was shorter than 30 min for both
adsorbents. The pseudo-second-order kinetic model efficiently de-
scribed the kinetics of the adsorption of dyes. MB and MY adsorption oc-
curred on the surface of the hybrid fibrous clay minerals and in the
specific case of MB could occur also inside of the channels. In both
cases, grafting of the surface drastically increased the adsorption capac-
ity, mainly for the anionic species. The adsorbents could be efficiently
reused in a second adsorption cycle after desorption. All the results re-
vealed the multifunctionality of hybrid fibrous clay minerals as dye ad-
sorbents. Results for real textile effluents showed that adsorption was

—— Wastewater B
—— Wastewater B - Pal-APTES

1.0 —— Wastewater B - Sep-APTES
3
8
@
2
S 0,54
2
[e]
[72]
2
Pal-APTES = 31.0 %
Sep-APTES = 26.0 %
0,04

T
300 400 500 600
Wavelength (nm)

Fig. 13. UV-vis absorption spectra of wastewater B before and after adsorption
experiments.

efficient for the two samples evaluated, but due to the higher number
of contaminants present in the wastewaters, the adsorption and remov-
al processes were very complex and more research should be carried
out for understanding them before application.
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