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A B S T R A C T

A sodium montmorillonite/ureasil-poly(oxyethylene) clay-polymer nanocomposite was prepared using the sol-
gel reaction of a U-PEO hybrid precursor/clay mineral suspension, with the aim of developing a sorbent for the
removal of cationic dyes from aqueous media. The structural characteristics of the nanocomposite were studied
by FTIR, XRD, UV–Vis spectroscopy, and SAXS. The XRD results revealed intercalation of the U-PEO in the
silicate interlayer spaces. FTIR spectra indicated the existence of strong interactions between methylene blue
(MB) dye and the clay mineral silicate layers. Time-resolved SAXS measurements during MB adsorption showed
a decrease of the montmorillonite (Mt) peak area and an increase of the half-height width of the peak, indicating
that water uptake during dye adsorption caused a reduction of the Mt. crystallite size. UV–Vis adsorption ex-
periments showed that the kinetics of MB adsorption followed a pseudo-first order process and that the steady
state equilibrium adsorption capacity followed the Langmuir model. The results showed that the nanocomposite
is potentially applicable as an adsorbent of dyes present in contaminated waters.

1. Introduction

The development of science and technology has provided clear
benefits to society, but at the same time has led to many environmental
problems, such as contamination by effluents, air pollution, and climate
change, among others. In addition to the fact that the availability of
fresh water is decreasing due to high consumption by agriculture
(70%), industry (22%), and households (8%) (Bhatnagar and Sillanpää,
2010), the wastewater that returns to the environment contains various
contaminants, such as heavy metals or dyes, which are often difficult to
biodegrade and are toxic to animals and humans (Aguiar et al., 2017).
Different physical, chemical, electrochemical, and biological methods
can be used to treat and reuse wastewater (Crini, 2006; Hajjaji et al.,
2016). Among the physical-chemical methods, adsorption processes are
of particular interest due to their speed, nontoxicity, relatively low cost,
and efficiency in the removal of pollutants and treatment of large vo-
lumes of liquids (Allègre et al., 2006; dos Santos et al., 2017;
Unuabonah and Taubert, 2014).

Recent studies of dye adsorption have shown that urea-cross-linked
siloxane (ureasil)-polyether (U-PE) materials are efficient dye ad-
sorbents (Bekiari and Lianos, 2006; Molina et al., 2014; Moura et al.,
2015). Compared to mineral and polymeric materials in the form of
powders, such as clays, manganese oxide, silica, alumina, and chitosan,

U-PE hybrid materials are easier to recover from wastewater due to
their rubbery nature, flexibility, and insolubility in water (Santilli et al.,
2009). Bekiari and Lianos (2006) synthesized ureasil-poly(oxypropy-
lene) (U-PPO) with molar masses of 4000, 2000, and 230 g mol−1 and
ureasil-PPO-block-poly-oxyethylene (PEO-block-PPO) with molar
masses of 1900, 800, and 500 g mol−1, for application in dye adsorp-
tion. The materials were shown to efficiently adsorb dyes, with the
highest efficiency of adsorption of acid orange 7 dye achieved using U-
PPO with molar mass of 230 g mol−1. More recently, Molina et al.
(2014) demonstrated that U-PEO with molar mass of 500 g mol−1

provided selective adsorption of anionic dyes, rather than cationic dyes.
In other work, hybrid matrices composed of 3-glycidoxypropyl-tri-
methoxysilane (GPMS) linked to end-group functionalized poly-
etheramines (U-PEO and U-PPO) showed good adsorption capacity
(415 mg g−1) for the rose bengal anionic dye (Moura et al., 2015).
Montmorillonite (Mt) is an efficient adsorbent of cationic dyes such as
methylene blue (MB), crystal violet, methyl violet, basic blue 16, and
others (Aladağ et al., 2014; Almeida et al., 2009; Fil et al., 2012; Gunay
et al., 2013; Zhu et al., 2014). Dye adsorption by Mt. usually occurs by
means of electrostatic interactions (Aladağ et al., 2014; Hegyesi et al.,
2017).

In this work, we describe the development of a novel U-PEO hybrid
nanocomposite with both anionic and cationic adsorption properties,
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which can be easily recovered at the end of the adsorption process. The
incorporation of sodium Mt. during the sol-gel synthesis of a U-PEO
hybrid resulted in the formation of a rubbery sodium montmorillonite/
ureasil-poly(oxyethylene) clay-polymer nanocomposite (CPN). The
structural features of the hybrid nanocomposite were studied by X-ray
diffraction and infrared spectroscopy. The evolution of the nanos-
tructure during the adsorption process was investigated by in situ SAXS.
The adsorption process was quantitatively monitored using UV–Vis
spectroscopy.

2. Materials and methods

2.1. Synthesis of the hybrid precursor

A 10.4 mL volume of 3-isocyanatopropyltriethoxysilane (ICPTES)
(Sigma-Aldrich, 95%) was mixed with 40 g of O,O′-bis(2-aminopropyl)-
polypropylene glycol-block-polyethylene glycol-block-polypropylene
glycol (molar mass = 1900 g mol−1) (Fluka) in 150 mL of tetra-
hydrofuran (Synth) as solvent. The mixture was refluxed for 24 h at
78 °C. At the end of the reaction, the solvent was removed using rotary
evaporation at 60 °C, producing the hybrid precursor (Santilli et al.,
2009).

2.2. Incorporation of clay mineral in the hybrid matrix

A 0.3 g mass of Mt. (Southern Clay Products) was mixed with
3.0 mL of anhydrous ethanol (Sigma-Aldrich), under sonication
(Vibracel VC 501) for 2 min to improve dispersion of the Mt. The dis-
persion was transferred to a beaker containing 1.5 g of the hybrid
precursor and the sol-gel reactions were then induced by adding 100 μL
of distilled water, under mechanical stirring for 4 h, followed by ad-
dition of 36 μL of 2 M HCl (Mallinckrodt) as catalyst. Drying at room
temperature in a desiccator under vacuum resulted in disk-shaped
monolithic xerogels ~ 25 mm in diameter and ~1 mm in height.

2.3. Characterizations

Fourier transform infrared spectroscopy (FTIR) analyses were per-
formed using a Bruker VERTEX 70 instrument equipped with a DLaTGS
detector and operated in attenuated total reflection mode. KBr pellets
containing 1% (m/m) of sample were analyzed in the spectral range
4000–400 cm−1, with 4 cm−1 resolution and 64 scans.

X-ray powder diffraction (XRD) was used to study the crystalline
structure of the CPN and evaluate the intercalation and exfoliation of
the Mt. dispersed in the U-PEO hybrid matrix. The XRD measurements
were performed using a Siemens D5000 diffractometer operated with
CuKα radiation (λ = 1.5405 Å) monochromatized using a curved gra-
phite single crystal, 6.0 mm detector slits, and 2θ from 2 to 70°, with a
0.02° step every 3 s.

Methylene blue (Sigma-Aldrich) was used in the adsorption study
as-received, without further purification. The evolution of the MB
concentration in the supernatant solution during the adsorption process
was monitored by UV–Vis absorption spectrophotometry using the MB
monomer band (λmax = 665 nm). It is important to note that the
UV–Vis spectra (Fig SI1, Supplementary information) of MB super-
natant solution after the adsorption equilibrium display an invariant
shape with a maximum at λ = 665 nm, a shoulder at λ = 615 nm
corresponding to the vibronic transition and any evidence of the MB
dimer band at 605 nm (Bergmann and O'Konski, 1963). Moreover, the
ratio between the amplitude of the main band and the shoulder stays
constant (A665/A615 = 2.0 ± 01), confirming the negligible contribu-
tion of MB dimer (λmax = 605 nm) to the MB monomer absorption
spectra. Under this condition the concentration of the MB monomer
could be determined from the experimental analytical curve presented
in Fig. SI2. For the isothermal absorption experiments approximately
0.01 g portions of the CPN were immersed in 60 mL of aqueous solution

containing MB at different concentrations (~4, 5, 6, 7, 8, 9, and
10 mg L−1). The samples were agitated in a temperature-controlled
reciprocating shaker bath at 25 °C for 36 h. During this period, the dye
concentration (Ct) in the supernatant solution was analyzed at regular
intervals using a Cary 60 UV–Vis spectrophotometer equipped with a
10 mm immersion probe. The mass of dye adsorbed per gram of CPN, qt
(mg g−1), was calculated as a function of immersion time according to:

=
−q V C C
m

( )
t

o t
(1)

where C0 is the initial dye concentration (mg L−1), V is the dye solution
volume (mL), and m is the CPN mass (g).

The nanostructures of the dry nanocomposites and their evolution
during dye adsorption were monitored in situ using small angle X-ray
scattering (SAXS). The measurements were performed at the SAXS 1
beamline of the National Synchrotron Light Laboratory (LNLS,
Campinas, Brazil). For the adsorption process, the sample was placed in
a liquid sample cell and 5 mL of aqueous MB dye solution was added
with a syringe, at room temperature (25 ± 1 °C). A monochromatic
beam (λ = 1.550 Å) and a bidimensional detector (PILATUS 300 K)
located at a distance of 900.55 mm from the sample were used to
measure the scattering intensity, I(q), according to the modulus of the
scattering vector: q = (4π/λ) / sin(θ/2), where θ is the scattering angle
and λ is the radiation wavelength. SAXS data were acquired during 4 s,
every 26 s, during the first and the last hours of adsorption.

3. Results and discussion

3.1. Structural features

Fig. 1a shows a comparison of the infrared spectra of pristine MB,
Mt., and U-PEO, together with those for the hybrid nanocomposites
(CPN:MB and Mt.:MB) after dye adsorption (10 mg L−1). The CPN:MB
spectrum presented the characteristic U-PEO bands centered at 3355
(νNH, H-bonded), 2951 (νaCH2), 2866 (νsCH3), 1642, 1560, 1455 (CH2

scissoring), 1347 (CH2 wagging), 1241 (CH2 twisting), 1092 (νCO),
1037 (νCO, νCC, rCH2), 941 (νCC, rCH2) and 844 cm−1 (νCO, rCH2) (de
Zea Bermudez et al., 1999). The weak band located at 3355 cm−1 is an
overtone of the band at 1560 cm−1 attributed to the so called amides II,
while the band at 1642 cm−1 is related to the so called amides I (Pavia
et al., 2012). The absorption due to the symmetrical stretching vibra-
tion of the Si-O-Si of U-PEO siloxane nodes, occurring in the 950 to
1150 cm−1 range, are masked by the very intense CeO stretching ab-
sorption (1092 cm−1) and the strong coupled vibrations of the CeC
stretching and CH2 rocking (1037 cm−1) modes that fall in the same
range of frequencies (de Zea Bermudez et al., 1999).

The presence of the Mt. in the Mt.: MB and CPN:MB samples was
evidenced by the characteristic Mt. bands located at 3625, 516, and
448 cm−1 (Madejová, 2003; Validi et al., 2012). The band at
3625 cm−1 was assigned to the stretching vibration of structural OH
bonded to Al or Mg. Bands at 516 and 448 cm−1 were assigned to Al-O-
Si and Si-O-Si bending vibrations, respectively (Chieng et al., 2010;
Validi et al., 2012). Comparison of the CPN:MB and Mt.:MB spectra to
the MB spectrum revealed major changes, as shown for the amplified
900–1700 cm−1 region (Fig. 1b). The band centered at around
1383 cm−1 in the MB spectrum, attributed to the C]S bond
(Kariminezhad et al., 2015), appeared at 1391 cm−1 and 1385 cm−1 in
the CPN:MB and Mt.:MB spectra, respectively. Similarly, the band lo-
cated at 1590 cm−1 in the dye spectrum, assigned to aromatic ring
C]C vibration (Àngels Olivella et al., 2012; Validi et al., 2012), was
shifted to higher energies of 1600 and 1605 cm−1 in the CPN:MB and
Mt.:MB spectra, respectively. The band centered at 1484 cm−1 in the
dye spectrum, attributed to symmetric C]N stretching vibration (Feng
et al., 2013; Validi et al., 2012), showed blue shifts to 1487 and
1498 cm−1 in the CPN:MB and Mt.:MB spectra, respectively. These
shifts indicate the existence of strong interactions between the MB dye

Y.H. Bermúdez et al. Applied Clay Science 152 (2018) 158–165

159



and the silicate layers of the clay mineral (Validi et al., 2012).
The XRD patterns of Mt., U-PEO, CPN, and CPN:MB are shown in

Fig. 2. The U-PEO hybrid displayed two reflections at 19 and 23°,
characteristic of the semi-crystalline PEO, superimposed on a broad
band (Hikosaka et al., 2006). The diffraction patterns of the nano-
composites exhibited greater numbers of high order diffraction peaks
((002), (003), (004), (005), (006)) as compared to the pristine Mt. one.
The narrowing of the (001) peak of Mt. in the nanocomposite and the
similar breadth of the higher order peak ((002), (004) and (005)) evi-
dence a low internal disorder in the stacking layer structure. Moreover,
the higher relative intensity of (001) diffraction peak indicates a pre-
ferential orientation of Mt. platelets along the c-axis after dispersion of
the clay mineral in the U-PEO. In addition to the characteristic Mt.
peaks, the nanocomposite diffractograms displayed reflections char-
acteristic of semi-crystalline PEO. Incorporation of the clay mineral into
the U-PEO caused a shift of the basal reflection (001) of pristine Mt. to a
lower 2θ angle, from 7.34° (Mt) to 4.95° (CPN). This corresponded to an
increase of the (001) interlayer space (d001) from 12.04 Å (Mt) to
17.84 Å (CPN) (see Table 1), evidencing the intercalation of PEO chains
of the hybrid frameworks in the interlayer spaces between the silicate
layers. From the difference between the thicknesses of the silicate layer
(~9.5 Å) and the interlayer space of embedded Mt., Δd001 of ~8.34 Å
was estimated for the interlayer space with intercalated polymer mo-
lecules. This interlayer space was compatible with the intercalation of
two monolayers of PEO molecules in planar zig-zag conformation, or
one PEO monolayer in helicoidal conformation (Strawhecker and
Manias, 2003). Increases of this interlayer space to 18.09 and 18.63 Å
were observed after the attainment of steady state adsorption equilibria
for the nanocomposites immersed in aqueous solutions containing 4
and 10 mg L−1 of MB, respectively. These small increases of the in-
terlayer space could not be explained by the additive intercalation of
MB molecules in the interlayer space of Mt. This phenomenon, which
was probably associated with water uptake, is discussed further below.

3.2. Removal of dye from water

The capacity of the CPN to remove MB from aqueous solutions
containing different initial dye concentrations (~ 4, 5, 6, 7, 8, 9, and
10 mg L−1) is displayed in Fig. 3a. Irrespective of the initial con-
centration, the curves showed that the CPN removed> 45% of the dye
after 24 h of immersion, indicating a moderate adsorption capacity.
After 58 h, the system reached steady state equilibrium, with the re-
moval exceeding 69%. In contrast, the MB concentrations (~ 4, 6, and
9 mg L−1) remained unaltered during contact with the U-PEO (Fig. 3b),
confirming that there was no adsorption of cationic dye by the hybrid
matrix. For illustrative purposes, the inset of Fig. 3a shows that the CPN
color changed from yellow (before adsorption) to intense blue after
72 h of immersion in MB solution. In contrast, the transparency of the
U-PEO remained almost unchanged after several days (1–3) of immer-
sion in the solution, showing that the hybrid matrix did not adsorb MB
(Fig. 3b). The light blue color was due to the presence of the dye mo-
lecules on the external surfaces of the U-PEO monoliths. Following
immersion in water, it is likely that the amine groups of U-PEO acquired
positive charges that hindered their interaction with the positively
charged dye molecules. This feature confirmed that adsorption of the
cationic dye occurred at the negatively charged surfaces of the clay

Fig. 1. (a) FTIR spectra of the MB, Mt., U-PEO, CPN:MB, and Mt.:MB samples in the
4000–400 cm−1 region; (b) FTIR spectra of the MB, Mt., Mt.:MB, CPN, and CPN:MB
samples in the 1700–900 cm−1 region.

Fig. 2. XRD patterns of Mt., CPN, CPN:MB (4 and 10 mg L−1), and U-PEO.

Table 1
Positions and corresponding interlayer spaces for the (001) basal reflections of Mt., CPN,
and CPN: MB (4 and 10 mg L−1).

Sample 2θ (°) d(001) (Å)

Mt 7.34 12.04
CPN 4.95 17.84
CPN:MB 4 4.88 18.09
CPN:MB 10 4.74 18.63
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mineral nanoparticles dispersed in the nanocomposite matrix (Zhang
et al., 2014). Moreover, both materials (CPN and U-PEO) showed si-
milar macroscopic swelling of ~44 wt%, due to water uptake by the
hybrid matrix, indicating that the hydrogel behavior of the hydrophilic
U-PEO network was essentially unaffected by the incorporation of Mt.

3.3. Nanostructural evolution during dye removal

The effect of incorporation of Mt. in the U-PEO on the nanostructure
of the nanocomposite was analyzed using ex situ SAXS. Time-resolved
SAXS monitoring was used to assess the effects of water uptake and dye
adsorption on the hybrid matrix and the dispersed Mt. phase. The ex situ
measurements employed the dry materials before and after dye ad-
sorption, while in situ experiments were performed with samples im-
mersed in aqueous dye solutions and in water.

The SAXS curves of the dry U-PEO, Mt., and CPN samples, before
and after adsorption of MB (at 10 mg L−1) are compared in the log-log
graph displayed in Fig. 4. The SAXS curve of the U-PEO hybrid showed
a broad peak with a maximum at ~1.47 nm−1, due to an interference
effect in the X-ray scattering amplitude produced by the existence of
spatially correlated ureasil cross-linked nodes at both the ends of the
PEO chains (Chaker et al., 2006). An average distance (ds) of 4.3 nm

between the cross-linked nodes was calculated from the peak position
(ds = 2π / qmax). A second peak was observed at lower q values, with a
maximum (qmax) at ~0.38 nm−1, corresponding to a Bragg distance of
16.5 nm, typical of the interlayer distance of the crystalline PEO
homopolymer (Hikosaka et al., 2006). However, the absence of higher
order reflections was characteristic of scattering by a mesoscopic ar-
rangement with smaller size.

The basal reflection corresponding to the Mt. interlayer distance
was not apparent in the SAXS curve of Mt., because the (001) basal
reflection occurs at q = 5.3 nm−1 and was therefore above the max-
imum q value provided by the experimental system. The CPN samples
presented similar patterns before and after MB adsorption, with peaks
centered at 3.5 nm−1. In agreement with the XRD results, this shift of
the (001) Mt. peak towards smaller angles evidenced the intercalation
of PEO between the Mt. silicate layers. Additionally, the U-PEO corre-
lation peak was absent in the SAXS curves of the nanocomposites. This
was probably due to the fact that Mt. scatters X-rays more efficiently
than U-PEO, so its scattering contribution dominated the nanocompo-
site SAXS curves. At lower q values, the CPN SAXS curves displayed
linear behavior characteristic of power law decay of the scattering in-
tensity (I(q) ∝ q-α). The slopes of these linear regions corresponded to α
of ~2.9–3.1, indicating the presence of dense aggregates (Brinker and
Scherer, 1990). As the scattering intensity followed this power law from
the smallest q value used in the SAXS experiments, it was impossible to
reach the q region for which the Guinier law is valid (Brinker and
Scherer, 1990). This also implied that the q range employed actually
probed the interior of the Mt. tactoids. The value of the exponent
(α≈ 2.9–3.1) was lower than 4, as expected from the Porod behavior
(Brinker and Scherer, 1990) of a two-electron density system with
smooth interfaces. The observed behavior indicated that the Mt. tac-
toids did not satisfy the two-electron density model, probably due to the
large electron density difference between the silicate layer and the in-
terlayer space.

Fig. 5 displays a three-dimensional stacked line plot of the SAXS
curves as a function of time of immersion of CPN in the dye solution
(Fig. 5a) and in pure water (Fig. 5b), during the first hour of immersion.
The position of the (001) Mt. peak remained essentially invariant, while
the intensity clearly decreased during the first hour. In order to quantify
the nanostructural changes occurring during the immersion and ad-
sorption of water and dye, calculation was made of the temporal evo-
lutions of the area and full width at half maximum (FWHM) of the Mt.
basal reflection, and of the slope of the linear region in the low q range.
As shown in Fig. 6a, the Mt. relative peak area decreased continuously
during the first 30 min and then reached a constant value. Similar peak

Fig. 3. Temporal evolution of MB concentrations during adsorption. The continuous and
dashed lines connect the experimental data for adsorption by (a) CPN and (b) U-PEO. The
pictures show the CPN (top) and the U-PEO (bottom), before (left) and after (right) im-
mersion in the dye solution.

Fig. 4. SAXS patterns of the dry U-PEO, Mt., and CPN samples, before and after MB
adsorption from solutions containing 10 mg L−1 of the dye.
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area decreases were observed for CPN immersed in water and in dye
solution, indicating that this phenomenon was due to water uptake,
rather than dye adsorption. However, notable features for adsorption of
the dye solution were an initial induction period and greater continuity
of the sigmoidal decay. The former could have been related to osmotic
stretching, while the latter could have been due to ion exchange be-
tween the Mt. cations (Na+) and the cationic MB dye. This process was
accompanied by an increase of the FWHM (Fig. 6b), indicating a re-
duction of the Mt. crystallite size. This finding suggested that the water
uptake promoted a decrease of the number of silicate layers forming the
periodic packing along the c-axis of the tactoids. Moreover, the slope of
the Porod regime increased continuously during the first 30 min of the
immersion and evolved asymptotically to a plateau after 60 min
(Fig. 6c). The slope modulus values of 2.68 ± 0.03 obtained for the
initial times of immersion of the CPN in water and in dye solution in-
dicated the existence of fractal aggregates with dimensionality (Dm) of
2.68 ± 0.03 (Brinker and Scherer, 1990). After the initial decreases,
the slopes reached constant values corresponding to Dm of 2.46 ± 0.02
and 2.38 ± 0.02 for the nanocomposites immersed in water and in dye
solution, respectively. This behavior evidenced evolution of the Mt.
layers packing from a dense to a more open aggregate structure, due to
partial exfoliation of the crystallites.

3.4. Kinetics of MB adsorption

The temporal evolutions of the mass of adsorbed dye (qt, calculated
using Eq. 1) are plotted in Fig. 7. The adsorption capacity of the CPN
sample increased with the time of contact with the dye, as well as with
the concentration of cationic dye in the initial solution. The highest qt
values (37–38 mg g−1) were obtained for dye concentrations of

8–10 mg L−1. These values were fifteen times higher than the equili-
brium adsorption capacities reported previously for anionic dyes (or-
ange II and ponceau) adsorbed using a similar U-PEO hybrid material
(Molina et al., 2014).

In order to further elucidate the adsorption mechanism, pseudo-first
order (Eq. 2) and pseudo-second order (Eq. 3) models were employed to

Fig. 5. Temporal evolution of SAXS patterns during the first hour of immersion of the
CPN in (a) dye solution (10 mg L−1) and (b) water.

Fig. 6. Temporal evolution of the (001) Mt. diffraction peak: (a) relative peak area, (b)
FWHM, and (c) Porod region slope during the first hour of immersion of the CPN in MB
dye solution (black) and in water (red). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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assess the kinetics of adsorption of the MB dye by the CPN hybrid
matrix. The experimental data were fitted by the Lagergren pseudo-first
order and pseudo-second order equations (Günay et al., 2007; Vargas
et al., 2011).

= − −q q exp k t[1 ( )]t e 1 (2)

=

+

q
k q t

k q t(1 )t
e

e

2
2

2 (3)

where qe is the mass of dye adsorbed per gram at equilibrium, and k1
(min−1) and k2 (g mg−1 min−1) are the first and second order

adsorption rate constants, respectively (Moura et al., 2015; Zhou et al.,
2014).

The parameters obtained from the nonlinear least squares fitting
procedure for the two kinetic models are shown in Table 2. In both
cases, the correlation coefficients (R2) were higher than 0.99 for all
concentrations. The experimental values (qe exp), assumed to be equal to
the asymptotic qe cal values corresponding to the saturations observed
for the solutions with different initial concentrations, were closer to the
values calculated using the pseudo-first order model, indicating that

Fig. 7. Temporal evolution of the quantities of MB dye adsorbed by the CPN immersed in
aqueous solutions containing different concentrations of dye. The continuous lines re-
present the best fits of the experimental data by (a) the pseudo-first order model and (b)
the pseudo-second order model.

Table 2
Kinetic parameters for the adsorption of MB by the CPN.

Co

(mg L−1)
qe exp

(mg g−1)
Pseudo-first order Pseudo-second order

k1 10−4

(min−1)
qe calc

(mg g−1)
R2 k2 10−4

(g mg−1 min−1)
qe calc

(mg g−1)
R2

4 23.58 10.10 24.15 0.9992 0.29 31.54 0.9976
5 28.57 6.57 31.89 0.9997 0.12 45.15 0.9985
6 33.17 7.74 35.92 0.9917 0.12 49.51 0.9929
7 36.12 7.01 39.11 0.9964 0.10 54.23 0.9983
8 36.83 8.14 38.49 0.9879 0.13 51.68 0.9931
9 37.04 7.11 39.30 0.9692 0.11 52.99 0.9792
10 37.88 5.69 43.01 0.9932 0.07 62.21 0.9927

Fig. 8. Langmuir and Freundlich models for the adsorption of MB by the CPN.

Fig. 9. Variation of the separation factor (RL) according to the initial MB dye solution
concentration.
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this model provided the best description of the experimental data
(Fig. 7a). The expected invariance of the rate constant
(k1 = 0.001 ± 0.0005 min−1) was observed for all MB dye con-
centrations higher than 4 mg L−1. The higher k1 value of 0.001 min−1

obtained for the solution with the lower dye concentration
(C0 = 4 mg L−1) provided evidence of a diffusional contribution to the
flux of the aqueous MB dye solution into the CPN matrix.

The experimental MB dye solution concentrations at equilibrium
(Ce) were analyzed using the Langmuir (Eq. 4) and Freundlich (Eq. 5)
isotherms:

=

+

q
q k C

k C(1 )e
m L e

L e (4)

=q k Ce F e n
1

(5)

where qm is the monolayer adsorption capacity (mg g–1), kL is the
binding constant (L mg–1) related to the heat of adsorption, n expresses
the dependency of the adsorption heat on the surface occupation, and
kF is a constant related to the adsorption capacity ((mg g–1) (L mg–1)1/
n). The best fits achieved using the two models are shown by the con-
tinuous lines in Fig. 8. The Langmuir model provided a satisfactory fit
for the entire dye concentration range, with a correlation coefficient
(R2) higher than 0.987. This indicated that the adsorption process was
limited to a monolayer of the dye, and that at steady state equilibrium
all the surface adsorption sites had comparable heats of adsorption.
Considering the heterogeneity of the CPN organic-inorganic matrix, the
good fit obtained with the Langmuir model provided strong evidence
that the surface adsorption sites mainly belonged to the Mt.The
monolayer adsorption capacity (qm) and the binding constant (kL) de-
termined from the Langmuir model fitting of the experimental dye
adsorption isotherms were 39.6 mg g–1 and 6.28 L mg–1, respectively.
The kL value was used to calculate the dimensionless separation factor
constant, RL, defined by the following relationship (Hall et al., 1966):

=

+

R
k C
1

(1 )L
L 0 (6)

This essential element of the Langmuir isotherm provided in-
formation about the favorability of the adsorption process. The RL value
has four possible adsorption classifications: 0 < RL < 1 (favorable);
RL > 1 (unfavorable); RL = 1 (linear); and RL = 0 (irreversible) (Bulut
and Karaer, 2015; Fil et al., 2012; Saha et al., 2011). The variation of RL

with the initial MB dye solution concentration is shown in Fig. 9. The RL

values were in the range from 0 to 1, indicative of favorable adsorption
of MB on the CPN. The RL value approached zero as C0 increased, in-
dicating that MB adsorption was less favorable at higher initial con-
centrations.

4. Conclusions

A CPN was effectively synthesized by the sol-gel method. XRD
analysis of the nanocomposite showed that the Mt. (001) basal reflec-
tion was shifted to smaller angles, suggesting intercalation of PEO be-
tween the silicate layers. Use of SAXS to evaluate nanostructural
changes during immersion of the nanocomposite in dye solutions and in
water revealed similar decrease of the Mt. peak area and increase of
FWHM, indicating that the adsorption of water led to a reduction of the
Mt. crystallite size. UV–Vis absorption measurements showed that the
nanocomposite removed> 69% of the cationic dye after 58 h of im-
mersion. The best fits to the experimental adsorption data were pro-
vided by the pseudo-first order kinetic model and the Langmuir equi-
librium model. The results indicated that the nanocomposites are
potentially applicable as easily recovered adsorbents of cationic dyes
present in contaminated waters, due to the combined properties of Mt.
and the U-PEO hybrid.
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