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ABSTRACT: A poly(vinyl alcohol)/montmorillonite/titania
(PVA/MMT/TiO2) nanocomposite film was fabricated via a
simple solution casting strategy for the removal of cationic as well
as anionic dyes. The developed nanocomposite film was subjected
to X-ray diffraction (XRD), Fourier transform Infrared (FTIR),
thermogravimetric analysis, dynamic mechanical analysis (DMA),
mechanical property evaluation, and scanning electron microscopy
(SEM) analysis. The embedding of MMT and TiO2 nanoparticles
onto a PVA matrix has been confirmed from XRD, FTIR, and SEM
analysis. It has been found that the thermal and mechanical
properties of virgin PVA have been significantly improved by
embedding it with MMT and TiO2. The embedded system also
exhibited excellent room-temperature storage modulus compared
to the unfilled system, as revealed from DMA. By utilizing the adsorption characteristics of MMT and photocatalytic activity of TiO2,
the developed PVA/MMT/TiO2 nanocomposite film was used for the removal of model dyes, viz, malachite green (MG), methylene
blue (MB), and cotton blue (CB). The highest removal efficiency for cationic MG and MB was 99.99% and 99.79%, respectively, for
15 min of exposure time. The anionic CB showed a removal efficiency of 98.52%. The highlight of the work is that, since the
adsorbent and photocatalyst are embedded onto a polymer matrix and made in the form of a film, we can easily recover the film from
the solution after use, with no need of centrifugation and further purification strategies as in the case of powderous photocatalysts.
Further, the PVA/MMT/TiO2 nanocomposite film exhibited excellent reusability of 10 cycles, which is a very high value in
comparison with literature reports.

■ INTRODUCTION
The usage of a broad range of coloring pigments and dyes has
seen a surge in demand in the textile, leather, food, paint,
pharmaceutical, and medical diagnostic industries as a result of
fast urbanization, rapid economic expansion, and industrializa-
tion.1,2 However, the effluents that are discharged from these
industries have a negative effect on the environment since they
are improperly treated before being put into sewage and
eventually end up in adjacent water bodies such as rivers, lakes,
and streams. These discharges may contain heavy metals,
inorganic salts, carcinogenic compounds, and colors that not
only harm the environment but also contaminate drinking water
sources.3,4 Dyeing chemicals possess aromatic backbones with a
stable structure and are resistant to oxidizing agents, light, and
heat; further, they are not biodegradable and stay in the water for
years, which is another important worry.5 However, certain
colors break down into more dangerous substances that
endanger the ecosystem. For instance, the largest class of
synthetic dyes is synthetic nitrogen dyes, also known as azo dyes,
which under specific circumstances degrade and emit carcino-
genic aromatic amines.6 These toxic compounds cause cancer,

kidney, and liver damage, neurological disorders, and other
diseases in humans when they are exposed to them.7 As a result,
it is now a worldwide priority to discover a sustainable method
for the effective removal of organic dyes from contaminated
water.

Adsorption and coagulation strategies are the traditional
methods of dye removal, and have been found to be less effective
because the solid materials that are adsorbed or coagulated on
the adsorbent surface require further processing.8−10 Photo-
catalysis has been reported to be a promising tool to resolve
these issues. It employs an advanced oxidation process, which
has a high level of efficiency in treating wastewater that contains
chemical contaminants.11 Among the semiconductor nano-
particles, nano titania (TiO2) has received the most attention as
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an effective photocatalyst.12,13 Even though TiO2 nanoparticles
are having impressive photocatalytic activity, their use is
constrained by a number of issues, including inadequate solar
energy absorption, challenges with recycling, high rate of
photogenerated electron hole recombination, and agglomer-
ation.14−16 Traditional sedimentation or centrifugal isolation
techniques are required to recover the photocatalyst after the
water treatment.17 The process is energy consuming and also
leads to secondary pollution to the environment, restricting the
applications of the TiO2 photocatalyst for water treatment
application.

Studies have been carried out to incorporate TiO2 nano-
particles onto various substrates such as silica, graphene oxide,
carbon nitride, activated carbon, etc., in view of possible
enhancement in the functional properties of TiO2.

18−21

However, these opaque substances cause a reduction in the
light utilization efficiency and decrease the performance of the
photocatalyst. Literature reports reveal that polyhydroxylated
compounds improve the photocatalytic activity of TiO2.

22,23 It
has been observed that the capacity of glucose to scavenge holes
increases the photoactivity of TiO2.

24,25 However, to use the
TiO2/glucose system as a stable photocatalyst, the photo-
degradation of tiny glucose molecules posed a significant
challenge. It was therefore solely employed as a hole scavenger.
As a stable matrix for the TiO2 photocatalyst, the polyhydroxy-
lated polymer, poly(vinyl alcohol) (PVA) is a more promising
candidate.26,27 PVA is a nontoxic, hydrophilic polymer which
has excellent film-forming ability, high chemical and thermal
stability, environmental friendliness, water solubility, gas
solubility,28−33 flexibility, and transparency.34,35 More crucially,
the PVA chain’s abundance of −OH groups significantly
improves its ability to scavenge the holes. As a result, PVA can
be chosen as a useful support for incorporating TiO2 in order to
build a photoreduction system based on effective holes
scavenging.

Montmorillonite clay (MMT) has been reported to be very
efficient in reinforcing polymer matrices and thereby improves
the mechanical properties.36,37 MMT composed of one Al3+
octahedra connected with two Si4+ tetrahedra shows excellent
adsorption characteristics owing to the surface charge and
hydrophilicity.38−41 MMT can interact with hydrophilic
polymers due to its inherent chemical makeup, which include
the presence of silanol groups (−Si−OH) on the surface and its
capacity to create hydrogen bonds.42 MMT can therefore
function as cocross-linkers of hydrophilic polymers in solution
and contribute enhanced stability to the nanocomposite.

In the present study, we report the development of PVA/
MMT/TiO2 nanocomposite films via a simple solvent casting
strategy, for the efficient removal of both cationic dyes
(malachite green; MG and methylene blue; MB) and anionic
dyes (cotton blue; CB). The dye removal efficiency has been
investigated in terms of nanocomposite dosage, TiO2 loading,
MMT loading, pH, contact time, initial dye concentration, and
temperature. Reusability of the PVA/MMT/TiO2 nanocompo-
site film was also examined. The mechanism of dye removal
involves both adsorption and photocatalysis. Detailed inves-
tigations on isotherm, kinetics, and thermodynamics of
adsorption have been carried out. The Langmuir adsorption
isotherm model has been found to be the best fit with
experimental data and the dye adsorption follows pseudo-
second-order kinetics. The spontaneity and hence the feasibility
of dye adsorption has been confirmed from thermodynamic
investigations.

■ EXPERIMENTAL SECTION
Materials and Methods. PVA (99%, molecular weight:

89,000−98,000; Sigma-Aldrich, USA), montmorillonite K10
(MMT; Thermo Fisher Scientific India Pvt. Ltd. Mumbai,
India), glutaraldehyde (25% in water, Spectrochem. Ltd.,
Mumbai, India), titanium isopropoxide (Thermo Fisher
Scientific India Pvt. Ltd. Mumbai, India), and glacial acetic

Figure 1. Schematic representation of the development of the PVA/MMT/TiO2 nanocomposite film.
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acid (Spectrochem. Ltd., Mumbai, India) were all of analytical
grade and used directly without further purification. The model
dyes used in this study, viz, MG and MB, were purchased from
Sigma-Aldrich, USA and CB from Spectrum Chemicals Pvt.
Ltd., Mumbai, India. Deionized water was used as the solvent for
the development of the nanocomposite film and also for the dye
removal studies.
Development of PVA/MMT/TiO2 Nanocomposite

Films. TiO2 nanoparticles were synthesized initially via a
modified method as reported earlier.43 Titanium isopropoxide,
glacial acetic acid, and deionized water were used as precursors
for the synthesis of TiO2 nanoparticles. Glacial acetic acid (71.5
mL) was added to titanium isopropoxide (36 mL) under
constant stirring. Then, a definite volume of deionized water
(225 mL) was added to this mixture and the stirring continued.
A stable sol was formed, which could be converted into gel form
by heating in a water bath at 100 °C for 12 h. The dried powder
was then calcined at 600 °C to obtain the TiO2 nanoparticles.
Titanium isopropoxide hydrolyzes vigorously with water, to
form a white titanium hydroxide precipitate. By the addition of
glacial acetic acid, the rate of hydrolysis decreases and titanium
hydroxide particles get dispersed to form a stable sol.

The PVA/MMT/TiO2 nanocomposite films were fabricated
via a simple solution casting strategy. A schematic representation
of the development of PVA/MMT/TiO2 nanocomposite films
has been depicted as Figure 1. Initially, MMT was added to
deionized water and was sonicated for 2 h to disperse MMT.
The MMT dispersion was then divided into two equal portions;
to the first portion, PVA was added and heated with stirring (at
90 °C) to dissolve PVA completely. To the second portion of
MMT dispersion, TiO2 nanoparticles (average particle size-20
nm) were added and sonicated for 2 h. The first portion now
contains PVA solution with dispersed MMT and the second
portion contains a dispersion of MMT and TiO2. Both these
portions were mixed together to obtain a film-forming solution
of PVA/MMT/TiO2 and was stirred for 1 h to ensure proper
mixing. This was followed by the addition of cross-linking agent
glutaraldehyde/HCl (0.2 mL glutaraldehyde/0.15 mL 5% HCl)
and the stirring continued overnight at room temperature. The
film-forming solutions were then poured into a Petridish and
dried at 60 °C for 24 h to obtain PVA/MMT/TiO2
nanocomposite films of average thickness of 0.2 mm.

Altogether, 16 compositions of nanocomposite films were
prepared by varying the amount of MMT and TiO2 as shown in
Table 1 (composition of PVA was kept constant).
Characterization Techniques. A Panalytical Empyrean X-

ray diffractometer was used to record the X-ray diffractograms of
the developed PVA/MMT/TiO2 nanocomposite film (operat-
ing at 40 kV, 30 mA), using Cu Kα radiation (λ = 1.5405 Å) with
a position sensitive detector. Diffraction data were collected in
the range 0−90°. Fourier transform infrared (FTIR) spectra of
the samples were obtained in ATRmode by using JASCOFTIR-
4700, in the wavenumber range of 400−4000 cm−1. Thermal
analysis was performed with a thermogravimetric analysis
instrument (TA Instruments, Q50). The thermogravimetric
analysis (TGA) data were recorded from room temperature to
600 °C at a scan rate of 10 °C/min. Morphology of the system
was evaluated by scanning electron microscopy (SEM)
(Hitachi-2400). Mechanical properties of the nanocomposite
films were examined by using a universal testing machine
(Shimadzu Autograph, AG-Xplus series) with an applied load of
10 N. Dynamic mechanical analysis (DMA) was performed by
using a viscoelastometer (DMTA, model no: MK-II) in the

temperature range of room temperature to 150 °C at a 10 Hz
frequency. The test specimens were 55 mm in length, 5 mm in
width, and 2 mm in thickness. The dye removal studies were
investigated by using a UV−visible spectrophotometer, UV-
2700, Shimadzu, Japan.
Swelling and Solubility Studies. Swelling studies give

interesting information regarding the interfacial strength and
dispersion of the filler in the polymer matrix. For evaluating the
degree of water uptake, the preweighed nanocomposite film was
immersed in distilled water (100 mL) and allowed to soak for 24
h at room temperature to attain equilibria. After the samples
were removed from water, the film was blotted with filter paper
and weighed to obtain the weight of the swollen sample. Finally,
the swelling percentage was calculated by using the
expression44,45

W W
W

degree of swelling (%) 1002 1

1
= ·

(1)

where W1 (g) andW2 (g) are the weight of the dried and swollen
samples, respectively.
Dye Removal Studies. Dye removal studies were

conducted by treating a preweighed quantity of PVA/MMT/
TiO2 nanocomposite film with 100 mL of dye solutions
containing different concentrations of the dye. The solution
was first kept in a dark chamber to allow the system to reach
adsorption−desorption equilibrium. Then, the solution with the
catalyst was exposed to direct sunlight and stirred with a uniform
agitation speed of 500 rpm. 5 mL of the sample solution was
collected from the system at a definite interval of time and was
analyzed with a UV−visible spectrophotometer to find the
absorbance and hence the dye concentration. The percentage
removal efficiency (R %) was calculated by using the following
equation.46,47

R
C C

C
% 1000 e

0
= ·

(2)

The amount of dye adsorbed per unit mass of nanocomposite
film (qe) was calculated by using the expression.48

q
C C V

W
( )

e
o e= ×

(3)

Table 1. Sample Formulations

no. PVA (wt %) MMT (wt %) TiO2 (wt %)

1 3 0.025 0.20
2 3 0.025 0.30
3 3 0.025 0.40
4 3 0.025 0.50
5 3 0.050 0.20
6 3 0.050 0.30
7 3 0.050 0.40
8 3 0.050 0.50
9 3 0.075 0.20
10 3 0.075 0.30
11 3 0.075 0.40
12 3 0.075 0.50
13 3 0.100 0.20
14 3 0.100 0.30
15 3 0.100 0.40
16 3 0.100 0.50
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where Co and Ce (mg/L) are the concentrations of dye solution
before and after adsorption, respectively, V is the volume of the
dye solution (in liter), andW is the weight of the nanocomposite
film (g).
Reusability. To examine the reusability of the developed

PVA/MMT/TiO2 nanocomposite film, the film after optimized
conditions of dye removal, was dipped in a 0.1 M HCl solution
for 3 h. The film was then taken out, washed, air-dried, and was
used for the next cycle test.49 The reusability was investigated in
ten consecutive cycles, under identical experimental conditions.

■ RESULTS AND DISCUSSION
Figure 2 shows the X-ray diffraction (XRD) pattern of PVA,
PVA/MMT, PVA/TiO2, and PVA/MMT/TiO2 systems. PVA

is a semicrystalline polymer and diffraction peaks were observed
at 2θ = 11.55, 19.70 and 40.74°, owing to the diffraction from
(100), (101), and (102) planes, respectively.50 In the case of the
PVA/MMT system, the peaks at 2θ = 9.1° correspond to the
basal spacing or (001) diffractions of MMT and those at 45.0°
are due to clay impurities.51 For the PVA/TiO2 system, in
addition to the diffraction peaks of PVA, diffraction peaks were
identified at 25.74, 38.16, 48.28, 54.40, 55.35, 62.96, 69.24,

70.42, 75.47, and 82.71° corresponding to the diffraction from
TiO2 planes (101), (004), (200), (105), (211), (204), (116),
(220), (215), and (303), respectively. This indicates that the
crystallinity of TiO2 does not change during nanocomposite
formation. These results are in agreement with JCPDS no. 89-
4921. In the case of the PVA/MMT/TiO2 system, both the
diffraction peaks of PVA/MMT and PVA/TiO2 were seen.
However, the most intense peak of PVA at 19.7° was
significantly less intense and broadened.

FTIR spectra of PVA and PVA/MMT/TiO2 systems have
been shown as Figure 3. For virgin PVA, the −OH stretching
vibrations from intermolecular and intramolecular hydrogen
bonds were observed at 3287 cm−1. The peaks at 2908 and 2939
cm−1 correspond to the C−H vibrations from aldehyde. The −
C�O and −CH2 vibrations have been observed at 1720 and
1419 cm−1, respectively. The peaks at 1319 cm−1 correspond to
CH−OHbending and CH2 wagging and those observed at 1085
cm−1 indicate C−O stretching vibrations. −CH2 rocking
vibrations have been observed at 922 cm−1 and C−C stretching
vibrations at 842 cm−1.52 In the case of PVA/MMT/TiO2
systems, the peaks at 918 and 845 cm−1 correspond to Al−O
stretching vibrations and those at 468 cm−1 arise due to Si−O
bending vibrations.53 Ti−O stretching vibrations were also
observed at 468 cm−1.54 Figure 4 shows possible interactions
among the constituents of the nanocomposite.
Mechanical Properties. Since the developed PVA/TiO2/

MMT films have been employed for dye polluted water
treatment, evaluation of their mechanical properties is very
crucial. The mechanical properties such as tensile strength,
Young’s modulus, and elongation at break of PVA, PVA/TiO2,
PVA/MMT, and PVA/TiO2/MMT systems have been
examined and the results are presented in Table 2. We have
evaluated the effect of nano TiO2 and MMT content on the
mechanical properties of PVA/MMT and PVA/TiO2 systems,
respectively. It has been observed that PVA/TiO2/MMT
systems exhibited improved mechanical properties than virgin
PVA and their binary systems, i.e., PVA/TiO2 and PVA/MMT
systems. As the MMT content reaches 0.1%, the tensile strength
and Young’s modulus increased by 66% and 86%, respectively.
The MMT provides extensive surface area for creating number
of interactions among PVA andMMT, restricting the segmental
mobility, acting as mechanical reinforcement at the expense of
flexibility. The interaction among the constituents has been
proved from FTIR analysis. The addition of TiO2 had a dual
influence on the mechanical properties. The loading of 0.4%
TiO2 led to an increment in tensile strength and Young’s
modulus by 42% and 54%, respectively. However, when it
reaches 0.5%, the tensile strength and Young’s modulus have
been decreased.

The reinforcing effect of TiO2, which caused an increase in the
values of both tensile strength and modulus, is due to the
interaction among PVA and TiO2 nanoparticles. When the TiO2
content reaches 0.5%, mechanical properties are weakened,
possibly due to the formation of agglomerates, which in turn
creates weak regions in the matrix. Similar observations have
been reported for the influence of higher loading of nano-
particles such as TiO2, ZnO, etc. on the mechanical properties of
different types of polymer matrices.55,56 It has been observed
that bothMMT and TiO2 incorporation decrease the elongation
at break values. The reduction in elongation at break indicates
that the incorporation of nanoparticles restricted the motion of
PVA chains owing to the strong interaction among the
constituents.

Figure 2. XRD pattern of PVA, PVA/MMT, PVA/TiO2, and PVA/
MMT/TiO2 systems.

Figure 3. FTIR spectra of PVA and PVA/MMT/TiO2 systems.
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Dynamic Mechanical Analysis. DMA has been carried to
investigate the influence of nanofiller embedding on the storage

modulus and loss factor of PVA. The variation of storage
modulus (E′) versus temperature for PVA, PVA/MMT, and
PVA/MMT/TiO2 nanocomposite films have been shown as
Figure 5a. For all the systems, the storage modulus decreases
steadily with an increase in temperature and attains a limiting
value after a particular temperature. This has been attributed to
the increased segmental mobility and thereby increased free
volume between the segments with respect to the temperature.
It has been found that the storage modulus of neat PVA and
PVA/MMT system is lower than the PVA/MMT/TiO2 system
for all the temperatures. This is a clear indication of the effective
reinforcement of the PVA matrix by MMT and TiO2
nanoparticles, owing to which the segmental motion gets
restricted. We have further investigated the effect of MMT
loading on the storage modulus of the nanocomposite, and the
results have been presented as Figure 5c. As the MMT loading
increases from 0.025 to 0.1 wt %, the storage modulus increases
by 7%. This improvement has been attributed to the significant
reinforcement offered by MMT particles. Owing to the large
surface area and van der Waals force of attraction with the PVA
matrix, MMT restricts the segmental mobility and deformability
of PVA matrix.

Figure 5b shows the loss factor (tan δ) and the ratio of loss
modulus to storage modulus of PVA, PVA/MMT, and PVA/
MMT/TiO2 systems. The loss factor is influenced by the

Figure 4. Possible interactions among the constituents of the PVA/MMT/TiO2 system.

Table 2. Mechanical Properties of PVA, PVA/TiO2, PVA/
MMT, and PVA/TiO2/MMT Systems

samples
tensile strength

(MPa)
Young’s modulus

(MPa)
elongation at
break (%)

PVA 39.23 ± 1.89 8.95 ± 0.56 291.30 ± 3.83
PVA/TiO2 44.93 ± 1.58 11.42 ± 0.84 272.51 ± 4.53
PVA/MMT 46.83 ± 1.09 9.88 ± 0.53 270.14 ± 3.92
PVA/MMT/TiO2-
0.2%

47.95 ± 1.93 11.63 ± 0.72 261.23 ± 3.05

PVA/MMT/TiO2-
0.3%

51.09 ± 2.53 12.86 ± 0.63 250.64 ± 4.29

PVA/MMT/TiO2-
0.4%

55.87 ± 2.98 13.82 ± 0.45 242.43 ± 3.23

PVA/MMT/TiO2-
0.5%

49.69 ± 1.99 12.09 ± 0.76 241.58 ± 3.74

PVA/MMT-
0.025%/TiO2

48.98 ± 2.96 13.36 ± 0.94 262.34 ± 4.21

PVA/MMT-
0.050%/TiO2

49.69 ± 2.84 14.82 ± 0.68 254.73 ± 4.18

PVA/MMT-
0.075%/TiO2

56.37 ± 2.06 15.28 ± 0.81 246.30 ± 3.95

PVA/MMT-
0.10%/TiO2

65.13 ± 1.64 16.73 ± 0.27 239.85 ± 3.06
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incorporation of fillers in a composite system.57 This may be
attributed to the shear stress concentration at the filler ends in
association with additional energy dissipation within the
polymer matrix. It has been observed that the tan δ peak
becomes more broadened in the case of the PVA/MMT/TiO2
system than those of PVA and PVA/MMT systems. This is a
clear indication of the embedding effect of MMT and TiO2

nanoparticles within the PVA matrix. The systems function in a
synchronized way under the dynamic load.

The tan δ peak width is an indication of increased free volume
of the interface.58 The peak width at half height of the samples
from the damping curve is shown in Figure 5d. As the MMT
loading increases, the peak width has been found to be increased.
Increase in concentration of the filler increases the interfaces.59

Figure 5. (a) Storage modulus vs temperature plot of PVA, PVA/MMT, and PVA/MMT/TiO2 nanocomposite films. (b) tan δ vs temperature plot of
PVA, PVA/MMT, and PVA/MMT/TiO2 nanocomposite films. (c) Storage modulus with respect to MMT loading. (d) Peak width with respect to
MMT loading. (e) Glass transition temperature with respect to composition.

Figure 6. (a) TGA of PVA and PVA/MMT/TiO2 nanocomposite films. (b) DTG of PVA and PVA/MMT/TiO2 nanocomposite films.
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Stress induced motion may also occur in the composite system,
which leads to the dissipation of energy and mechanical
damping. Variation of glass transition temperature (Tg) with
composition has been depicted as Figure 5e. Virgin PVA has aTg
of 46 °C, whereas the nanocomposite with 0.025 wt % MMT
loading has a Tg of 55 °C. When the MMT loading increases to
0.1 wt %, the Tg become 61 °C. The shift in Tg may be attributed
to the increased crystallinity of the nanocomposite and reduced
segmental mobility, owing to the adhesion between the polymer
matrix and the nanofillers.
Thermogravimetric Analysis.Thermograms of PVA and a

representative PVA/MMT/TiO2 nanocomposite film have been
shown as Figure 6a. The major decomposition of PVA occurs at
293 °C, owing to the loss of volatile unsaturated aldehydes and
other unsaturated compounds.60 Introduction of MMT and
TiO2 into PVA increases the thermal stability of PVA and the
major decomposition temperature has been shifted to 376 °C. A
corresponding derivative TG plot has been shown as Figure 6b.
Surface Morphology. Figure 7 shows the SEM images of

virgin PVA, PAV/TiO2, PVA/MMT, and PVA/MMT/TiO2
nanocomposite films. In the case of neat PVA, smooth and

homogeneous surfaces have been observed, whereas the
dispersed TiO2 nanoparticles are visible in the SEM image of
the PVA/TiO2 nanocomposite film (Figure 7b, average particle
size-20 nm). Incorporation of MMT in the PVA matrix creates
some heterogeneity in the PVA matrix and the surface become
more rougher than neat PVA. Some reports reveal that the clay
loading at higher concentrations may lead to agglomeration,
owing to the hydrophilicity and high surface energy.61 Figure
7d,e shows the SEM images of the nanocomposite films at
different loadings of TiO2 nanoparticles, viz, 0.3 and 0.5 wt %,
respectively.

A relatively uniform distribution of TiO2 nanoparticles is seen
in Figure 7d. However, in the case of 0.5 wt % TiO2-loaded
samples, particle agglomerations have been visible (Figure 7e).
This has been attributed to the higher surface energy of TiO2
nanoparticles at higher concentrations.62

Swelling Studies. The swelling ratio is an indication of the
dimensional stability of the system. Virgin PVA showed a large
dimensional change (high swelling ratio), whereas PVA
reinforced with MMT and TiO2 exhibited a small dimensional
change (low swelling ratio) when exposed to a solvent. In other

Figure 7. SEM images of (a) PVA, (b) PVA/TiO2, (c) PVA/MMT, (d) PVA/MMT/TiO2 (TiO2 loading = 0.3 wt %), and (e) PVA/MMT/TiO2
(TiO2 loading = 0.5 wt %).

Figure 8. Variation of swelling (%) with respect to (a) MMT loading and (b) TiO2 loading.
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words, PVA yields to solvent stress readily, while the presence of
MMT and TiO2 offers further dimensional stability. For a

particular composition of the PVA/MMT/TiO2 system, as the
MMT loading increases, the swelling (%) has been observed to

Figure 9. Amount of dye adsorbed at equilibrium (in mg/g) with respect to (a) MMT loading and (b) TiO2 loading. (c) Photograph of a
representative PVA/MMT/TiO2 nanocomposite film after the adsorption of MG.

Figure 10. Dye removal efficiency with respect to (a) initial dye concentration, (b) contact time, (c) pH, (d) temperature, and (e) nanocomposite
dosage.
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be decreasing [Figure 8a]. Similar trends have been observed
with TiO2 loading as well [Figure 8b]. This is a clear indication
of the effective reinforcement of PVA chains by embedded
MMT and TiO2 nanoparticles.
Dye Removal Studies. In the present work, a combination

of adsorption and photocatalysis has been utilized for the dye
removal. For the adsorption studies, PVA/MMT/TiO2 nano-
composite films and the dye solutions, viz, MG, MB, and CB,
respectively (60 ppm concentration), have been stirred under
dark conditions. The solutions were then collected at regular
time intervals, and the concentration of dye solutions has been
examined by means of a UV−visible spectrophotometer. Figure
9a,b shows the variation of amount of dye adsorbed (in mg/g)
with respect to MMT and TiO2 loading, respectively
(equilibrium time is 15 min).

It has been observed that the amount of dye adsorbed at
equilibrium (milligrams per gram) increases as the MMT
loading in the nanocomposite film increases. The TiO2 dosage
follows the same pattern as well; however, significant variations
occurs with MMT loading. An increase in the loading of MMT
and nano TiO2 offers sufficient surface area and open adsorption
sites. Therefore, the amount of dye adsorption increases with an
increase in MMT and nano TiO2.

As the MMT loading increases from 0.025 to 0.1 wt %, the
amount of dye adsorption increases from 1.05 to 8.57 mg/g and
from 0.98 to 8.01mg/g forMG andMB, respectively. In the case
of CB, the amount of dye adsorption increased from 0.92 to 6.13
mg/g. As the TiO2 loading increases from 0.2 to 0.5 wt %, the
MG andMB dye adsorption increases from 8.02 to 8.52 and 7.65
to 8.01 mg/g, respectively. Figure 9c shows the photograph of a

Figure 11. (a) Langmuir adsorption isotherm model for MB removal. (b) Freundlich adsorption isotherm model for MB removal. (c) Temkin
adsorption isothermmodel forMB removal. (d) Langmuir adsorption isothermmodel forMG removal. (e) Freundlich adsorption isothermmodel for
MG removal. (f) Temkin adsorption isotherm model for MG removal. (g) Langmuir adsorption isotherm model for CB removal. (h) Freundlich
adsorption isotherm model for CB removal. (i) Temkin adsorption isotherm model for CB removal.

Table 3. Adsorption Isotherm Data

dye Langmuir model Freundlich model Temkin model

RL R1
2 N R2

2 KF AT B R3
2

MG 0.011 0.998 1.54 0.9266 0.86 4.29 2.75 0.989
CB 0.125 0.975 1.66 0.9431 5.05 −0.59 1.93 0.950
MB 0.007 0.999 2.05 0.8837 3.77 5.84 2.45 0.998
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representative PVA/MMT/TiO2 nanocomposite film after the
adsorption of MG.
Optimization of Parameters: Adsorptive and Photo-

catalytic Dye Removal. For the adsorptive and photocatalytic
dye removal studies, the PVA/MMT/TiO2 nanocomposite film
and the dye solutions, viz, MG, MB, and CB, respectively, have
been stirred under direct sunlight. The solutions were then
collected at regular time intervals and the concentration of dye
solutions has been examined by means of a UV−visible
spectrophotometer. Various parameters affecting the dye
removal efficiency, such as effect of initial dye concentration,

contact time, pH, temperature, and the nanocomposite dosage,
have been investigated in detail.
Effect of Initial Dye Concentration. The dye removal

efficiency has been investigated with dye solutions having
concentrations of 20, 40, 60, 80, and 100 ppm. A fixed amount of
nanocomposite film (1 g) was added to every 100 mL of the dye
solution. Figure 10a shows the variation of dye removal
efficiency with respect to the initial concentration of dye
solution. It has been observed that for MG, the highest removal
efficiency of 99.99% was reached at a dye concentration of 60
ppm, while in the case of MB and CB, the 40 ppm solution gives
highest removal efficiency, 99.79 and 98.52%, respectively.
Greater concentration gradient between the dye molecules and
the nanocomposite surface, significant number of empty
adsorption sites on the nanocomposite film, as well as the
formation of photoinduced active species on the nanocomposite
surface may contribute to the enhanced dye removal efficiency.
As the initial concentration of the dye solution increases more
and more, the majority of the active sites have been occupied by
dye molecules, and the nanocomposite surface attained a
saturation point. Further, the adsorbed dyemolecules inhibit the

Figure 12. (a) Pseudo-first-order model for MB removal. (b) Pseudo-second-order model for MB removal. (c) Intraparticle diffusion models for MB
removal. (d) Pseudo-first-order model for MG removal. (e) Pseudo-second-order model for MG removal. (f) Intraparticle diffusion models for MG
removal. (g) Pseudo-first-order model for CB removal. (h) Pseudo-second-order model for CB removal. (i) Intraparticle diffusion models for CB
removal.

Table 4. Kinetic Parameters for Dye Adsorption

experimental PFO model PSO model IPD model

qe (mg g−1) K1 (min−1) R2 qe (mg g−1) K2 (g mg min−1) R2 qe (mg g−1) Kid (g mg−1 min1/2) R2 qe (mg g−1)

MB 8.78 −0.03 0.9916 2.56 0.024 0.9999 9.10 0.1445 0.7906 8.158
CB 6.54 −0.025 0.9798 1.59 0.026 0.9996 4.11 0.114 0.8231 2.559
MG 9.02 −0.041 0.8616 1.51 0.026 0.9991 8.21 0.134 0.5281 4.498

Table 5. Thermodynamic Parameters for the Dye Adsorption

dyes ΔG (kJ/mol)
ΔH

(kJ/mol)
ΔS

(J/mol)

303 K 313 K 333 K 353 K

MB −12.26 −11.48 −9.93 −8.38 −35.75 −77.53
CB −10.65 −9.89 −8.35 −6.82 −33.86 −76.59
MG −13.63 −12.85 −11.30 −9.69 −37.33 −78.21
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reaction of adsorbed molecules with photoinduced species.
Similar observations have been reported by Daneshvar et al.,
200363 and Grzechulska and Morawski 2002.64

Effect of Contact Time. To study the influence of contact
time on the dye removal, the dye removal studies have been

carried out at regular time intervals such as 3, 6, 9, 12, 15, 18, 25,
and 30 min. Figure 10b shows the variation of dye removal
efficiency with respect to contact time. It has been found that for
all three dyes, the removal efficiency increases with increase in
time and the maximum removal efficiency has been attained by
15 min. The presence of a significant number of active sites may
have contributed to the initial increase in the removal efficiency.
The limiting value has been achieved at 15 min and further
increase in contact time does not influence the dye removal
efficiency.
Effect of pH. It has been observed that the pH of the dye

solution has a significant impact on its removal by the PVA/
MMT/TiO2 system. The pH ranges selected for the studies
were 2, 4, 6, 8, and 10. Figure 10c shows the variation of removal
efficiency (%) with respect to pH. Removal efficiency of the
cationic dyes MG and MB increases as the pH increases from 2
to 8. However, for the anionic CB dye, the maximum removal
efficiency was attained at pH 2. The ionic interactions between
the dye molecules and protonated hydroxyl groups of the
nanocomposite film are responsible for their removal. The
hydroxyl groups in the nanocomposite film become more
protonated at an acidic pH, giving the surface a positive charge.
MG and MB molecules ionize to form cationic dye ions in an
aqueous solution. Reduced pH levels result in lower removal
efficiency due to the mutual repulsion between these two
positively charged species. The anionic dye CB, on the other

Figure 13. (a) UV−visible absorption spectra for the removal of a representative dye, viz, MG, with time. (b) Kinetics of photodegradation in the
presence and absence of a scavenger.

Figure 14. Photographs showing photodegradation of the MG solution with respect to time.

Figure 15. Reusability studies on PVA/MMT/TiO2 systems.
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hand, is more likely to bind to positively charged nanocomposite
surfaces when the pH is acidic.
Effect of Temperature. The dye removal studies have been

performed at different temperatures, viz, 30, 40, 60, and 80 °C.
The effect of temperature on the removal of each dye was
assessed and the results have been shown as Figure 10d. It has
been observed that the dye removal efficiency decreases with an
increase in temperature. This may be due to the reason that at
elevated temperatures, the electrostatic interaction between the
dye molecules and the nanocomposite films get weakened.65,66

Effect of Nanocomposite Dosage.To assess the impact of
nanocomposite dosage on the dye removal, varying amounts of
(0.5 1, 1.5, 2, and 2.5 g) PVA/MMT/TiO2 nanocomposite films
were added to 100 mL each of MG (60 ppm, pH 8), MB (40
ppm, pH 8), and CB (40 ppm, pH = 2). Variation of dye removal
efficiency with respect to nanocomposite dosage is depicted in
Figure 10e. It has been observed that as the weight of the
nanocomposite increases from 0.5 to 1.5 g, the removal
efficiency (%) for MG and MB increases from 96.57% to
99.99% and 91.55% to 99.78%, respectively, while in the case of
CB, the removal efficiency increases from 79.06% to 98.51%.
Therefore, the highest removal efficiency has been observed at
1.5 g of nanocomposite loading.

An increase in nanocomposite loading leads to an increase in
the surface area, and the presence of additional active sites on the
nanocomposite surface is the cause of this enhanced removal
efficiency. As the amount of the PVA/MMT/TiO2 nano-

composite film increases beyond 1.5 g, the dye removal
efficiency has been observed to decline, owing to the decrease
in the number of active sites, which arises due to the coagulation
of the active species.
Adsorption Isotherm. To gain a comprehensive under-

standing of the dye adsorption mechanism, the adsorbate−
adsorbent interactions, and the favorability of the adsorption
process, we have investigated three adsorption isothermmodels,
viz, Langmuir, Freundlich, and Temkin models.47,67

According to Langmuir adsorption theory, adsorption takes
place at certain homogeneous sites, generating a monolayer of
noninteracting adsorbate molecules with equal adsorption heat.
The linearized form of the Langmuir isotherm can be expressed
by eq S1, (Supporting Information file). The Langmuir
adsorption equilibrium constant KL (L/g) is related to the rate
of adsorption RL as represented by eq S2. For favorable
adsorption, the RL values should be between 0 and 1. The plot of
Ce/qe versus Ce gives a straight graph having slope (1/qmax) and
intercept (1/KL qmax).

The heterogeneous multilayer adsorption with interacting
adsorbent species is described by the Freundlich isothermmodel
andmathematically expressed as eq S3. Adsorption is favorable if
the value of n is between 1 and 10, but a value lower than 1 is
regarded as unfavorable. The adsorbate−adsorbent system’s
favorability and capacity are shown by the expression 1/n.

The fundamental tenet of the Temkin isotherm model is that
all molecular adsorption heat decreases linearly with increasing

Table 6. Performance Evaluation of the Polymer Nanocomposite Employed for Dye Removal Studies

polymer nanocomposite target dye result refs

nanocomposite film of present invention
(PVA/MMT/TiO2)

MG highest removal efficiency of 99.99% at 60 ppm concentration, at pH 8
with 15 min exposure time

this
work

CB removal efficiency of 98.52% at an optimal pH of 2 (exposure time:
15 min)

this
work

MB highest removal efficiency of 99.79% at 60 ppm concentration, at pH 8
with 15 min exposure time

This
work

chitosan/CuO nanocomposite beads Congo red (CR)
Eriochrome black T
(EBT)

97% of dyes were removed within 2 h. Maximum adsorption capacity of
CR and EBT were 119.70 and 235.70 mg g−1

72

polypyrrole/zeolite nanocomposite reactive blue (RB)
reactive red (RR)

86.2% of RB and 88.3% of RR were adsorbed from synthetic solution 73

polylactic acid/graphene oxide/chitosan
nanocomposite

crystal violet (CV) 97.8 ± 0.5% of CV was removed by 46 min 74

molecularly imprinted chitosan/TiO2
nanocomposite

Rose Bengal (RB) the adsorption capacity for RB was 79.365 mg/g (87%) and enthalpy was
62.279 kJ mol−1. The optimized contact time is 20 min

75

poly(methyl methacrylate)/multiwall carbon
nanotube nanocomposite

methyl green the Langmuir adsorption capacity for methyl green was 6.85 mmol/g at
25 °C. The optimized contact time is 120 min

76

polyhydroxy butyrate/TiO2 MB 96% of the MB solution was decolorized after 1 h solar illumination 77
chitosan/CdS CR 85.9% of degradation rate was achieved within 180 min 78
poly(3-hexylthiophene)/TiO2 methyl orange (MO) the degradation rate of MO reached the maximum of 88.5% in 10 h under

visible light
79

CuO−SiO2/PVA Nile blue (NB) MB 83% of NB degradation by 300 min and 76%MB degradation by 360 min 80
chitosan/ZnO nanocomposite MB 96.7% of MB removal by 60 min 81
PVA/carbon dot@ZnO2 MB removal efficiency was 98% and optimized time is 60 min 82
polyacrylonitrile/graphene oxide−ZnO Indigo carmine (IC) MB 98% of IC was removed by 27 min and 96% MB was removed by 70 min 83
pyrrole−thiophene/ZnO MB 95.3% MB removal by 420 min 84
polyamidoamine/CuFe−O4 Alizarin red (AR) 97% AR removal by 30 min 85
Fe3O4/activated carbon/cyclodextrin/alginate
nanocomposites

MB 99.5% MB removal by 90 min (2.079 mg/g for polymer gel beads and
10.63 mg g−1 for dry powder beads)

86

magnetic polypyrrole/sodium alginate/CuFe2O4 direct blue 199 maximum adsorption capacity for direct blue 199 removal was
80.36 mg g−1 by 159 min

87

carboxymethyl cellulose-based
4-amino-phenazone@MWCNT nanocomposite

CV maximum adsorption capacity was 22.4 mg/g by 50 min 88

chitosan/PVA/amino-functionalized
montmorillonite nanocomposite electrospun
membranes

basic blue 80% of the dye is removed after 15 min 89
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adsorbent surface coverage. Up to a maximum binding energy,
the adsorption exhibits a homogeneous distribution of binding
energies. eq S4 can be used to describe the Temkin isotherm
model.

In order to better understand the dye adsorption mechanism,
the equilibrium adsorption data have been fitted with the
isotherm models, and resulting plots have been shown as Figure
11. Table 3 shows the values of the correlation coefficients (R2)
and isotherm constants. The adsorption process has been found
to be best fitted by the Langmuir model since the correlation
coefficients are more closer to 1. It has been observed that the RL
values for all the three dyes are in the range of 0 and 1, suggesting
the favorability of adsorption process.
Adsorption Kinetics. The kinetic models can be used to

decipher the dye adsorption mechanism and potential rate
controlling phases. In the current study, three kinetic models,
viz; pseudo-first-order, pseudo-second-order, and intraparticle
diffusion models, were used to analyze the kinetics and
mechanism of the adsorption.47,68

The linear form of the pseudo-first-order kinetic model can be
represented as eq S5. The plot of log(qe − qt) against “t” at
various concentrations gives a linear curve with slope k1 and
intercept qe.

The expression for the pseudo-second-order kinetic model is
given as eq S6. The plot of t/qt against t gives a straight line graph
with qe as the slope and k2 as the intercept.

The intraparticle diffusion model can be mathematically
expressed as eq S7. A linear or multilinear curve is expected from
the plot of qt versus t1/2, which establishes the involvement of
intraparticle diffusion in the adsorption process.

The experimental values of the dye adsorption process have
been compared with pseudo-first-order, pseudo-second-order,
and intraparticle diffusion models (Figure 12). The computed
kinetic parameters, viz, K1 (first-order rate constant), K2
(second-order rate constant), and Kid (intraparticle diffusion
rate constant), have been listed in Table 4. It has been shown
that the experimental values have been found to be closer to
pseudo-second-order models since the correlation coefficient is
closer to 1.
Adsorption Thermodynamics. The thermodynamic equi-

librium coefficients obtained at various temperatures were
assessed to determine the adsorption thermodynamics. The
mathematical relations used to estimate the thermochemical
parameters that explain the feasibility, spontaneity, and the type
of adsorbate−adsorbent interactions have been given as eqs S8−
S10.69,70

From the slope and intercept of the linear plot ln K(qe/ce) vs
1/T, the enthalpy change (ΔH) and entropy change (ΔS) can
be determined. The standard Gibbs free energy (ΔG) has been
evaluated by using the expression S9. The thermodynamic
parameters for the dye adsorption are shown in Table 5. It can be
seen that the ΔG is negative at all temperature ranges. The
negative value of free energy indicates that the adsorption of
dyes onto the nanocomposite film is spontaneous and feasible.
The enthalpy of the process has been found to be negative, thus
suggesting the exothermic nature of the adsorption. The
negative value of ΔS indicates a reduction in the randomness
during adsorption.

Figure 13a shows the UV−visible absorption spectra for the
removal of a representative dye, viz, MG, with time. As the time
increases, the intensity of absorption peak decreases and become
almost a straight line by 15 min. Superoxide radicals (O2

•−) and
photogenerated holes (h+) are the possible reactive species

involved in the photodegradation of dye molecules.71 To
understand the reactive species involved in the photo-
degradation of a representative dye, MG, photocatalytic studies
have been carried out by using different scavengers such as
benzoquinone (BQ, O2

•− scavenger, concentration = 10−3 mol/
L) and NaHCO3 (H+ scavenger, concentration = 2 × 10−3 mol/
L). They were separately introduced into the photodegradation
system, and the photodegradation kinetics have been depicted as
Figure 13b. As seen from Figure 13b, the absence of either O2

•−

or h+ reduces the activity of photodegradation, revealing that
both superoxide radicals and holes are simultaneously involved
inMGdegradation. Further,MG degradation has been observed
to be decreased more by BQ, indicating that O2

•− is the major
active species in the degradation process.

Figure 14 shows the changes in color of a representative dye
solution, MG, after treating with the nanocomposite film, with
respect to time.
Reusability. Reusability of the nanocomposite film is an

important factor as far as its practical application is concerned.
The PVA/MMT/TiO2 nanocomposite film has been subjected
to consecutive reusability studies to validate the efficiency of the
system. The desorption studies showed that PVA/MMT/TiO2
nanocomposite films of the present invention exhibited excellent
reusability. The same film can be used 10 times, without a
significant reduction in the activity as shown in Figure 15.

Table 6 shows a comparison of the performance evaluation of
some polymer nanocomposites employed for dye removal
studies. From Table 6, it has been shown that the nano-
composite film of the present invention exhibited excellent
removal efficiency compared to those reported in the literature.

■ CONCLUSIONS
In the present work, PVA/MMT/TiO2 nanocomposite films
have been developed via a simple film casting strategy for the
efficient removal of both cationic and anionic dyes. The
nanocomposite photocatalyst film of the present invention has
excellent chemical and thermal stability, mechanical properties,
and dynamic mechanical characteristics. The mechanism of dye
removal follows both adsorption and photocatalysis. The
adsorption is best fitted by the Langmuir model and kinetics
of adsorption follows the pseudo-second-order kinetic model.
The spontaneity and hence the feasibility of the adsorption
process has been confirmed from the negative value of free
energy change. The dye removal studies in the presence of
scavenger revealed that O2

•− is the major active species involved
in the degradation. The major achievements of the work are (1)
the reusability of the nanocomposite film; the same film can be
used for 10 cycles without a significant reduction in the activity
and (2) the ease in the removal of the nanocomposite film from
solution after treatment.
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