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Abstract. This study investigates the combined adsorption and photocatalysis on degradation of textile dye using
microporous polymer nanocomposite. First, nanocomposites were synthesized by loading TiO2 nanoparticles of different
weights (0.1–0.5 g) in polyurethane (PU) foam. The synthesized nanocomposites were characterized for bulk density, sol
fraction and morphology. Degradation of methylene blue (MB) dye from an aqueous model pollutant was performed using
pure TiO2 nanoparticles, unloaded PU foam and TiO2-loaded PU foam by exposing under UV and solar irradiations. It has
been observed that degradation (due to TiO2 nanoparticles) and adsorption (due to PU foam) were happening simultaneously upon irradiation under solar and UV source. This mechanism was confirmed by analysing and comparing the MB
dye degradation results for pure TiO2 nanoparticles (85% of dye degraded in 40 min), unloaded PU foam (40% degradation in 40 min) and TiO2-loaded PU foam (95% degradation in 20 min). Experimental data show pseudo-zero-order
kinetics for UV irradiation (rate constant = 0.016 h–1), whereas solar irradiation follows first-order kinetics with rate
constant 0.265 h–1.
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Introduction

Over the past few years, an attention has been created
among research community in developing a new class of
hybrid materials that will solve major issues encountered
in textile industries as well as in our day-to-day life. In
this context, researchers focused towards developing
polymer-based nanocomposites (PNCs) as a novel class
of hybrid material. PNC was prepared by incorporating
nanofillers such as nanostructures (nanoparticles, nanorods, nanowires) inside the polymer matrix [1]. These
PNC’s find promising applications in many fields due to
its peculiar physiochemical properties. These applications
include ranging from biomedical (drug delivery, tissue
engineering), packaging, energy storage, electromagnetic
absorption, sensors, defence systems, thermal flow control, catalysis, cosmetics, etc. [2–9]. Although there are
many applications, development of polymer nanocomposites for addressing environmental problems such as
effective removal of harmful pollutants, such as dyes,
from textile industries is very sparse.
Despite various applications, synthesis of polymer
nanocomposite is a challenging task due to the aggregation of nanostructures inside the polymer matrix. This

study will focus in this direction to develop a
suitable microporous polymer nanocomposite without
aggregation of nanoparticles inside the polymer matrix. In
this study, polyurethane (PU) foam has been chosen as a
polymer due to its open-cell structure that will load
nanoparticle inside the matrix. PU foams were broadly
available in two ways, such as rigid and flexible PU foam
[10–12]. Moreover, a new class of PU foam, such as
thermoplastic PU foams, was also developed in order to
meet thermal stream applications [13]. Among these PU
foams, flexible PU foams suits best for many applications
because of its flexibility and high porous structure, such
as in organic compound removal, dye removal and pesticide removal from wastewater [14–18]. Moreover, PU
foams can be prepared by a very simple widely known
industrial technique as compared to other polymeric
materials, such as polyacetylene or polythiopene or
polypyrrole, where complex methods were involved.
These flexible PU foams can be synthesized by blowing
and gelling of polyol–isocyanate mixture [11,12,19,20].
Due to these unique reasons, PU foams were selected as
a suitable material for preparing the PNC.
In addition to synthesis, PU foams find many
applications
in
different
fields
ranging
from
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nanocomposite to antibacterial due to its high porous
open-cell structure. Photocatalytic activity of PU foam–
cadmium sulphide nano-composite was successfully
enhanced by removing reactive orange from aqueous
solution [21]. Some researchers enhanced photocatalytic
activity (upto 50%) by growing the ZnO nanostructures
with different morphologies on the surface of PU foam
substrates [22]. Oil spill clean-up performance was also
improved by the modified PU foam-loaded TiO2
nanoparticles [23,24]. Moreover, antibacterial water filter
was also fabricated using silver nanoparticle-coated PU
foam [25].
From the foregoing discussion, enhancement of photocatalytic activity of PU foam nanocomposite is not
under satisfactory mark and the effect of recycling/reuse
of PU foam composite on the photocatalytic activity is
also not explored thoroughly. Recently, Liu et al [26]
fabricated 3D carbon quantum dots (CQDs)-modified
TiO2/GO foam system for enhancing the photocatalytic
efficiency. TiO2 is a semiconductor material with high
bandgap (3.35 eV), which suits best for photocatalytic
applications [27–30]. Similarly, PU foams are considered
as excellent sorbent materials due to high surface area
and porous structure-based polar and non-polar groups
[21,31]. Hence, these foams can be considered as efficient
adsorbents for the removal of dye from aqueous solutions. Moreover, further photocatalytic activity of PU
foams can be enhanced by synthesizing PU foam
nanocomposite structure by incorporating nanoparticle
inside the PU foam. In this study, a combined adsorption
and photocatalytic process on degradation of textile dye,
methylene blue (MB) using TiO2-loaded PU foam
nanocomposite in model wastewater was successfully
investigated and the probable mechanism was proposed.
Recycling/reuse of TiO2-loaded PU foam nanocomposite
on MB dye removal is also examined and compared with
the freshly prepared nanocomposite.
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Synthesis of TiO2 nanoparticles

TiO2 nanoparticles required for the synthesis of PU foam
nanocomposite was prepared by modifying the well-established sol–gel process [32]. Briefly, 12 ml of titanium isopropoxide was weighed and added slowly to 23 ml of acetic
acid followed by continuous stirring until the complete
dissolution of acetic acid in titanium isopropoxide. After
complete miscibility, 72 ml of water was added to the above
mixture and stirred rigorously for 6 h until a clear transparent sol was achieved. The pH of the mixture was
adjusted to 4 by using nitric acid. Then, the above transparent sol was heated at 100C to obtain a gel. After that,
this gel was further calcined at 600C for 2 h at a heating
rate of 5C min–1.

2.3

Synthesis of TiO2-based PU foam nanocomposite

TiO2-based PU foam nanocomposite was synthesized by
loading different weights of TiO2 nanoparticles inside the
microporous structure of PU foam during foam synthesis. In
this method, initially different weights of synthesized TiO2
nanoparticles (0.1, 0.2, 0.3, 0.4 and 0.5 g) were weighed and
mixed thoroughly using ultrasonication in a cup containing
12 g of polyol. After proper ultrasonication, the above
mixture was further added with 0.54 g of water and 0.32 g
of catalyst blend (DABCO and Tegostab in 3:2 ratios by
weight). Then, 8.33 g of diisocyanate was weighed separately and added to the above polyol mixture under continuous stirring using an overhead stirrer operated at 3000
rpm for 10 s. After 10 s, the above solution is left undisturbed to generate TiO2 nanoparticle-loaded PU foam
nanocomposite.

2.4 Photocatalytic degradation of MB using TiO2-based
PU foam nanocomposite
2.
2.1

Experiments
Materials required

Titanium isopropaxide was purchased from Sigma
Aldrich, India. Acetic acid and nitric acid were procured
from SD Fine Chemicals, India. Sodium hydroxide was
obtained from Loba Chemicals Pvt. Ltd., India. The
chemicals required for synthesizing PU foam such as
polypropylene glycol-based polyol, having a hydroxyl
value of 35 and average molecular weight of 4700
(Daltoflex), catalyst (mixture of DABCO and Tegostab)
and oligomeric 4,4’ diphenyl methane diisocyanate
(Suprasec) were received from Huntsman Polyurethane
India Ltd. No further purifications were done for the
chemicals and used as received.

Photocatalytic degradation of MB dye was conducted by
exposing the aqueous dye solution containing TiO2
nanoparticle-loaded PU foam nanocomposite to sunlight
and UV light. Briefly, 40 ppm of MB dye solution was
prepared initially and then it is transferred to a Petri dish.
After transferring, TiO2-loaded PU foam nanocomposite
with different weights of TiO2 nanoparticles was collected and submerged in the Petri dish containing MB
dye solution. Later, the above Petri dish was further
exposed to sunlight for 6 h. During the regular intervals
of time, a small amount of dye solution sample was taken
from the Petri dish and measured for absorbance using
UV-Vis spectroscopy. Similarly, photocatalytic degradation under UV irradiation was also achieved by exposing
the beaker containing MB dye solution to UV light (9 W
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UV lamp) for 24 h. Similar experiments were also
conducted using pure TiO2 nanoparticles and unloaded
PU foam for probing the mechanism. The reuse of foam
composite was also checked for its degradation efficiency
by squeezing the foam composite followed by drying at
70C in hot air oven.

2.5

3.1
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suggests that the synthesized particles are TiO2 in nature.
The same result in terms of size (*30 nm) with small
deviation has been observed with DLS analysis, as shown in
figure 1c. The crystal phase of the as-prepared TiO2
nanoparticles was judged using the XRD pattern, as shown
in figure 1d. The peaks represented at different diffraction
angles shown in figure 1d closely resembles with the anatase phase of TiO2 [JCPDS 84-1286].

Characterization

The morphology of TiO2 nanoparticles was characterized
using transmission electron microscope (G2 20S Twin
transmission electron microscope) and dynamic light scattering (MALVERN Zeta Sizer Nano). The phase purity
(rutile or anatase) and crystal size of TiO2 nanoparticles
were projected using X-ray diffraction technique (Philips
PW-17291710). The morphological structure of TiO2-loaded PU foam nanocomposite was measured by scanning
electron microscope (Merlin and Jeol). The bulk density of
PU foam loaded with TiO2 nanoparticle was characterized
using bulk density weighing method. The concentration of
dye solution in the model waste aqueous solution was
measured using UV-Vis spectrophotometer (Shimadzu UV1800).

3.
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Results and discussion
Synthesis of TiO2 nanoparticles

The primary step for producing stable PU foam nanocomposite is the synthesis of stable TiO2 nanoparticles. Titanium dioxide (TiO2) has been considered as a novel
versatile material in photocatalytic applications due to its
unique properties, such as high bandgap (*3.2 eV) which is
close to the bandgap of ZnO (*3.37 eV). Although the
bandgap of TiO2 is nearby ZnO, the photocatalytic efficiency is not as effective as ZnO material. However, the
photocatalytic efficiency of TiO2 material can be enhanced
by synthesising highly stabilized anatase phase TiO2
nanoparticles. Despite the dependence of photocatalytic
efficiency on TiO2 phase, the synthesis of anatase phase is
challenging due to its poor stability as compared to rutile
phase. Generally, rutile phase shows highly thermodynamic
stability as compared to anatase phase and is produced from
the thermal treatment of anatase phase at high temperatures.
In this work, highly stabilized anatase phase TiO2
nanoparticles were synthesized using modified sol–gel
technique by calcining at 600C.
Figure 1 represents the characterizations of stable anatase
phase TiO2 nanoparticles in terms of morphology, elemental composition and phase purity of crystal structure.
From the TEM analysis shown in figure 1a, the morphology
of the synthesized particles confirms that the particles are
spherical in shape with a mean size of *20 nm. The elemental composition shown in figure 1b using EDAX also

3.2 Synthesis of TiO2–PU foam-based polymer
nanocomposite
The PNC was prepared by successfully incorporating
different weights (0.1, 0.2, 0.3, 0.4 and 0.5 g) of as-synthesized anatase phase TiO2 nanoparticles during the synthesis
process of PU foam. Figure 2a shows the digital photo image
of TiO2–PU foam-based polymer nanocomposite synthesized using different loadings of TiO2 nanoparticles. The
presence of TiO2 nanoparticles inside the polymer matrix
was further confirmed by measuring the bulk density of all
the composites, as shown in figure 2b. From figure 2b, it can
be observed that the bulk density of the composites increases
with increase in the weights of nanoparticles. This suggests
that the nanoparticles are successfully adhered inside the PU
foam matrix. The successful adherence of TiO2 nanoparticles
inside the polymer cells can be confirmed by estimating the
amount of loose molecules, such as unreacted polyether
polyol in PU foam. Low concentration of unreacted polyol
leads to the high adherence of nanoparticles inside the PU
foam. Further confirming, sol fraction studies were conducted for different TiO2-loaded PU foams to identify the
crosslinking between the polymer chains. Figure 2b represents the sol fraction of the as-synthesized PU foam
nanocomposites. These samples show very less percentage
(in the range of 1–3%) of sol fraction, indicating negligible
concentration of unreacted polyol, thereby resulting in high
adherence of TiO2 nanoparticles. PU foam nanocomposite
was also tried to synthesize by adding high concentration of
powdered TiO2 nanoparticles of more than 0.5 g. However,
after addition of TiO2 nanoparticles powder ([0.5 g) to
polymer blend, it has been observed that the dispersion of
TiO2 nanoparticle powder is not uniform in the polyol blend,
resulting in the formation of layers in the polymer blend. Due
to this reason, TiO2 nanoparticle loading was restricted to
below 0.5 g in preparing the flexible TiO2 nanoparticle-based
PU foam nanocomposite.
The morphology of TiO2-loaded PU foam nanocomposite
was measured using scanning electron microscope (SEM).
Figure 3 represents the SEM images of different PU foam
nanocomposites synthesized with various concentrations of
TiO2 nanoparticles. From the figure, it can be seen that the
cell diameter decreases with increase in the nanoparticle
loading, thereby creating high surface area for the interaction of dye molecules with the loaded nanoparticles for
effective degradation.
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Figure 1.
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(a) TEM, (b) EDAX, (c) DLS and (d) XRD of TiO2 nanoparticles.

3.3 Photocatalytic degradation of MB dye using TiO2based PU foam nanocomposite
In this study, photocatalytic degradation of MB dye was
performed by irradiating the dye solution using free TiO2

nanoparticles, unloaded PU foam and TiO2-loaded PU foam
nanocomposite under UV light and sunlight. Before starting
the degradation studies, MB dye solution was prepared with
a concentration of 40 ppm by dispersing the known calculated amount of MB dye powder in water. After preparing
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from 0.01 to 0.05 g. Almost 73% of degradation has been
noticed within 90 min for 0.05 g loaded nanoparticles. This
could be possibly due to the excess production of hydroxyl
radicals with respect to maximum loading of TiO2
nanoparticles, which helps in driving the degradation of
methyl blue. Moreover, faster degradation has been further
achieved by irradiating the dye solution containing
nanoparticles under solar light, as shown in figure 4b.
Figure 4b justifies that virtually 85% degradation has been
attained within 40 min for 0.05 g loaded nanoparticles dye
solution under solar light irradiation. This sudden decrease
in the degradation time is due to the maximum intensity of
solar light as compared to UV source.

Figure 2. (a) Digital photo image, (b) bulk density and sol
fraction of TiO2-based PU foam nanocomposite.

40 ppm dye solution, the required photocatalysts such as
free TiO2 nanoparticles, unloaded PU foam and TiO2
nanoparticles-loaded PU foam nanocomposite was added to
the above synthesized dye solution separately and stirred
continuously for 1 h under dark conditions, using magnetic
stirrer to achieve equilibrium. Thereafter, the degradation of
dye solution can be performed by irradiating the beakers/
Petri dish containing the TiO2 nanoparticles, unloaded PU
foam and TiO2-loaded PU foam nanocomposite using UV
and solar light. The degradation percentage was calculated
from the initial and final concentrations of the dye solutions
using the following formula
Degradation% ¼

Co  C
 100;
Co

where Co = initial concentration of dye solution and
C = final concentration of dye solution.
3.3a Degradation of MB dye using free TiO2
nanoparticles: Initially, the degradation of dye solution
was conducted using free TiO2 nanoparticles by irradiating
dye solution under UV light and solar light. For irradiating
dye solution containing nanoparticles using UV light, a
mercury lamp with 9 W power and 365 nm wavelength has
been used as a light source. Figure 4a shows the photocatalytic degradation of dye solution (initial concentration of
40 ppm) under 9 W mercury lamp with respect to different
loadings of TiO2 nanoparticles. From the figure, it can be
observed that the degradation of dye solution proceeds
much faster as the concentration of nanoparticles increases

3.3b Degradation of MB dye using unloaded PU foam
(adsorption effect): Moreover, MB degradation studies
were also observed by irradiating the dye solution under UV
and solar light, using only pure PU foam as shown in
figure 5. Figure 5a shows concentration and degradation
profiles of MB dye solution upon irradiation under UV
light. From figure 5a, it can be seen that the degradation
efficiency is very less (*40%) and also the time of
degradation is also very high (*90 min). However, the
degradation time is reduced to 45 min for achieving 40%
degradation of MB upon irradiating under solar light, as
shown in figure 5b. The removal of dye occurring in the
absence of TiO2 nanoparticles is mostly due to the
adsorption of MB in the porous structure of PU foam. The
other researchers have also confirmed the same behaviour
[33]. In order to confirm the adsorption effect of microporous PU foam, degradation studies were also performed by
simply mixing the unloaded PU foam in synthetic water and
left as it is without disturbing and without irradiating under
solar and UV light for 90 min. In regular intervals of time,
the sample was collected and measured the concentration of
dye and removal efficiency, as shown in figure 5c. From the
figure, it has been observed that the degradation efficiency
is almost 37%, which is very close to the degradation efficiency obtained under solar and UV light. Hence, it has
been confirmed that reduction in dye concentration is due to
the combined effect of adsorption and photocatalysis.
3.3c Degradation of MB dye under UV irradiation using
TiO2–PU foam-based polymer nanocomposite: After
irradiating the dye solution with only pure TiO2 nanoparticles, a combination of TiO2 nanoparticles and PU foam
has been tried to further increase the degradation efficiency
of dye solution. In addition to the hydroxyl radicals generated through TiO2 nanoparticles, the sorbent property of
PU foam helps in enhancing the degradation efficiency.
This process of degradation using TiO2-based PU foam
composite was conducted by irradiating the dye solution
under UV and sunlight, as shown in figures 6 and 7,
respectively. Figures 6a and 7a show the photocatalytic
degradation of MB dye solution using TiO2 nanoparticlebased PU foam composite under UV light (9 W mercury
lamp as a light source) and sunlight, respectively, with
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Figure 3. SEM micrographs of PU foams loaded with (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4 and (e) 0.5 g
TiO2 nanoparticles.

respect to different loadings of TiO2 nanoparticles in
composite. The degradation efficiency increases with
increase in the concentration of TiO2 nanoparticles in
composite and the porosity of PU foam as shown in
figure 6b. Moreover, maximum degradation *75% has
been observed within 45 min, which is very less as compared to degradation using only pure nanoparticles. The
main reason for this high efficiency and low degradation
time could be possibly due to the sorbent behaviour of PU
foam due to its high porous nature and the excess generation
of hydroxyl radicals at high concentration of TiO2
nanoparticles.
However, further reduction in degradation time (*20
min) and increase in the degradation efficiency (95%) have
been noticed due to the irradiation of dye solution using the
nanocomposite under solar light, as shown in figure 7b. This

is possibly due to the collective effort of high intensity of
solar light and the perfect open-cell structure of PU foam,
which helps in trapping the dye molecules inside the PU
foam. Due to the high degradation efficiency ([95%), these
TiO2-based PU foam nanocomposites synthesized in this
work can be considered as an alternative material for
wastewater treatment, as compared to other researchers,
where the degradation efficiency reported by them is less
than 90% [34,35].
3.3d Degradation of MB dye using recycled TiO2-loaded
PU foam nanocomposite: Next, we have also tried to
investigate the effect of recycled TiO2-based PU foam
nanocomposite on the dye degradation efficiency. To probe
this effect, recycled nanocomposite was prepared/collected
from the already irrdiated solution by squeezing and
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Figure 4. Degradation and concentration profiles of MB dye under (a) UV light and (b) solar light irradiation, using pure TiO2
nanoparticles.

Figure 5. Degradation and concentration profiles of MB dye under (a) UV light, (b) solar light irradiation using unloaded PU foam
and (c) using only PU foam without irradiation.

followed by drying at *50C in oven. After complete
drying, the recycled nanocomposite was further utilized for
the irradiation of dye solution under UV and solar light, as

shown in figure 8. PU foam nanocomposite was recycled for
3 cycles and used for degradation studies, as shown in
figure 8. It has been observed that the degradation
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Figure 6. (a) Digital image of degradation experiments conducted using TiO2-loaded PU foam nanocomposite under UV light.
(b) Percentage degradation concentration profiles of MB dye under UV light irradiation using TiO2-based PU foam nanocomposite.

Figure 7. (a) Digital image of degradation experiments conducted using TiO2-loaded PU foam nanocomposite under solar light.
(b) Percentage degradation concentration profiles of MB dye under solar light irradiation using TiO2-based PU foam nanocomposite.

Figure 8. Degradation and concentration profiles of MB dye with recycled PU foam nanocomposite under (a) UV light and (b) solar
light irradiation.
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Figure 9. Kinetic study profiles of MB dye degradation using TiO2-based PU foam nanocomposite prepared using 0.5 g loaded TiO2
nanoparticles under (a) UV light and (b) sunlight.

Figure 10.

Combined photocatalytic and adsorption mechanism.

percentage is reduced as compared to freshly prepared
nanocomposite. Moreover, it was also observed that no
significant change in the degradation efficiency was
observed for the first and second recycled TiO2-based PU
foam nanocomposite. The reduction in degradation could be
due to the decrease in the absorption tendency of PU foam.

follows pseudo-zero-order kinetics for UV irradiation. The
rate constant for UV irradiation was found to be 0.016 h–1,
whereas solar irradiation follows first-order kinetics with
rate constant 0.265 h–1.

3.5 Mechanism of MB dye removal using TiO2-loaded PU
foam nanocomposite
3.4

Kinetic studies

The reaction kinetics of the degradation of MB dye using
TiO2-based PU foam nanocomposite under UV and solar
light irradiation was also explored, as shown in figure 9.
From the figure, it has been noticed that the dye degradation

The removal of MB dye from the model water pollutant is
accomplished using TiO2-based PU foam nanocomposite.
The mechanism of dye removal from water pollutant
involves simultaneous adsorption and photocatalytic
degradation, as shown in figure 10. Initially, some portion
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of dye molecules was removed from the dye solution using
the PU foam due to its high porous and open-cell nature.
The resultant high porosity and open-cell content of PU
foam helps in trapping the dye molecules inside the pore
matrix, thereby reducing its concentration from the water.
Later, the remaining dye molecules present in the dye
solution were removed using the TiO2 nanoparticles loaded
on the PU foam composite by photocatalytic degradation
under various light sources. As the light source hits the TiO2
nanoparticles with a particular bandgap present on the PU
foam matrix, electron-hole pairs will be generated at corresponding conduction and valence band of TiO2, which in
turn migrate to the surface and helps in promoting the
photocatalytic reaction [28]. The holes present in the
valence band reacts with H2O molecules and oxidizes to
produce hydroxyl radical (•OH). Whereas the electrons
present in the conduction band reacts with the absorbed O2
and results in the formation of oxygen radicals (•O).
Thereafter, the resultant hydroxyl and oxygen radicals
attack the dye molecules present in the model water pollutant and finally gets converted into non-toxic compounds
or decomposes to form CO2 and H2O.

4.

Conclusion

Microporous polymer nanocomposites were synthesized by
adding TiO2 nanoparticles in the foam blend. These
nanocomposites were successfully used for degradation of
MB in the synthetic wastewater. Polymer nanocomposites
produced were highly porous with open cellular structures
as observed from SEM images. The increase in bulk density
of resultant foams with TiO2 nanoparticles loading exhibits
the uniform distribution of nanoparticles in the foam matrix.
However, low sol fraction represents better adherence of
nanoparticles in the foam. Next, wastewater treatment was
carried out by preparing model pollutant (MB dye) in
aqueous solution followed by interaction with pure TiO2
nanoparticles, unloaded PU foam and TiO2-loaded PU foam
under UV and solar irradiation. Combined mechanism such
as degradation (due to TiO2 nanoparticles) and adsorption
(due to PU foam) played a major role in reducing the MB
concentration. Solar irradiation shows better degradation of
MB compared to UV irradiation. Moreover, high concentration of TiO2 nanoparticles (0.5 g) loading in the polymer
nanocomposite exhibits rapid enhancement in dye degradation rate.
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