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The present investigation reports the greener synthesis and characterization of novel acrylic acid grafted amphoteric chitosan/TiO,
(CAT) bionanocomposites using ultrasonic radiations. This was done by grafting of acrylic acid onto chitosan in the presence of
potassium persulfate by free radical polymerization reaction. The uniform distribution of metal oxide in CA/TiO2 nanocomposites
was achieved on grafted acrylic acid/chitosan which contains a weak anionic group (-COOH) using ultrasonication technique.
Physiochemical techniques such as X-ray diffraction (XRD), field emission scanning electron microscope (FE-SEM), Fourier
Transform Infra-Red spectroscopy (FT-IR), Energy Dispersive X-ray spectroscopy (EDX), and Thermal Gravimetric Analysis
(TGA) were employed to characterize synthesized CAT. Nanocomposite CAT was applied for degradation of industrial dye.
Malachite green (MG) often presents in the waste waters. The degradation kinetics were studied by monitoring the photocatalytic
reaction for degradation of MG under visible light, and the rate constant of the reaction was found to be 713x10 *min". The current
research work opens vistas for the new dimensions in the area of water treatment by solving the issues related to degradation reaction

efficiency in visible light and cost effectiveness.

1. Introduction

The synergy between organic and inorganic materials offers
the potential for the development of new generation inno-
vative organic-inorganic composites with diversified appli-
cations in various areas such as catalysis, photo catalysis,
separation technology, energy storage, and drug delivery
[1-3]. The inorganic materials impart increased mechanical
strength and thermal and chemical stability while retaining
the flexibility of organic component. The hybrid materials
show better electrical, chemical, or biochemical properties
along with improvement in selectivity. Inorganic materials
such as metal/metal oxide particles-Al,O;, Fe;O,, ZrO,,
Ti0O,, carbon-based nanomaterials, zeolites, and silica [4-7]
in nanocomposites can create symbiosis or multifunctional
effects. The formation of nanocomposites by incorporating

metal/metal oxide/metal sulphide nanoparticles into the
polymeric materials has been emerged as focus area of
research.

Chitin is the second most abundant polysaccharide after
cellulose that consists of f-(1-4)-2-acetamido-2-deoxy-d-
glucose units. Polyaminosaccharide chitosan, a copolymer
of 2-amino-2-deoxy-D-glucopyranose and 2-acetamido-2-
deoxy-D-glucopyranose units having f (1-4) [8] linkages,
is obtained by the deacetylation of chitin. Chitosan in an
acidic solution behaves as cationic polyelectrolyte and forms
complexes with a large number of negatively charged species
such as proteins, anionic polymers, and drugs.

Nanocomposites are materials which consist of two com-
ponents, with one of them having dimensions in nanometers
(10~ m) range. Organic-inorganic nanocomposite materials
are not the simple physical mixtures, but intimately linked via
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weak interactions/bond or strong interactions/covalent bond.
These interactions have a profound effect on the material
properties, in particular at the interface interaction, as well
as on inner interfaces. TiO, semiconductor is a well-known
photocatalyst in the research field of energy and environment
because of its unique properties like high efficiency, low
cost, chemical and physical stability, noncorrosive nature, and
widespread availability [9-11].

The band gap of TiO, is 3.2 eV for anatase and 3.0 eV for
rutile phase and requires more energy for photo excitation
which is feasible only by absorption of photons of UV region.
Thus, TiO, can utilize only 5% of the entire solar spectrum,
which led to its restricted application in the area of solar
photocatalysis. Three fundamental approaches adopted to
enhance photocatalytic activity in the visible region are (i)
extension of excitation wavelength, (ii) band gap tuning, and
(iii) extending charge-carrier recombination time. The dif-
ferent routes to achieve these parameters involve (1) surface
chemical modification, (2) doping of photocatalyst (metal
or nonmetal doping), and (3) coupling of semiconductor
systems [12-18].

The detailed literature study reveals the chitosan-
polyacrylic acid materials were prepared using microwave,
high temperature, or radiations induced synthesis, and
their applications as super adsorbent, for removal of
cations, for controlled release of drugs, and as magnetic
nanospheres have been explored [19-22]. The polymer based
nanocomposites such as poly(vinyl alcohol)/polyacrylic
acid/TiO,/graphene oxide have been used for photocata-
Iytic degradation of pollutants [23]. Poly(vinyl alcohol)/
poly(acrylic acid)/carboxyl-functionalized graphene oxide
nanocomposite membranes were prepared using electro-
spinning technique and modified with TiO, nanoparticles.
Their photocatalytic activity towards dye degradation
and regeneration tendency was investigated [24]. Surface
imprinted chitosan-TiO2 composites (SICT) was prepared
using methyl orange as template [25]. Recently, aerochitin-
titania (TiO,) composite was synthesized, which shows
excellent adsorptive and photocatalytic activity for de-
gradation of the model organic pollutant, methylene blue
(MB) dye, under UV irradiation [26].

To the best of our knowledge, no reports on the greener
synthesis and application of chitosan/polyacrylic acid/TiO,
bionanocomposites in the area of visible light induced pho-
tocatalysis appeared in the literature. The aim of the present
investigation is to assess the influence of modified amphoteric
biopolymer chitosan on the performance of TiO, photocata-
lyst, particularly in visible region. The present paper reports
the greener synthesis of amphoteric chitosan/acrylic-TiO2
bionanocomposites using environmentally friendly ultra-
sound waves and their performance in white light induced

photocatalytic degradation of industrial dye, malachite
green.

2. Material and Methods

2.1. Chemicals. The following chemicals of analytical grade
were used for synthesis of grafted CA/CAT bionanocompos-
ite and photodegradation studies. Chitosan and acrylic acid
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used were purchased from Himedia, Loba Chemie. Malachite
green was obtained from the Merck. Millipore water was used
for preparing various solutions.

2.2. Ultrasonic Assisted Synthesis of Grafted Chitosan/TiO,
Bionanocomposites. Chitosan-acrylic acid biopolymer was
synthesized by dissolving 0.5 g of chitosan in 10 ml acetic acid
(3%) and left overnight for complete dissolution. The 15 ml of
monomer acrylic acid (5 mol/L) was added dropwise to the
viscous chitosan solution, followed by addition of 10 ml of
initiator potassium persulfate (0.25mol/L) with continuous
stirring. The reaction mixture was subjected to ultrasonic
waves at 40 KHz in an ultrasonic bath for 30 min, till thick
white solution was obtained. The product was transferred to
the Petri dish and dried in oven for 3 days at 60°C. The gel
formed was subsequently washed twice with lukewarm water
to remove the monomer left and was confirmed by the pH
measurements. The optimized conditions for better yield of
the product was obtained by performing the polymerization
reaction by varying the amount of monomer (10, 20, 30, 40
ml), amount of potassium persulfate (12, 14, 16 ml), and time
period for the exposure of ultrasonic waves (15, 20, 30, 45
mins).

TiO, nanoparticles were prepared by dissolving 8.52
gm of titanium isopropoxide in 20 mL ethanol followed
by addition of 10% NH,OH with continuous stirring till
complete precipitation occurred. The reaction mixture after
half an hour vigorous stirring was subjected to sonication in
ultrasonic bath for 40 minutes, further followed by stirring
for an hour, and kept overnight. The yellow colored precip-
itates obtained were purified by washing with methanol and
filtered. The resultant product was dried in an oven at 100°C
for 2 hours and calcinated at 450°C [17].

In order to obtain the chitosan-acrylic acid based
nanocomposites, 100 mg of TiO, nanoparticles was dissolved
to make suspension in iso-butyl alcohol, followed by ultra-
sonication for 1 hr to attain well dispersed solution. The
resultant nanoparticles solution was added to the polymeriza-
tion reaction mixture of chitosan-acrylic acid prepared under
optimized reaction conditions as discussed in proceeding
section, followed by continuous stirring for 2 hrs on magnetic
stirrer. The reaction was proceeded further for 30 mins under
ultrasonic waves, and the product obtained was transferred to
the Petri dish and dried in oven for 3 days at 60°C.

2.3. Instruments Used for CAT Nanocomposite Characteri-
zation and Photocatalytic Studies. X’ Pert Pro was used for
obtaining XRD graph of CAT. It is equipped with X’Celerator
solid-state detector, using Cu-Ke radiation (A = 0.15418
nm). The sample was analyzed over 20 collection range
20-800. The accelerating voltage of 40 kv, emission cur-
rent of 30 milliampere, and the scanning speed of 4.4
counts per second were used. FE-SEM (Carl Zeiss, Merlin
compact model) at an accelerating voltage of 20kV was
used to obtain microscopic feature of nanocomposite coated
on gold. FT-IR spectra were recorded on Bruker FT-IR
spectrophotometer. UV-VIS spectrometer (Shimadzu UV-
1800) was used for studying the photocatalytic degradation
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of malachite green. Thermal analysis up to 8000°C was
done with the Shimadzu TGA-50 instrument. The photo-
chemical experiments were performed in specially designed
photocatalytic reactor equipped with white light source. An
ultrasonicator of Labman Scientific instruments Pvt. Ltd.
having a frequency of 40 KHz was used to impose sound
waves for the synthesis of uniformly distributed metal oxide
photocatalysts.

2.4. Photocatalytic Degradation Studies

2.4.1. Photocatalytic Degradation of Malachite Green Using
CAT. A specially designed double walled reaction vessel
(volume 250 ml) was manufactured to evaluate the pho-
tocatalytic activity. The reactor was outfitted with white
LED bulbs. The photocatalytic degradation studies were con-
ducted on synthetic dye, malachite green, and organophos-
phate pesticide, quinalphos. To 100 ml of 10 ppm mala-
chite green, 100 mg of CAT was added and the resulting
solution was kept for 30 min in dark. The absorbance
was recorded. The solution was exposed to the white light
(I5W). The rate of degradation was studied by monitor-
ing the changes in the UV-Vis absorption at Amax 617
nm. Degradation efficiency (%) has been calculated as
follows.

x 100 (1)

(CO B Ct)
C

t

Efficiency (%) =

3. Result and Discussion

Chitosan-acrylic acid/TiO, bionanocomposite was synthe-
sized using greener ultrasonication technique and the opti-
mized conditions for better percentage yield of the product

H2
(i) X" + H,C—CH ——» X—C—c'H OR

COOH

(i)

OH

NH,

Step 3. The growing chains of the polymer get joined together
and incorporate the TiO, to form the desired nanocomposite.
CA has pendant -COOH groups, along with terminal chain
groups, i.e., primary and secondary -OH and -NH,, which

X*=50,*, HO*

obtained were found to be 15ml acrylic acid, 10 ml K,S,Oq,
and reaction time 30 min. Further, the polymerization reac-
tion was carried out under optimized conditions to obtain
bionanocomposite CAT. Acrylic acid monomer was anchored
at the chitosan backbone in the presence of potassium
persulfate as initiator. The free radical mechanism proposed
for synthesis of chitosan-acrylic acid is in accordance with
the earlier one reported for radical polymerization [27]. The
proposed mechanism for synthesis of CAT is as follows.

Step 1. The first step in the polymerization reaction involves
the generation of the free radicals SO™~, HO".

Generation of Free Radical (SO,*~, HO")

K,S,0; sonication — 2K* + $,04> @)
S,04° — 280, (ii)
280,"” +H,0 — SO, + HO* +H" (i)

S0, +HO™ — SO, + HO* (iv)

Step 2. The formation of acrylic acid free radical from vinyl
monomer took place as it is susceptible to free radical attack.
Simultaneously, free radical may also attack the chitosan at
probable positions.

Chain Initiation

Probabilities

H
X—C——C*H,

COOH

COOH

2)

provides the sites for TiO, incorporation in the polymeric
matrix. This is in accordance with the proposed mechanism
for self-assembly between TiO2 nanoparticles and polymer
with COOH groups [28].
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Polymerization and Nanocomposite Formation

CH,-C*H-COOH

0
X-CH,-C*H-COOH
o or 0 O,
X-CH(COOH)-C*H, HO
Lo dm
CH,-C*H-COOH
CH,-C*"H-COOH CH,-C*H-COOH
o 0 OR o 0
HO HO
ITIH m NH m
CHT?*H éH2|CH
C
C-OH
07 Son i
e |
HO OH Ti2*
HO” Ny

The synthesized CAT was characterized by physiochemi-
cal techniques such as X-ray diffraction (XRD), field emission
scanning electron microscope (FE-SEM), Fourier Transform
Infra-Red spectroscopy (FT-IR), Energy Dispersive X-ray
spectroscopy (EDX), and Thermal Gravimetric Analysis
(TGA) to obtain the surface morphology, elemental compo-
sition, and thermal analysis.

3.1. X-Ray Diffraction Studies. XRD patterns of TiO,, CA,
and CAT are shown in Figures 1(a)-1(c), respectively. The
typical X-ray diffraction patterns of the synthesized TiO,
show strong diffraction peaks at 25.4°, 37.05°, 38.6°, 48.15°,
53.92°, and 75.28° and were matched with JCPDS card
number 01-073-1764 [17]. X-ray studies support the formation
of anatase phase as the main crystal phase for synthesized
TiO,. In case of bionanocomposite, CAT sharp peaks at
25.4329, 28.8921, 39.5873, 48.3106, and 51.8367 were observed,
which clearly reflects the incorporation of TiO, into chi-
tosan/acrylic grafted biopolymer.

3.2. FT-IR Analysis. FT-IR spectra of CA biopolymer (Fig-
ure 2(a)) show peak at 2924 cm™! with broad band at 3000-
3500 cm™" which corresponds to NH, and -OH group as
compared to the pure chitosan [29]. The -C=0O bond of
carboxylic group of acrylic acid, giving intense peak at 1719
cm™', confirms the grafting of acrylic acid onto chitosan, and
the peak observed at 1263 cm™ is due to bending vibrations
of (C-0O) group [29]. In CAT bionanocomposite (Figure 2(b)),
there is decrease in intensity peaks at 2968 cm ™" which may be
due to loss of double bond character of carbon and presence
of -C=0 group was evident from peak at 1714 cm™'. The

additional peaks at 964 cm-1 and 809 cm-1 were due to the
presence of Ti-O-C bond and Ti-O bond, respectively [30].

3.3. Surface Morphology Analysis. The surface morphology
of CA and CAT was investigated by FE-SEM and images are
given in Figures 3(a)-3(b), respectively. The morphologies of
grafted polymer shows the incorporation of grafted chains
of acrylic acid into the backbone. SEM image of CAT
indicates the uniform incorporation of TiO, nanoparticles
into the grafted matrix owing to the strong interactions
between amphoteric chitosan-acrylic acid and TiO,. Further,
the modification of surface morphology is evident from
the formation of spherical globules interlinked structure as
compared with the cloudy morphology of acrylic acid grafted
chitosan due to the transformation of inorganic/polymeric
material into composite material with an interlinked struc-
ture. The winding of polymer chains around the TiO,
nanoparticles resulted in the growth of globular shaped
network nanocomposites. Similar type of observations was
reported for chitosan-ZnO/polyaniline hybrid composites
and chitosan (CS) and cellulose acetate (CA) blends con-
taining titanium dioxide (TiO2) nanoparticles [31, 32]. The
elemental composition of CA and CAT was confirmed from
EDX studies. The presence of TiO2 in the nanocomposite
CAT is evident from EDX graph (Figures 4(a) and 4(b)).

3.4. Thermal Analysis. Thermal analysis curve corresponds
to CAT bionanocomposite (Figure 5) showed well differen-
tiation weight loss steps. The first step corresponds to loss
of water molecule and any volatile components (4.09%) at
101.4°C. The initial decomposition occurring at temperature
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FIGURE 2: FT-IR spectra of CA biopolymer (a) and CAT bionanocomposite (b).

252.2°C corresponds to 46.20% weight loss which may be due
to breakage/dissociation of the grafted chains from backbone.
The other decomposition peak was observed at 354.3°C
and 505° due to partial dissociation of chitosan chains and
due to the breakage of TiO, molecules from back bone,
and the mass left at 628°C corresponds to 11.126% TiO,
while in case of chitosan-acrylic acid grafted polymer, the
final decomposition temperature was less (580°C) with 4.8%
polymeric mass left [33].

4. Kinetics of Photocatalytic Degradation
of Malachite Green under White Light
Using CAT

Photocatalytic activity of the chitosan-acrylic acid/TiO,
nanocomposite was studied for the photocatalytic degra-
dation of the malachite green dye under the white light.
Malachite green shows the absorption peaks at A, 617
nm in visible region and A, 316 nm in the UV region.

max
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FIGURE 3: (a-b) SEM of CA and CAT.
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FIGURE 4: (a-b) EDX spectra of CA and CAT.

Photocatalytic degradation of malachite green dye has been
studied under three different conditions: (i) under white
light, (ii) synthesized TiO2 under white light, (iii) CAT
bionanocomposites under white light (Figure 6). The result
confirms that the highest degradation of the malachite green
dye resulted in the presence of CAT under white light.

The time dependent UV-Vis spectra of malachite green
were shown in Figure 7. The decrease in the intensity of
both the peaks has been observed with time. Further the
degradation of dye during exposure to white light was
reflected from the diminishing of the peaks in UV-Vis region.
It has been found that 91.94% of dye has been degraded with
CAT.

The pH of the solution plays an important role in the
photocatalytic degradation of dye; therefore experiments
were performed with 100 ml (10ppm of MG) by varying pH
of the solution from 2 to 10 keeping the dose of CAT (100mg)
constant. It has been observed that maximum degradation
was observed at pH 7 (91.94%) followed by 52.46, 60.7, and
58.2% at pH value 0f 10, 4, and 2, respectively (Figure 8).

Photocatalytic experiments for degradation of malachite
green were also performed by changing the initial concen-
tration from 5 to 50 ppm. It has been observed that as the
concentration of dye increased, the rate of photocatalytic

degradation decreases. Figure 9 showed that for 5 ppm, 10
ppm, 25 ppm, and 50 ppm solution of malachite green,
degradation obtained was 99.5%, 91.94%, 58.01, and 38.92%,
respectively. For 10 ppm of the malachite green solution,
degradation was 91.94% in 240 min.

The rate of degradation of the malachite green (10 ppm)
is shown in Figure 10. The experimental data was fit into the
Langmuir-Hinshelwood equation, In (C,/C,) = kt, where C,
is initial concentration and C, is concentration at time t. The
rate constant for the degradation of the malachite green was
found to be 7.13x10~> min™".

The plausible explanation for the performance of bio-
nanocomposites as photocatalyst in white light is as follows:

(i) Synthesized bionanocomposite successfully improves
the efficiency of the well-known photocatalyst TiO, for
degradation of the commercial dye malachite green by
preventing the recombination reaction. It may be attributed
to efficient charge separation of the electrons and holes at the
interface of polymer/TiO, nanocomposites [34].

(ii) Improvement in photocatalytic efficiency observed
with CA/TiO, nanocomposites may be attributed to poly-
meric backbone which provides the number of functional
groups for adsorption of pollutants in proximity of the
catalyst.
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edge is in UV region. This probably can be explained as
follows: binding of TiO, to the amphoteric chitosan resulted
in mixing of the metal orbitals with the ligand orbitals or
extension of conjugation which allows the movement of
electrons in the extended space and leads to the lowering
of the excitation energy. This may lead to the response of
photocatalyst embedded in nanocomposites in the visible
light. Moreover, the presence of n & 7 system of the CAT pro-
vided further movement of the electron, thereby preventing
recombination reaction.

5. Conclusions

The greener synthesis CA/TiO, nanocomposites were syn-
thesized from grafted acrylic acid/chitosan which contains
a weak anionic group (-COOH) using ultrasonic waves. The
synthesized CA (acrylic acid/chitosan) and CAT (CA/TiO,)
were characterized by employing various physiochemical
techniques such as FT-IR spectroscopy, XRD, thermal anal-
ysis, morphological analysis, and EDX. The photocatalytic
efficiency of CAT in white light was investigated for degra-
dation of industrial dye-malachite green. The rate constant
of the reaction for degradation of malachite green was found
to be 713x10> min'. The development of novel polymeric
nanocomposites offers the potential to introduce new traits
in the waste water treatment technology. The response of
nanocomposites in the visible light is much desired charac-
teristics for finding an energy and cost-effective solutions for
photocatalysis based water purification and treatment.
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