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a b s t r a c t
In this study, the synergistic effect between polyaniline and TiO2 nanoparticles make favorable accom-
plishment of aqueous methyl orange (MO) and methylene blue (MB) dyes. Before the degradation 
reaction, two-step methods were executed to prepare nanocomposite (TiO2/polyaniline) systems. 
Apart from synthesis, characteristics of the materials were perceived via x-ray diffraction, transmis-
sion electron microscopy, FOURIER transform infra red and UV–Vis techniques. The characteristic 
outcomes described the presence of polyaniline which suggestively impacts the size and crystallinity 
of TiO2 and additionally, initiate π–π* transition under visible light illumination. The π–π* transition 
was excited to generate more electrons and holes in the nanocomposites and it helps to achieve visible 
light degradation of MO and MB. 
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1. Introduction

Pigments and synthetic dyes are regularly used for food, 
textile and cosmetic manufacturing units without appropriate 
management. Hence, these are straightly mixed into the body 
or water sources that cause numerous infections to every 
creature [1–3]. In this connection, nanomaterials were cre-
ated a lot of impact for removing the contamination [1–12]. In 
the past four decades, titania (TiO2) is comprehensively used 
as the finest catalyst for the exclusion of substantial organic 
metals from the industrial sewage via photocatalytic develop-
ment under UV light condition [1,13]. Nowadays, the scien-
tists are more likely to engage in the preparation of the visible 
light catalyst for the degradation process, because 41%–43% 
of visible light already exists in the solar spectrum [14,15]. 
However, still there is a big or major task for the researchers 
to elevate energetic materials for captivating visible light. 

In the recent times, titania centralized nanocomposites 
such as TiO2/semiconductors, TiO2/metals and TiO2/polymers 

were extra eye-catching materials for the investigators 
caused by high efficiency for the degradation process and 
cost-effectiveness [14–18]. Exclusively, conjugated polymers 
incorporated TiO2 show high degradation efficiency while 
compared with polymers based TiO2. Because the conjugate 
polymers have high stability, capability to absorb visible light 
and generates more charge carriers [19–25]. Wang and Min 
[21] had stated that the effective degradation of methylene 
blue (MB) was attained with the use of TiO2/polyaniline com-
posites due to its high absorption capacity. The synergetic 
effect between polyaniline and TiO2 is more favorable for the 
decomposition of gaseous acetone under UV and visible light 
[25]. On the other hand, Ansari et al. [23] had specified that 
the sensitizing outcome of polyaniline forms small bandgap 
of TiO2 and their interfacial interaction has contributed high 
photocatalytic performance.

In this investigation, we have prepared different 
proportions of nanocomposite materials (TiO2/polyaniline 
(1%, 3% and 5%)) by two-step method. To begin with sol–gel 
method was executed to prepare anatase TiO2. Subsequently, 
oxidative-polymerization procedure was engaged to harvest 
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the nanocomposite systems. Additionally, the belonging 
of nanocomposites was explored by transmission elec-
tron microscopy (TEM), x-ray diffraction (XRD), FOURIER 
transform infra red (FTIR) and UV. Besides, the synthesized 
systems were excellently employed as a catalyst for the 
degradation process under UV and visible light condition.

2. Experimental procedure

2.1. Materials

All the essential chemicals were obtained from 
Sigma-Aldrich (Pune). For pure TiO2 preparation titanium 
tetraisopropoxide, cetyl trimethyl ammonium bromide, 
isopropyl alcohol and double distilled water are essential. 
Additionally, nanocomposite (TiO2/polyaniline) has required 
diethylene glycol, aniline, ammonium peroxydisulfate, ethanol 
along with prepared TiO2 powder. The photocatalytic testing 
has needed methyl orange (MO) and MB dyes. Further, all the 
aqueous solutions were prepared using double distilled water.

2.2. Preparation of pure TiO2 and TiO2/polyaniline systems

The synthesis steps of nanosized TiO2 material were 
retained from our prior literatures [26–27]. In short, 1:5 ratio of 
titanium tetraisopropoxide and isopropyl alcohol was mixed 
along with 0.01  M of cetyl trimethyl ammonium bromide. 
The resultant white gel was calcined at 450°C for 1 h to attain 
pure anatase TiO2 and then the material was labeled PT. 

Preparation of TiO2/polyaniline systems: at first, 0.5  M 
of ammonium peroxydisulfate was slowly added into ani-
line (0.1, 0.3 and 0.5 M) content. The above process helped 
to get polymerization via changing the monomer solution 
(aniline) into polymer (polyaniline). On the other side, 1  g 
of prepared TiO2 powder was dissolved in 1  mol of dieth-
ylene glycol solution under constant stirring. Then, the above 
polymerized solution was mixed into the TiO2 solution under 
continuous stirring overnight. After, the solution was filtered 
and washed several times with the use of ethanol. Finally, 
the gained powder was dried at 60°C for 3 h under vacuum 
oven. At the end, the nanocomposites were labeled TP1, TP3 
and TP5 individually.

2.3. Photocatalytic testing

The photocatalytic reaction steps, source of light, prepa-
ration of dye, concentration of catalyst and dye were parallel 
to our previous reports. In short account, 100 mg of prepared 
materials (PT, TP1, TP3 and TP5) were taken separately. Then, 
the weighed catalyst was mixed into the 100 mL of aqueous MO 
and MB dye (5 × 10–5 mol/L). The above solutions were stirred 
continuously and irradiated with the use of UV (365 nm, 8W 
mercury lamp, Philips) and visible light (SF 300B, Sciencetech 
instrument with AM 1.5G cut-off filter). The absorption values 
before and after illuminated solution were monitored with the 
use of UV–Vis absorption spectrophotometer.

2.4. Characterization details

The X-ray D5000 diffractometer along with Cu Kα1 
(λ  =  1.5406 Å), Siemens instrument was performed to find 

the degree of crystallinity. The shape and interface of the 
prepared materials were analyzed by Tecnai G2 200  kV, 
TEM. The RX1, PerkinElmer apparatus helped to determine 
the bandgap and absorption value of MO and MB dyes. 
A Rayleigh analytical FTIR tool (WQF-510A) was used to 
acquire the transmission spectra of the prepared materials.

3. Results and discussion

The purity, crystallinity and crystallite sizes of the 
synthesized PT and various proportions of nanocomposites 
(TP1, TP3 and TP5) were explored by XRD data. From 
Fig. 1(a), it is undoubtedly seen that the PT material has 
presented with fine crystalline nature. Moreover, the 
entire diffraction peaks were absolutely connected with 
anatase phase. The diffraction peaks spectacle without any 
combination of rutile and brookite phases which was well 
established by international centre for diffraction data. 
The confirmed anatase phase perfectly coincides with the 
JCPDS card number 89-4921 and their resultant crystallite 
size is 19.3 nm, which was calculated by Scherrer equation. 
Therefore, the above result obviously quantified that the 
synthesized material is in nanodimension. Fig. 1(b) shows 
pure polyaniline spectrum which expressed an amorphous 
nature. Later, the XRD patterns of the combination of 
polyaniline/TiO2 materials are seen in Figs. 1(c)–(e). The 
consequences clearly denoted that the degree of crystallinity 
has reduced gradually with increasing polyaniline content 
[28]. Although, polyaniline content leads to change the 
crystalline nature of TiO2 which infers that the prepared 
polyaniline is an amorphous nature. In the meantime, 
increasing the polyaniline content does not disturb the 
anatase phase aside from increase in peak width. The 
determined crystallite sizes of nanocomposites were 14.3, 
11.9 and 8.2  nm for TP1, TP3 and TP5, respectively. This 
information demands that after the polymerization process, 
the polyaniline content suggestively impacts the size of TiO2, 
because of synergistic effect which creates strong interface 
in-between polyaniline chain and TiO2 nanoparticles [21–29]. 

The crystallinity and dimension of the synthesized PT, 
TP1, TP3 and TP5 were studied by TEM images. The exterior 
of the PT material (Fig. 2(a)) displays spherically fascinated 

Fig. 1. XRD pattern of (a) PT, (b) PP, (c) TP1, (d) TP3 and (e) TP5.
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particles in addition to fine crystalline nature and their aver-
age diameter is in-between 18 and 20 nm. Besides, TP1, TP3 
and TP5 images (Figs. 2(b)–(d)) were curiously publicized 
that when the polyaniline content increases, the crystallinity 
of TiO2 suggestively decreases with semicrystalline nature. 
Moreover, the fine nature of the particles was changed into 
agglomerated nature [29]. However, the polyaniline more 
interestingly increases the surface area via reducing the size 
(15, 12 and 8 nm for TP1, TP3 and TP5, respectively) because 
of synergetic interaction in-between polyaniline chain and 
TiO2 particles [26–29].

The existing chemical bonds and its parallel functional 
groups were identified by FTIR measurement. The transmit-
tance spectra of the synthesized systems (PT, TP1, TP3 and 
TP5) were scrutinized in-between 400 and 4,000  cm–1. From 
Fig. 3(a), the stretching vibrations of PT material are spotted at 
648, 1,409, 1,535 and 3,399 cm–1 which relates to Ti–O–Ti, C=O, 
Ti–OH and OH groups, respectively [21,27,30–33]. After the 
enclosure of polyaniline into TiO2, the materials were exhib-
ited with the new stretching vibrations C–N, C=N, C=C and 
N–H along with Ti–O–Ti, C=O, Ti–OH and OH stretching 
modes. The above bonds are located at 1,153, 1,481, 1,550 and 

Fig. 2. TEM images of (a) PT, (b) TP1, (c) TP3 and (d) TP5.

Fig. 3. FTIR spectra of (a) PT, (b) TP1, (c) TP3 and (d) TP5.
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3,210 cm–1. The above vibrations obviously quantified that the 
quinoid and benzenoid rings are obtainable in the TP1, TP3 
and TP5 systems, which were originated from polyaniline 
content [21,24,30–33]. Hence, the FTIR outcomes unmistakably 
represent that those nanocomposite systems were comprised 
with the mixture of TiO2 and polyaniline stretching vibrations.

The meticulous wavelength of the prepared (PT, TP1, 
TP3 and TP5) materials and its exact excitation transitions 
were explored via UV–Vis absorption spectrometer. In 
Fig. 4, the absorbance result for the PT material has revealed 
a solid transition arisen at 384  nm and their equivalent 
bandgap is determined as 3.25  eV. The above description 
recognized that the synthesized PT material has exposed 
a precise resilient absorption capability in the UV region. 
Later, the accumulation of polyaniline/TiO2 systems showed 
that the absorption wavelength has slightly moved to red-
shift. The existence of polyaniline content has stimulated the 
polaron (π–π*) transitions during the excitation [21,23,25,33]. 

The FTIR outcomes have similarly established the presence 
of benzenoid and quinoid rings. Associated with other pre-
pared materials, the absorption value of TP5 has broadened, 
because the higher amount of polyaniline leads to change the 
crystalline TiO2 into semicrystalline or amorphous nature. 
Kang et al. [34] stated that the crystalline material has shown 
a strong sharp absorption band while related with amor-
phous material which was exposed with broad or wide 
absorption. Hence, the UV–Vis absorption consequences 
made clear that the prepared nanocomposites (TP1, TP3 and 
TP5) were actively participated during the visible light irra-
diation, because the absorption range is in the red region. 

3.1. Photocatalytic degradation of MO and MB

The persistence of the current preparation is that the 
pure and nanocomposites (PT, TP1, TP3 and TP5) were 
competently used to destroy the organic dyes. In this 
report, the typical and more operational organic dyes 
(food, textile and cosmetic industries) such as MO and MB 
were carried as the model source for elimination process. 
The steadiness (stability) of the dyes was inspected under 
photoillumination at every 20 min exposed via UV (60 min) 
and visible light (180 min) and their consistent concentra-
tions were monitored by UV–Vis spectrophotometer. The 
concentration values undoubtedly showed very slight 
changes (~0.05 negligible value). Under illumination, the 
concentration of dyes exhibited unaffected behavior, that is, 
the dyes showed more stability while excluding the cata-
lyst. Afterwards, the above experiment was made identical 
with including the prepared catalyst into the MO or MB dye 
solution under UV and visible light illumination and their 
absorption wavelength was monitored at 464 and 664  nm 
respectively. Figs. 5(a) and (b) symbolize the C/C0 value for 
the degradation of MO and MB with respect to time using 
the prepared catalyst and their reflection clearly displayed 
that the absorption value decreases with increasing irradi-
ation time. After irradiation, the reliable degradation out-
comes of the prepared materials were estimated, and their 
values are tabulated in Table 1.

Fig. 5. The C/C0 vs. visible irradiation time for the degradation of (a) MO and (b) MB dyes.

Fig. 4. UV–Vis absorbance spectra of (a) PT, (b) TP1, (c) TP3 and 
(d) TP5.
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The outcome of degradation efficiencies stated that 
TP3 has superior activity due to its size and crystallinity 
[23,26–29]. Correlated with PT and TP1 characteristics, the 
size of TP3 is small that improves the surface property of the 
material which leads to attain high degradation [23,26–29]. 
On the other hand, good crystallinity and less agglomeration 
were detected from TP3 while compared with TP5. 

The TP3 material has excellently removed the MO (86.9%) 
and MB (90.5%) solutions throughout the treatment of UV 
light (60  min) illumination. Additionally, under visible light 
condition, the material has expressed successful degradation 
of MO (71.5%) and MB (78.8%) solutions. Similarly, the pre-
pared TP3 nanocomposite parades healthier results of degra-
dations associated with other reports [21–25]. The MB has a 
simple structure and acts as a sensitizer which favors to attain 
higher degradation rate while compared with MO degradation 
[28,29]. Also, the TP3 material has displayed perfect recycling 
ability (Fig. 6) which suggests that the catalysts were used for 
long time durability. During UV light illumination, both TiO2 
and polyaniline actively produce more electrons and holes. 
Similarly, synergistic effect in-between TiO2 and polyaniline 
postponed the recombination process. Therefore, the gener-
ated electrons–holes were aggressively participated to degrade 
MO and MB dyes via oxidation and reduction reactions [25,28]. 

The pathway diagram (Fig. 7) describes the visible light 
photocatalytic mechanism of nanocomposite system. During 
the irradiation process, polyaniline content has initiated π 
to π* transition via excitation of the electrons from highest 

Table 1
MO and MB degradation efficiency using synthesized pure and nanocomposites under UV and visible light irradiation

Materials MO photodegradation – 
60 min by UV light 
illumination (%)

MB photodegradation – 
60 min by UV light 
illumination (%)

MO photodegradation – 
180 min by visible light 
illumination (%)

MB photodegradation – 
180 min by visible light 
illumination (%)

PT 65.3 72.4 2.3 4.5
TP1 68.9 75.9 27.9 31.2

TP3 86.9 90.5 71.5 78.8

TP5 70.3 78.4 30.4 37.9

Fig. 7. The pathway diagram described visible light photocatalytic mechanism of nanocomposite (TiO2/polyaniline) system.

Fig. 6. The recycling process of TP3 material for the removal MO 
system.
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occupied molecular orbital (HOMO) to lowest unoccupied 
molecular orbital (LUMO). By this time, the HOMO state 
electrons stimulated the reduction reaction. Also, electrons 
are moved to the nearest energy level (conduction band of 
TiO2). Mutually, the HOMO (polyaniline) and the conduction 
band (TiO2) electrons were energetically participated in the 
reduction process. Simultaneously, the LUMO and valence 
band holes encouraged the oxidation process [21–25,28]. 
Therefore, the nanocomposite (TiO2/polyaniline) system 
has effectively participated to destroy the MO and MB dyes 
under visible light.

4. Conclusion

In this report, we had confirmed that while increasing 
the amount of polyaniline, there was a gradual decrease 
in crystallinity and size. Additionally, it creates bunch of 
agglomerated particles which was approved by XRD and 
TEM measurements. During visible light irradiation, the 
recognized π–π* transitions were ensured. This process had 
supported to generate more number of electrons and holes. 
Further, the presence of synergetic interactions had paved 
a way to obstruct the electrons–holes recombination. These 
processes helped the polyaniline/TiO2 materials magnifi-
cently to destroy MO and MB dyes.
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